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Mechanism and Substrate Specificity of tRNA-
Guanine Transglycosylases (TGTs): tRNA-
Modifying Enzymes from the Three Different
Kingdoms of Life Share a Common Catalytic

Mechanism

Bernhard Stengl, Klaus Reuter, and Gerhard Klebe*™

Transfer RNA—guanine transglycosylases (TGTs) are evolutionarily
ancient enzymes, present in all kingdoms of life, catalyzing gua-
nine exchange within their cognate tRNAs by modified 7-deaza-
guanine bases. Although distinct bases are incorporated into
tRNA at different positions in a kingdom-specific manner, the cat-
alytic subunits of TGTs are structurally well conserved. This review
provides insight into the sequential steps along the reaction
pathway, substrate specificity, and conformational adaptions of
the binding pockets by comparison of TGT crystal structures in
complex with RNA substrates of a eubacterial and an archaebac-
terial species. Substrate-binding modes indicate an evolutionarily
conserved base-exchange mechanism with a conserved aspartate
serving as a nucleophile through covalent binding to C1’ of the
guanosine ribose moiety in an intermediate state. A second con-

1. Introduction

Transfer RNA—guanine transglycosylases (TGTs, EC 2.4.2.29) are
tRNA-modifying enzymes present in eubacteria and eukar-
yotes, as well as in archaebacteria; these enzymes incorporate
modified 7-substituted 7-deazaguanine bases into tRNAs in a
kingdom-specific manner (Scheme 1).I" Despite those differen-
ces, all of the enzymes adopt the highly populated triose-phos-
phate isomerase (TIM) like (Ba)g-barrel fold, with specific inser-
tions involved in tRNA recognition and binding, the most
prominent of which is a zinc-binding site close to the C termi-
nus (Figure Ta and b).*¥ Due to these insertions, the overall
shape of TGTs is sufficiently unique to form a homologous
superfamily within the TIM/(Ba)s-barrel fold (SCOP Ver-
sion 1.65,> CATH Version 2.5.1,”%). TGTs are involved in the
hypermodification of tRNAs." Modified bases are very
common to tRNAs.®' Although their ultimate functions are
still unknown in most cases, they most likely influence the
translational properties or support the stability of tRNAs de-
pending on the site of occurrence." ™ In particular, TGTs from
eubacteria and archaebacteria have been well characterized,
thereby unraveling some important differences.”

Eubacterial TGTs catalyze the exchange of guanine by the
premodified base 7-(aminomethyl)-7-deazaguanine (preQ;) in
the anticodon position 34 (the “wobble position”) of tRNAs
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served aspartate seems to control the spatial rearrangement of
the ribose ring along the reaction pathway and supposedly oper-
ates as a general acid/base. Water molecules inside the binding
pocket accommodating interaction sites subsequently occupied
by polar atoms of substrates help to elucidate substrate-recogni-
tion and substrate-specificity features. This emphasizes the role of
water molecules as general probes to map binding-site properties
for structure-based drug design. Additionally, substrate-bound
crystal structures allow the extraction of valuable information
about the classification of the TGT superfamily into a subdivision
of presumably homologous superfamilies adopting the triose-
phosphate isomerase type barrel fold with a standard phos-
phate-binding motif.

specific for the amino acids Asn, Asp, His, and Tyr and charac-
terized by the anticodon sequence G*U*N*® (N=A, U, C, or G)
(Figure 1€)." These tRNAs share a common U*G*U* se-
quence, which serves as a recognition sequence for TGT (Fig-
ure 1.g)."%" PreQ, is supposedly synthesized from guanosine
triphosphate (GTP)."® Recently, four genes referred to as queC,
queD, queE, and quef, whose products are thought to be in-
volved in this process, have been identified."” Once incorpo-
rated, preQ, is further modified into 7-(((4,5-cis-dihydroxy-2-cy-
clopenten-1-yl)Jamino)methyl)-7-deazaguanine (queuine) in two
subsequent steps, catalyzed by S-adenosylmethionine:tRNA ri-
bosyltransferase-isomerase (the QueA enzyme) and a still un-
known cofactor B, dependent enzyme (Scheme 2)."*” To date,
the only available crystal structure of a eubacterial TGT comes
from Zymomonas mobilis (Figure 2b; PDB code: 1PUD; for fur-
ther details of the presented structure, see Table 2).?
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Scheme 1. Chemical structures of guanine and 7-substituted-7-deazaguanine
bases. TGTs catalyze the exchange of specific guanine residues in tRNAs to-
wards modified bases in a kingdom-specific manner. PreQ, =7-(amino-
methyl)-7-deazaguanine, preQ,=7-cyano-7-deazaguanine, ArcTGT =archaeo-
sine TGT, QueTGT =queuosine TGT.

Eukaryotic TGTs show high sequence identity to eubacterial
TGTs—for example, 43% between Homo sapiens and Z mo-
bilis®"—but  exhibit a different substrate  specificity
(Scheme 1).Z They directly incorporate queuine at the wobble
position of tRNAs showing the same specificity as those recog-
nized by the eubacterial TGTs. Since eukaryotes are unable to
synthesize queuine de novo, it has to be taken up from
food.” Until now, no crystal structures could be determined
of any eukaryotic TGT, but homology models based on eubac-
terial TGT indicate a very high similarity concerning the struc-
ture of the active site.’! Eubacterial and eukaryotic TGTs are
also referred to as queuosine TGTs (QueTGTs) since they both
are involved in the modification of tRNA anticodons with
queuine (Scheme 1). Queuine modification is thought to affect
the speed and accuracy of the translational process and was
reported to exhibit pleiotropic effects on cellular metabo-
|i5m.[1’24]

In contrast, archaebacterial TGTs, showing only about 20-
25% sequence identity to eubacterial TGTs,” exhibit some ex-
ceptional differences. Most remarkably, they address guanine
at a completely different site, namely position 15 of the D-arm
in the majority of archaeal tRNAs (Figure 1e).” Usually G" is
involved in the formation of tertiary interactions to stabilize
the canonical L shape and is thus buried in the tRNA core." To
make G' accessible, the tRNA has to undergo a pronounced
conformational rearrangement. Crystal structure analysis of the
archaebacterial TGT from P. horikoshii in complex with tRNA*
(PDB: 1J2B) showed that this rearrangement results in the so-
called A-shaped tRNA, which exhibits a conformation that has
never been observed before (Figure 1e).?% Crucial for the enzy-
matic stabilization of this unusual conformation are three C-
terminal domains (referred to as C1, C2, and C3), which are

ChemBioChem 2005, 6, 1926 — 1939
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Figure 1. a) Schematic folding patterns of QueTGT. b) Overall structure of Z. mobilis QueTGT in complex with an RNA anticodon stemloop. Insertions (yellow,
orange) flanking the TIM-barrel core (green/blue) guarantee proper tRNA recognition. ¢) Schematic folding pattern of ArcTGT. In contrast to the situation in
QueTGT, in ArcTGT the catalytic domain is extended by three supplementary C-terminal domains (C1, C2, C3=PUA). d) Overall structure of functional P. hori-
koshii ArcTGT dimer in complex with two tRNA" substrates. Both TGT subunits are involved in the binding of one tRNA substrate. e) Overall structures of
yeast tRNAP™ in the canonical L shape (orange) with superimposition of the RNA anticodon stemloop (red) from the QueTGT complex and tRNA"' from P. hori-
koshii in A shape (blue) as found in the ArcTGT complex. QueTGTs address G** in the anticodon (green). To make G'® (blue) addressable for ArcTGT, the D-arm
is protruded. f) Structural superimposition of the highly homologous catalytic domains from QueTGT (orange) and ArcTGT (blue) with bound RNA substrates
in remarkably different overall binding geometry (blue: tRNA?, red: RNA anticodon stemloop). g) ArcTGTs and QueTGTs bind RNA trinucleotide sequences
with G* or G", respectively, in the central position in similar conformations through three conserved substrate binding subpockets. (a) and (c) were produced
by using the TopDraw program.”” All other figures were produced by using the PYMOL program.*®
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queuine de novo. In archaea the steps of preQ, synthesis and the modifica-
tion steps towards archaeosine are still unknown. QueA = S-adenosylmethio-
nine:tRNA ribosyltransferase-isomerase, SAM = S-adenosylmethionine, QueC-
QueF have not yet been characterized.

specific for archaebacterial TGTs and are completely missing in
QueTGTs (Figure 1¢).””’ Among these domains, the most C-ter-
minal one (C3) represents a pseudouridine synthase and ar-
chaeosine TGT (PUA) domain, widespread among RNA-binding
proteins.”® Furthermore, full functionality of archaebacterial
TGTs requires dimer formation (Figure 1d). Both TGT subunits
forming the dimer are involved in the modification of an at-
tached tRNA substrate molecule. While one TGT subunit recog-
nizes the tRNA and stabilizes the 4 shape through its three C-
terminal domains, the other subunit catalyzes the base ex-
change after accommodation of G' in the active site of its
catalytic domain. By contrast, QueTGT is probably active as a

G. Klebe et al.

monomer. With respect to substrate specificity, a further signifi-
cant difference has to be noted. Archaebacterial TGTs will rec-
ognize neither preQ, nor queuine. Their physiological function
is to incorporate 7-cyano-7-deazaguanine (preQ), a base struc-
turally related to preQ,, into tRNA (Scheme 1).23% Finally, this
base is converted by further, as yet unknown, steps into 7-for-
mamidino-7-deazaguanine (archaeosine). Consequently, arch-
aebacterial TGTs, in analogy to QueTGTs, are referred to as ar-
chaeosine TGTs (ArcTGT). Archaeosine modification is thought
to support tRNA stability under the predominantly high tem-
peratures most archaea are exposed to, due to supplementary
salt bridges formed between the positively charged formamidi-
no group of archaeosine and the RNA phosphate backbone
groups."*”

The base-exchange mechanism catalyzed by TGTs was thor-
oughly examined by means of mutational, kinetic, and further
biochemical studies. An associative, ping-pong mechanism was
proposed to be effective for the base exchange (Scheme 3).5"
In a first step, an aspartic acid in the binding pocket nucleo-
philically attacks C1’ of the G** ribose sugar, therby resulting in
cleavage of the glycosidic C—N bond and in the formation of a
covalent intermediate between the enzyme and the depurinat-
ed tRNA (Scheme 3a and b). After the cleaved guanine is dis-
placed by preQ, within the substrate-binding pocket, the cova-
lent TGTtRNA complex is disintegrated and an N-glycosidic
bond is formed between the preQ, N7 atom and C1’ of the
ribose (Scheme 3¢ and d). The crystal structure of the reaction
intermediate of eubacterial Z mobilis TGT covalently bound to
an RNA substrate (Figure 1b; PDB code: 1Q2R) clearly indicates
Asp280 to be the catalytic nucleophile,®? although Asp102
had been assigned this role previously due to misinterpreta-
tion of the results from structural, mutational, and biochemical
studies.®*3* Chemical trapping of a covalent TGT-RNA inter-
mediate in the solid state was achieved by using inactive 9-
deazaguanine as a substrate analogue to block the active site
after covalent complex formation (Figure 2e). In a further ex-
periment, 9-deazaguanine was replaced by the natural sub-
strate preQ, in the crystalline state. As a result, preQ,, incorpo-
rated in the tRNA, remained trapped in the crystal; structure
determination of the altered complex was performed (Fig-
ure 2e; PDB code: 1Q2S). 9-Deazaguanine and preQ, occupy
the binding pocket in a similar fashion to that observed in
binary TGT-preQ,/preQ/inhibitor complex structures published
elsewhere.**3"

Figure 2. a) T-COFFEE alignment”" of the TIM/(Ba), barrel and zinc-binding site of TGT protein sequences from the three kingdoms of life (sequences from
SWISS-PROT®?): QueTGTs from Z. mobilis and Escherichia coli (eubacterial), Homo sapiens, and Schizosaccharomyces pombe (eukaryotic), with ArcTGTs from Py-
rococcus horikoshii and Archaeoglobus fulgidus. Colors: red/orange: residues involved in base exchange; pink: conserved residues involved in stabilization of
Tyr258 in QueTGT; green: residues involved in recognition of common substrate functionalities; blue, slate blue, grey: residues responsible for substrate spe-
cificity; yellow: conserved tRNA-phosphate-binding position in the SPB motif; brown: conserved zinc-binding residues from the zinc-binding site. Residue
numbers correspond to Z. mobilis TGT. b) Binding mode of preQ, complexed with QueTGT from Z. mobilis. The amino methyl group of the ligand is hydrogen
bonded to the carbonyl group of Leu231. c) Binding mode of preQ, complexed with ArcTGT from P. horikoshii. The cyano group of the ligand is hydrogen
bonded to the amide group of Val198. d) Binding mode of preQ,-modified RNA with QueTGT from Z. mobilis. Asp280, which is responsible for the nucleophilic
attack in QueTGT, is firmly kept in position by Gly261 and Tyr258. e) Movement of the RNA ribose 34 upon product formation. In the covalent intermediate
state (pale pink), C1’ is covalently bound to Asp280. The 2'-OH group sticks into a hydrophobic subpocket formed by Val45 and Leu68. Upon product forma-
tion (cyan) the ribose rotates about some 40° towards preQ,. The 2'-OH group now forms a hydrogen bond with Asp102 and a water molecule is expelled
from the binding pocket. f) Binding mode of unmodified tRNA to ArcTGT from P. horikoshii. Due to the similar and conserved structure of the binding pocket,
as compared to that of QueTGT (Figure 2d), Asp249 is predicted to perform the nucleophilic attack in ArcTGT. (b)-(f) were produced by using the PYMOL

program.””
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Scheme 3. Subsequent steps of the base-exchange mechanism catalyzed by eubacterial TGT as determined from crystal structure analysis. Asp2802 performs
a nucleophilic attack on the ribose carbon atom C1’ (a) to form a covalent intermediate state (b). Asp1022 serves as a general acid/base for the deprotonation
of preQ, (c), thereby inducing product formation (d). An alternative mechanism for the reprotonation of guanine after cleavage from tRNA is presented in (b).

The aforementioned crystal structures, in combination with
amino acid sequence alignments of TGT enzymes from differ-
ent species, allow for the first time the assignment of a com-
prehensive set of crucial residues involved in catalysis and re-
sponsible for substrate specificity in the three kingdoms of life.

2. Global Recognition of tRNA by TGTs

At first glance, a direct comparison of substrate recognition by
ArcTGT and QueTGT seems rather difficult, as the guanine resi-
dues recognized and replaced by the two TGTs are located at
completely different positions on the tRNA strand (Figure 1e).
While QueTGTs perform the base exchange with G* in the
wobble position of the anticodon loop, ArcTGTs replace G,
which is present in the dihydrouridine loop (D-loop). Thus, the
overall binding geometry of tRNA with respect to the catalytic
domain is remarkably different (Figure 1f). Furthermore, to
make these bases addressable by TGTs, tRNAs have to undergo
specific conformational changes in both cases (Figure 1e).

In canonical L-shaped tRNAs, G' is involved in the formation
of tertiary interactions with the bases C*® and A*® and is there-
fore buried within the tRNA core. To make G accessible to
ArcTGTs, tRNA has to undergo a pronounced conformational
rearrangement. The crystal structure of TGT from P. horikoshii
in complex with tRNAY (Figure 1d) gave an insight into this
marked process of structural reorganization, which results in a

1932

www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

formerly unknown A-shaped tRNA (Figure 1€).% In this confor-
mation, the usually rigid D-arm protrudes and the D-loop be-
comes accessible. This tRNA conformation is stabilized by a
helical element specific for A-shaped tRNA and not found in
canonical L-shaped tRNA. This so-called “DV” helix is formed by
bases from the variable loop and bases normally involved in
formation of the D-stem. This led to the postulation of an addi-
tional function of the variable loop with respect to tRNA matu-
ration. As a consequence of this spatial rearrangement, the
former position of G is now occupied by G** at the end of
the “DV” helix. A crucial factor for the stabilization of the 1
conformation by ArcTGT is supposedly the $18-$19 hairpin
within the ArcTGT-specific C2 domain, which interacts with
tRNA core bases after “DV”-helix formation (Figure 1c and d).

By contrast, the conformational changes of substrate tRNA
due to its binding to QueTGT seem to be less pronounced.
Structural superimposition of the RNA-stemloop substrate,
used for crystal structure analysis with Z. mobilis TGT, onto the
structure of the entire tRNA™™ from yeast (PDB code: 1EHZ)B®
showed that the anticodon loop is twisted into another direc-
tion to enable specific recognition of the U¥G*U* sequence
(Figure 1¢e).?

ChemBioChem 2005, 6, 1926 — 1939
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3. Functional Aspects of the Base Exchange

3.1. tRNA recognition by the active site

Once the pronounced difference in overall tRNA substrate rec-
ognition is realized, a closer look at the surroundings of the
binding pocket and a more detailed analysis of its structural
features reveal some surprising conservations between ArcTGTs
and QueTGTs (Figure 1f and g). The substrate-binding pockets
of both QueTGTs and ArcTGTs accommodate a trinucleotide se-
quence consisting of the guanine nucleotide addressed by the
respective enzyme as well as of the directly preceeding and
following nucleotides. Thereby, the QueTGT-bound trinucleo-
tide is present in a very similar conformation to the one bound
to ArcTGT. In the case of QueTGTs, this trinucleotide is
U*G**U*, which is strictly conserved in all Q-specific tRNAs. U*
and U* are specifically recognized by QueTGTs through the
formation of polar interactions with functional groups of the
uracil bases. As U** is present in all tRNAs, the amino acids
interacting with U* are particularly highly conserved to gua-
rantee specific recognition.®? By contrast, the G'° residue
addressed by ArcTGTs is not embedded within a conserved
sequence motif. In the crystal structure of the P horikoshii
TGT-tRNA complex, binding of the G' residue flanking A and
U is mainly achieved through hydrophobic interactions be-
tween the bases and amino acid residues lining the substrate-
binding pocket.” This feature obviously permits ArcTGTs a
pronounced promiscuity in base recognition. In this respect, it
should be noted that this guanine is not modified in all archae-
bacterial tRNAs containing a guanine at position 15. The struc-
tural prerequisite for G'* modification in archaebacterial tRNAs
is still unknown,™ but it is thought to be associated with “DV"-
helix formation ability.?®

By contrast, the composition of the active site responsible
for recognition of the central guanine residue (G or G*, re-
spectively) is highly conserved among all TGTs. Most of the res-
idues involved in QueTGT and ArcTGT are retained or at least
conservatively replaced. The following numbering refers to the
Z. mobilis TGT representative for QueTGTs (residues®) and the
P. horikoshii TGT representative for ArcTGTs (residues®). The resi-
dues contributing to the recognition of the guanine-like skele-
ton of QueTGT substrates are Asp102% Ser103% Asp1562
GIn203%, and Gly230% With Asp95*, Ser96”, Asp130*, GIn169%,
and Gly196", they have identical counterparts in ArcTGTs (Fig-
ure 2b and ¢).*”*” While Tyr1062 and Met260° perform a sand-
wich-like hydrophobic stacking with the base of the substrate
in Z mobilis TGT, only the Phe229" residue that corresponds to
Met260? hydrophobically stacks with the base of the substrate
in P. horikoshii TGT. Phe99*, corresponding to Tyr106% cannot
perform a similar stacking in P. horikoshii TGT as the peptide
backbone of Phe99" is shifted slightly off from the recognition
base (Figure 2b and c). This difference in recognition results
from the most remarkable difference between both pockets, a
Gly105%/Ser98" exchange. This causes a deviating stabilization
pattern of specific binding-pocket residues. While in Z. mobilis
TGT Ser1032 is hydrogen bonded to Asp156% in P. horikoshii
TGT the Ser96* side chain is hydrogen bonded to Ser9g*
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within the same loop, thereby resulting in a deviating loop ge-
ometry and subsequently in an altered substrate-recognition
pattern. Remarkably, in RNA-complexed structures of Z. mobilis
TGT the Tyr1062 side chain is found in a similar position to the
Phe99" side chain in P horikoshii TGT. In these structures both
residues stabilize the ribose ring of the respective nucleotide
substrate (Figure 2d and f). Obviously, Tyr1062 does not sand-
wich the substrate base as observed in binary Z mobilis
TGT-base complexes (Figure 2b). The functions of the noncon-
served residues Val197*/Leu231?2 and Val198%/Ala232% which
dominate substrate specificity, will be discussed later. The se-
quence alignment shown in Figure 2a provides an overview of
the conservation of residues involved in substrate binding,
substrate recognition, and the base-exchange mechanism.

3.2. Catalytic mechanism

For Z mobilis TGT the base exchange of guanine 34 for preQ,
was shown to follow a ping-pong mechanism through a cova-
lent intermediate state (Scheme 3b).B" Crystal structures of the
RNA-complexed Z mobilis TGT trapped in this intermediate
state, as well as of Z mobilis TGT complexed to the final preQ;-
modified RNA product, gave novel insights into the catalytic
mechanism.?? Thus, a more detailed reaction pathway can be
postulated (Scheme 3). Due to unambiguous crystallographic
evidence, the initial assignment of residues involved in cataly-
sis had to be revised. Surprisingly, Asp2802 was identified as
the catalytic nucleophile instead of the formerly discussed
Asp1022 Furthermore, it became possible to interpret specific
adaptations of the QueTGT active site in terms of catalysis.*”
Along the reaction pathway a covalent bond is formed
through Asp2802 to RNA-ribose 34 and G** is released. During
this step the respective ribose moiety performs a rotation of
about 40°. This rotation is supported and stabilized by the
neighboring phosphate groups (Figure 2€).®? The side chain
of Asp280%, strictly conserved in all TGTs, is firmly fixed in posi-
tion through two hydrogen bonds formed by Gly261? and
Tyr258% (Figure 2d). Accordingly, Asp2802 is most likely present
in its deprotonated state and performs the nucleophilic attack
towards the RNA-ribose 34 sugar carbon atom through its f3-
carboxy group. Tyr258° itself is arrested and kept in position
through several hydrophobic interactions (Met43% Leu100%
Met153%, Phe199% Met260% Met2789). Asp280% Gly261%and
Tyr258° as well as the neighboring hydrophobic residues are
conserved in eubacterial and eukaryotic TGTs, thereby empha-
sizing their particular role to guarantee accurate adjustment of
the nucleophile (Figure 2a).°? The new conformation of the
ribose sugar covalently attached to Asp2802 shows an unex-
pected geometry. Its 2-OH group orients towards a small hy-
drophobic pocket formed by Leu682 and Val45° (Figure 2e). In
this orientation the polar group cannot form any hydrogen
bonds to the enzyme. The 2'-OH group is obviously arrested in
this position solely through steric constraints. Val45? is strictly
conserved in eukaryotic and eubacterial TGTs; similarly, Leu682
is also highly retained with only a few, structurally conservative
exceptions. This hydrophobic subpocket seems to play a cru-
cial role for the stabilization of the RNA-ribose 34 geometry
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during nucleophilic attack and formation of the subsequent
covalent intermediate. While the covalent bond to Asp280° is
formed, the 2’-OH group has to penetrate the described local
hydrophobic environment, where it experiences only weak and
rather unfavorable interactions. Upon product formation, the
2’-OH group is released again from this “unpleasant” pocket
while the covalent bond to the RNA-ribose 34 is disintegrated
and both groups gain in mutual distance. Supposedly, the un-
favorable intermediate occupancy of the hydrophobic pocket
through the 2’-OH group serves as a kind of tense-spring state
and stores energy for the conformational movements required
during the ping-pong reaction pathway. After release of gua-
nine and accommodation of preQ,, the RNA-ribose 34 moiety
rotates back again by about 40°, simultaneously placing the 2'-
OH group into a position suited for hydrogen-bond formation
to Asp102°57 Asp102, also strictly conserved, is involved in
the specific recognition of 9-deazaguanine/preQ,. Apart from
this function, it is assumed that Asp1022 serves as a general
base (Scheme 3¢). Prior to product formation, bound preQ,
most likely gets deprotonated, with assistance from the car-
boxy group of Asp10295? Furthermore, Asp1022 is hydrogen
bonded to a water molecule located at the upper rim of the
binding pocket and mediating a contact between Asp102? and
GIn107%, another strictly conserved residue (Figure 2e). This
water could possibly assist the proton relay into and out of the
binding pocket.®? However, during product formation the 2'-
OH group of RNA-ribose 34 moves towards Asp1022 to form a
hydrogen bond. This recognition can only be achieved once
Asp1029 also rotates its carboxy function in such a way as to
optimize the geometry of the hydrogen bond to be formed.
As a consequence of this rotation, the water molecule is re-
leased from the binding pocket. Upon liberation from the un-
favorable hydrophobic pocket and in the due course of hydro-
gen-bond formation to Asp102% the 2'-OH group subsequent-
ly drags the ribose moiety into the position required for the
formation of the covalent bond to N9 of preQ,. Accordingly,
Asp1022 in addition to its function as general acid/base impos-
es a strong directional driving force, thus controlling the struc-
tural changes upon product formation.

Due to the fact that no crystal structure of a corresponding
covalent intermediate with an ArcTGT is available, residues
likely to be important for catalysis can only be suggested by
taking reference to QueTGT. Archaebacterial Asp249* is in an
equivalent position to eubacterial Asp280° and supposedly
performs the nucleophilic attack onto the ribose carbon
atom.®? An aspartic acid in this position is conserved in the
TGTs of all kingdoms. Similarly to QueTGTs, in the available
ArcTGT structures the side-chain position of Asp249* is stabi-
lized through hydrogen bonds with two adjacent residues (Fig-
ure 2f): on one side to His227% a residue only conserved in
archaebacteria, and on the other side through the backbone
NH of Gly230% In QueTGT the conserved Tyr2582 occupies the
equivalent position to His227% Gly230* is structurally con-
served in all three kingdoms and corresponds to Gly261° in
QueTGT. While in Z mobilis TGT, Asp2802 is firmly clamped by
Tyr258° and Gly2612 (Figure 2d), in P, horikoshii TGT the
Asp249* side-chain distances of the carboxy group towards
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the two residues His227" and Gly230" fall into a range of 2.5-
3.5 A depending on the presence of the bound substrate.
Whether there is mechanistic reason for this structural differ-
ence with respect to the nucleophilic attack in ArcTGT still re-
mains to be elucidated.

The tRNA-ribose 15 moiety is able to place its 2'-OH group
into a hydrophobic pocket of archaebacterial TGTs in a similar
way to that observed for tRNA-ribose 34 when bound to eu-
bacterial TGT. In archaebacterial TGTs, this pocket is composed
of the conserved residues Val39" and lle61*, corresponding to
Val452 and Leu68? in Z. mobilis TGT (Figure 2 f). Asp95” in arch-
aebacterial TGT, a further residue conserved across all king-
doms, is equivalent to Asp1022 in eubacterial TGT, but it
adopts a slightly different binding-mode geometry. It does not
form a hydrogen bond to the 2-OH group in the complex
with bound tRNA. However, one has to note that at the stage
that corresponds to the determined crystal structure, the un-
modified tRNA with guanine at position 15 is still bound. With
consideration of the spatial restraints imposed by preQ, once
it is accommodated in the binding pocket, the presence of
preQ,-modified tRNA could force the adjacent ribose ring to
penetrate deeper into the binding pocket and enable hydro-
gen-bond formation through its 2'-OH group to Asp95". Thus,
a binding mode similar to the eubacterial TGT-preQ;-tRNA
complex seems likely.

As a summary of the observations for both structures, all
features necessary to perform the base-exchange reaction are
similarly exhibited in either QueTGTs or ArcTGTs. Hence, an
evolutionarily highly conserved mechanism must be assumed
to originate from an ancient ancestor that existed even before
the separation of the three kingdoms.

3.3. Substrate-specificity regulation

Another tempting puzzle to be solved across the TGT super-
family is the question of how the pronounced differences in
substrate specificity and promiscuity are regulated. Compared
to ArcTGTs, QueTGTs show an extended reservoir of substrates
(Table 1).1%22303940 |5 QueTGTs both preQ, (PDB code: 1POE)

Table 1. Substrate specificity of TGTs in the three kingdoms of life.”
Enzyme Guanine®  preQ,®  preQ,”  Queuine®
archaebacterial TGTE%4%) + + - -
eubacterial TGT!"*>? + + + -
eukaryotic TGT?? + + + +

[a] +=accepted as a substrate, — =not accepted as a substrate. [b] For
chemical formulae, see Scheme 1.

and the archaebacterial substrate preQ, (PDB code: 1POB) are
accepted.®” For preQ, recognition, the carbonyl group of the
Leu231%/Ala2322 peptide bond plays a crucial role in identify-
ing the probably protonated aminomethyl moiety of preQ,
(Figures 2b and 3a). Interestingly enough, crystal structure
analyses revealed that this peptide bond does not occur in
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one single orientation. In the presence of other substrates
such as preQ, or in the case of a bound pyridazindion-type in-
hibitor (PDB code: 1N2V)®® the peptide bond surprisingly
adopts a flipped orientation, thereby presenting an NH-donor
functionality towards the binding pocket (Figure 3a and c). In
the case of a bound imidazole skeleton, the protein presents
its peptidic NH group towards the ligand and a contact is
mediated through a well-defined interstitial water molecule
(Figure 3a). Due to the fact that the imidazole moiety of the
inhibitor superimposes well with the pyrrolo moiety of 9-de-
azaguanine in the structure of the RNA complex, we assume
that the NH-exposing conformation is also adopted in the case
of the bound natural substrate G**-tRNA and a water molecule
intercedes a hydrogen bond towards the NH group of Ala232%
Unfortunately, the moderate resolution of the Z mobilis
TGT-RNA complex structure (2.9 A) does not allow reliable in-
formation to be extracted from the electron density in order to
confirm this assumption (Table 2). Similarly to the anticipated

Table 2. PDB accession codes, structural details, and references of pre-

sented crystal structures.

PDB code Proteins and substrates Maximum Ref.

resolution [A]

1PUD apo QueTGT crystallized at pH 8.5 1.85 [2]

1POD apo QueTGT crystallized at pH 5.5 1.9 [37]

1POE QueTGT-preQ, 24 [37]

1POB QueTGT-preQ, 17 [37]

N2V QueTGT-2-butyl-imidazo- 2.1 [36]
pyridazindione inhibitor

1Q2R QueTGT-RNA stemloop 29 [32]
(covalently bound)

1Q2S QueTGT-preQ1-modified 32 [32]
RNA stemloop

117 ArcTGT-guanine 23 [27]

11T8 ArcTGT-preQ, 25 [27]

1J2B ArcTGT-tRNA% 33 [26]

1TPH triose phosphate isomerase: 1.8 [47]
phosphoglycolohydroxamate

1EHZ tRNAPe 1.93 [38]

situation in QueTGTs, in the binary ArcTGT-guanine complex
structure (PDB code: 11T7) a water molecule is found connect-
ing guanine with the Val197"/Val198* peptidic NH group,
which corresponds to the Leu231%Ala232° peptide bond (Fig-
ure 3b).2” This suggests an identical guanine-binding mode in
ArcTGTs and QueTGTs. From a mechanistic point of view, the
water molecule at this position also provides an alternative
scenario to formulate the reprotonation step of guanine after
tRNA cleavage. With the two most important tautomers of
guanine taken into consideration, reprotonation could either
occur at position N9 or N7 of the imidazole moiety (Scheme 1).
Reprotonation at N9 could be performed as described above
by the general acid/base Asp102% Alternatively, reprotonation
at N7, as suggested by Iwata-Reuyl,"”’ in this case through
the interstitial water molecule could be possible as well
(Scheme 3b)." The fact that the methyl group of Ala232? in
the NH-exposing conformation reduces the available space of
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the binding pocket and perfectly shields this water molecule
speaks in favor of this possibility (Figure 3a).

If the presence of this water molecule with its mediating
function in QueTGT is assumed, the properties of the binding
pocket have to be altered during the course of G* cleavage.
Proper recognition of the aminomethyl group of preQ, re-
quires the NH-donor functionality to be replaced by the CO-ac-
ceptor functionality through a switch of the Leu231%Ala232°
peptide bond. Also, a slightly different geometry of the bind-
ing pocket is required to accommodate the kinked amino-
methyl group of preQ, (Figure 3a). Interestingly enough, upon
nonphysiological binding of the archaebacterial substrate
preQ, to QueTGT, this peptide switch is not provoked and the
peptide bond remains in its NH-exposing conformation (Fig-
ure 3¢). The peptide switch is stabilized from the side opposite
to the binding pocket by the side-chain carboxyl group of
Glu2352 which is strictly conserved in the QueTGTs. Depend-
ing on the protonation state of its carboxyl group, Glu235°
either donates a hydrogen bond towards the backwards-ex-
posed carbonyl group or accepts a hydrogen bond from the
amide group of the reoriented peptide bond, thus serving as a
general acid/base mediating the peptide switch (Figure 3a). As
expected for such a general acid/base, the peptide switch
gated by Glu2352 is already functional in uncomplexed
QueTGT depending on the applied pH conditions (Figure 3¢).
In Z. mobilis TGT, crystallized at pH 5.5, Glu235? is probably
protonated and forms a hydrogen bond with the CO group of
the peptide bond. In consequence, the NH group is exposed
towards the binding pocket (PDB code: 1POD).2” At pH 8.5,
Glu235° experiences deprotonation which triggers the switch
of the peptide bond now binding the Glu235% vy-carboxyl
group through its NH group (PDB code: 1PUD). Accordingly,
the CO group is exposed towards the binding pocket.

By contrast, ArcTGTs feature an exclusive substrate specificity
towards guanine and preQ,.*%*” This results from a significant-
ly reduced adaptability of the binding pocket. The peptide
bond corresponding to the Leu231%Ala2322 bond that per-
forms the peptide flip in QueTGTs is represented by Val197%/
Val198* in ArcTGTs. However, it strictly presents an NH-donor
group towards the substrate. This peptide bond lacks the pep-
tide-switching functionality observed in QueTGTs due to an en-
tirely different stabilization mechanism. In P. horikoshii TGT, the
two invariant backbone NH bonds of Leu200* and Leu201%,
which will not support a peptide switch as mediated by
Glu235% are present in the second sphere of amino acids
around the active site (Figure 3b).®” With respect to substrate
specificity and from a mechanistic point of view, the switching
functionality of the peptide bond is not required for ArcTGTs.
The interstitial water molecule that bridges guanine with the
Val197*/Val198" peptidic NH group in the binary P. horikoshii
TGT-guanine complex structure can be directly replaced by the
acceptor nitrile group of preQ, (PDB code: 1IT8) without any
adaption of the recognition properties or geometry of the
binding pocket” Apart from this lacking adaptability, the
adopted binding mode is almost identical to that of preQ, in
QueTGT (Figure 3¢c). This provides a conclusive explanation for
why QueTGTs exhibit an enhanced substrate promiscuity that
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Figure 3. a) Structural alignment of preQ, (grey) and a pyridazindione-type inhibitor (cyan) in complex with QueTGT. The peptide bond of Leu231/Ala232 can
perform a peptide switch controlled by the protonation state of Glu235 and substrate properties. In the case of the inhibitor, a water molecule mediates the
contact between the imidazo moiety of the inhibitor and Ala232. b) Structural alignment of preQ, (orange) and guanine (yellow) in complex with ArcTGT. The
peptide bond of Val197/Val198 is invariant due to backbone hydrogen bonding. The donor properties of the water molecule mediating between Val198 and
guanine can be directly replaced by the preQ, cyano group. c) Structural alignment of preQ,-QueTGT (grey), preQ,-QueTGT (cyan), and apo QueTGT crystal-
lized at pH 5.5 (cyan) and at pH 8.5 (grey). Depending on the pH value of crystallization the peptide switch Leu231/Ala232 is provoked in similar fashion to
the way it is by the two substrates. Water molecules in the apo QueTGT structures already preadopt the positions of substrate functional groups within a
narrow range. d) Structural alignment of the SPB motif ranging from the seventh to the eighth TIM-barrel § strands in Gallus gallus triose-phosphate isom-
erase and Z mobilis QueTGT. At the end of the eighth B-strand, residues Val282? and Gly232™ in conserved positions bind substrate phosphate groups in

a similar fashion. Yellow: (3 strand; red: a helix; green: loop regions. e) Structural alignment of the SPB motif residues in conserved positions of ArcTGT
(Ala251%) and QueTGT (Val2829). Binding to the phosphate group of the respectively modified base of tRNA occurs in a similar fashion. f) Suggested evolu-
tionary tree for TGTs departing from a TIM-barrel-enzyme precursor. (a)-(e) were produced by using the PYMOL program.*”

enables them to recognize preQ, and preQ; in addition to gua- The further extended substrate specificity in eukaryotic
nine. QueTGTs towards queuine (Table 1)?? is presumably due to a
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spatial extension of the binding pocket. As suggested by a ho-
mology model based on the Caenorhabditis elegans sequence,
a Val233Gly replacement, specific for eukaryotic QueTGTs, sig-
nificantly enlarges the binding pocket, thereby allowing the
binding of extended preQ;-like substrates such as queuine
(Figures 2a and 3a).”

3.4. Structural relevance of water molecules in binding
pockets

It can be assumed that water molecules are found in the
active site of the uncomplexed protein in almost all enzyme
crystal structures. Most probably, these molecules already indi-
cate favorable positions to be occupied by groups of putative
ligands. In the case of Z mobilis TGT this assumption is con-
firmed by at least one specific substrate functional group. In
the uncomplexed pH 5.5/pH 8.5 crystal structures of Z. mobilis
TGT, water molecules are bound to either the CO- or the NH-
exposing peptide switch in distinct orientations (Figure 3¢).
With respect to the binding mode of preQ, and preQ,, these
water positions already indicate within a narrow range the pu-
tative binding sites of the bound 7-deazaguanine substituents.
Accordingly, with sufficient resolution and accurate refinement,
active-site water molecules could suggest a conclusive picture
mapping out likely binding sites of polar functional groups of
substrate molecules. In consequence, such water molecules
serve as suitable probes to analyze a binding pocket for puta-
tive interaction sites of polar groups in structure-based drug
design. This fact has already been successfully exploited for
the design of inhibitors of this enzyme at two additional sites
within the binding pocket.?5*"

4, Classification of TGT within TIM-Barrel-Fold
Enzymes

Crystal structure analysis provides powerful access to informa-
tion about the evolutionary relationships between proteins
and helps to unravel the functional evolution of complex met-
abolic pathways. In this section we want to show how TGT
crystal structures assist the structural classification within the
TGT superfamily and help in the discovery of the putative
origin among enzymes adopting a TIM/(Pa)s-barrel fold. The
TIM barrel is very abundant and approximately 10% of all en-
zymes share this geometry.*” The biological roles of 85% of
the known reaction types performed by TIM-barrel enzymes
are associated with metabolism.*®! During the last two de-
cades, several evolutionary classification models for TIM-barrel
enzymes have been proposed.”***! Recent considerations favor
the model of divergent evolution starting from a common an-
cestor, rather than convergent evolution. For about a dozen of
the assumed 26-29 homologous superfamilies, sequential,
structural, and functional evidence has been presented to sup-
port this assumption.”**? Among these presumably closer re-
lated superfamilies, a standard phosphate-binding (SPB) motif,
involved in the recognition of substrate phosphate groups, is
widespread."** |t ranges from the seventh f strand to the
eighth a helix of the TIM-barrel motif and is characterized by a
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high structural homology along with conserved phosphate-
binding positions at the ends of the adjacent seventh and
eighth TIM-barrel strands. This common structural element was
also used as one criterion to achieve higher order classifica-
tion.

A straightforward assignment of TGTs to the TIM-barrel-fold
enzymes is difficult. As TGTs catalyze reactions attributed to
the information pathway, they constitute one of the few exam-
ples for TIM-barrel enzymes not involved in metabolism."*?! Fur-
thermore, TGTs form a separated superfamily within the TIM-
barrel fold enzymes (SCOP Version 1.65>% CATH Version
2.5.17#) This is due to unusual insertions into the TIM barrel
responsible for RNA binding (Figure 1a and c). Therefore,
almost no global structural relationship to other superfamilies
could be detected.” Surprisingly, alignments performed by
Nagano et al.*¥ revealed that TGTs share the standard phos-
phate-binding motif with some other mutually related superfa-
milies (Figure Ta and c). For Z. mobilis TGT, the overall C, root
mean square deviation (RMSD) with respect to the SPB motif is
only 1.7-2.0 A. Gly261°2 and Val262° at the end of strand 13
(representing the seventh TIM-barrel strand), as well as Val282°
at the end of strand 314 (representing the eighth TIM-barrel
strand) were predicted to be in conserved positions for sub-
strate phosphate binding through backbone interactions. In-
spection of the Z mobilis TGT-RNA complex revealed that the
predicted Gly2619 is involved in binding of a substrate ribose
hydroxy group, while Val282% is indeed involved in binding of
the substrate phosphate group of G**. A structural alignment
of the SPB motif of QueTGT and triose-phosphate isomerase
(TIM) from Gallus gallus (PDB code: 1TPH)*” with their respec-
tive ligands shows equivalently positioned phosphate groups,
binding residues, and orientation towards Val282? and
Gly232™ (Figure 3d). Furthermore, Val282? is one of the well-
conserved residues next to the active site in QueTGTs (Fig-
ure 2a).*"*® |n the available ArcTGT structure from P. horikoshii,
Ala251%, which corresponds to Val282, displays a similar phos-
phate-binding mode to the phosphate group of G" (Fig-
ure 3e). This finding supports the allocation of the TGT super-
family to other presumably homologous SPB-containing super-
families.

The SPB motif could also be a key structural element for un-
derstanding why TGT is not involved in metabolism as most of
the other TIM-barrel enzymes are. Comparison of evolutionarily
related TIM-barrel enzymes involved in metabolism shows no
strict correlation with the metabolic pathway that they are in-
volved in. Often, related enzymes perform tasks in different
metabolic pathways.*® This prompted Copley and Bork to sug-
gest that recruitment between different pathways is one possi-
ble driving force to develop new protein functions.”® This
model requires an ancient enzyme possessing a broader sub-
strate specificity as a starting point. New functions can evolve
in the case of different compounds sharing a common struc-
ture and being accepted as substrates by this enzyme. Specific
groups (for example, phosphate groups) represent such
common substructures. Duplication and diversification of the
respective gene could result in two distinct protein functions
involved in different metabolic pathways.”“®
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By applying such arguments to TGT, the following consider-
ation with respect to the evolutionary origin of TGTs can be
drawn (Figure 3 f). The ancient predecessor of the presently ex-
isting TGTs was possibly involved in central metabolism in ac-
cepting and binding phosphorylated substrates through its
SPB motif. Due to the fact that tRNA also contains phosphate
moieties and occurs in cells with a rather high concentration, it
could have served as some sort of substrate for this ancestor.
After gene duplication and evolutionary modification, one
such copy could have evolved with specific tRNA recognition
and modification properties as primordial TGT. This could ex-
plain why the TGT ancestor possibly departed from pure me-
tabolism and developed as a catalyst with a function rather un-
usual for an enzyme with a TIM-barrel fold. With respect to
evolution across the TGT superfamily, we assume the following
scenario. As TGTs from all three kingdoms share a core struc-
tural domain and a common reaction mechanism, an ancient
TGT had obviously evolved before the three kingdoms di-
verged. TGTs modifying G** appear to represent the ancient
version of the enzyme. As QueTGTs are absent in some organ-
isms, such as Saccharomyces cervisiae, Mycoplasma, Treponema
pallidum and Mycobacterial species,"® the Q modification in
tRNAs seems not to be absolutely crucial for the persistence of
a species. As a QueTGT is also absent in most of the archae-
bacterial species sequenced up to now," we suggest that in
archaea TGT has undergone an evolutionary transition fol-
lowed by the loss of G**-modification ability to take over a
new and more important task. As a result, a protein with
highly sophisticated domain architecture was developed,
thereby equipping TGT with three supplementary domains.
This adapted TGT, now altered towards ArcTGT, became part of
the archaeosine modification pathway. The ultimate purpose
of the archaeosine modification is most presumably the im-
provement of tRNA stability to maintain the translational pro-
cess even under the rough living conditions of archaea.

5. Final Summary

The present review summarizes and discusses distinct proper-
ties of the TGT enzyme superfamily. This superfamily displays
the unique function of catalyzing specific base-exchange reac-
tions in tRNAs. TGTs are present across all three kingdoms of
life and show a conserved structure. In all cases they operate
on guanine residues. Throughout the different family mem-
bers, the base exchange follows the same reaction mechanism,
even though guanine residues at different positions of the
tRNA are replaced. Comparison of the TGT structures, however,
demonstrates that they exhibit very similarly shaped recogni-
tion sites that result in a similar RNA conformation in the sur-
roundings of the active site after binding to the enzyme. The
conserved reaction mechanism involves nucleophilic attack of
an aspartate oxygen atom onto C1’ of the ribose sugar and
proceeds through a covalent intermediate. Pronounced in-
duced-fit adaptations parallel the substrate-binding process
and the various steps along the reaction pathway. The mani-
fold TGTs from the three kingdoms of life exhibit pronounced
differences in their substrate promiscuity. A structural compari-
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son shows that the level of substrate promiscuity is governed
by the extent of binding-site adaptation along with the in-
volvement of active-site water molecules. These molecules ac-
tively support substrate promiscuity by taking a role as either
versatile space fillers once ligands with smaller side chains are
bound or as mediators of polar interactions by taking advant-
age of their ambivalent donor and acceptor functionality. The
TGT enzymes adopt the very abundant TIM-barrel fold even
though they do not belong to the group of metabolizing en-
zymes. However, some important and unusual insertions make
them form a unique superfamily within the TIM/(Ba)g-barrel
enzymes that shares hardly any global structural relationships
with other superfamilies. Interestingly enough, they exhibit a
standard phosphate-binding (SPB) motif in common with typi-
cal TIM-barrel metabolizing enzymes. This suggests that the su-
perfamily of TGT enzymes has evolved from an ancient ances-
tor involved in central metabolism and recognizing phosphory-
lated substrates.

Keywords: enzymes - protein structures -
relationships - substrate recognition - tRNA
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The Expanding Role of Mass Spectrometry in
Metabolite Profiling and Characterization

Elizabeth J. Want, Benjamin F. Cravatt, and Gary Siuzdak*™

Mass spectrometry has a strong history in drug-metabolite analy-
sis and has recently emerged as the foremost technology in en-
dogenous metabolite research. The advantages of mass spec-
trometry include a wide dynamic range, the ability to observe a
diverse number of molecular species, and reproducible quantita-
tive analysis. These attributes are important in addressing the
issue of metabolite profiling, as the dynamic range easily exceeds
nine orders of magnitude in biofluids, and the diversity of species
ranges from simple amino acids to lipids to complex carbohy-
drates. The goals of the application of mass spectrometry range

Introduction

The power of mass spectrometry in endogenous metabolite re-
search derives from its proven success in drug-metabolite anal-
ysis and pharmacokinetic studies."™ Mass spectrometry also
facilitates the identification of previously uncharacterized me-
tabolites."*""! Mass spectrometry is already well established as
a quantitative tool for small molecules, unlike its application to
proteomics. This ability, and the fact that the metabolic profile
is a reflection of enzymatic activity, allow for the direct moni-
toring of both normal biochemical events and perturbations
that lead to disease. For example, when a defective enzyme is

gene —  enzyme —_— metabolite
;S?, drugs/disease
S =1
=} ﬂqﬁ$h
% I-:"\_'i ion trap q _'l ESI quadrupole TOF
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Figure 1. Simplified overview of the concepts involved in metabolite profil-
ing. Alterations in metabolite levels reflect the activity of their corresponding
enzymes. Additional factors that affect metabolite profiles include drug
intake or the onset of a disease. Two of the common mass spectrometry ap-
proaches for proteomics (ESI ion trap) and metabolite profiling (ESI quadru-
pole TOF) are shown.

ChemBioChem 2005, 6, 1941 - 1951

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim .

from basic biochemistry to clinical biomarker discovery with chal-
lenges in generating a comprehensive profile, data analysis, and
structurally characterizing physiologically important metabolites.
The precedent for this work has already been set in neonatal
screening, as blood samples from millions of neonates are tested
routinely by mass spectrometry as a diagnostic tool for inborn
errors of metabolism. In this review, we will discuss the back-
ground from which contemporary metabolite research emerged,
the techniques involved in this exciting area, and the current and
future applications of this field.

produced with impaired or even absent activity, it can result in
a change in the abundance of a particular metabolite. Current-
ly ~200 inherited enzymatic disorders can be characterized by
perturbations in their associated metabolic profiles,"*?? and,
clinically, over 30 disorders of the metabolism of organic acids,
amino acids, fatty acids, and steroid hormones are monitored
worldwide by using mass spectrometry."® Additionally, enzy-
matic activity can be influenced by external forces, such as
drugs or infection, resulting in changes in metabolic profiles
(Figure 1). The largest focus of metabolite studies has been on
biofluids such as serum, plasma, and urine, as these provide
readily accessible, noninvasive sources to examine the meta-
bolic response(s) of the organism.

Recent interest in metabolite profiling is derived from the
ability to perform more comprehensive metabolite analyses
with new liquid chromatography/mass spectrometry (LC/MS)
technology, the need to understand the biochemical events of
cells and tissues, and the potential for identifying both disease
and pharmaceutical biomarkers.

1. Instrumentation

In the 1970s and 1980s, gas chromatography mass spectrome-
try (GC/MS) was the most commonly used method for small-
molecule analysis,”? and is still used today for the detection of
many metabolic disorders."® However, in the 1990s, GC/MS
was largely superseded by high-field proton NMR, which, until
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recently, remained the analytical method of choice.?” Liquid
chromatography combined with mass spectrometry (LC/MS)
has demonstrated several advantages over NMR, including
greater sensitivity and dynamic range. In this section, we will
discuss the background from which contemporary metabolite
research emerged and the current applications of this field. We
will also discuss the bioinformatics tools and mathematical
modeling techniques, such as principal-component and cluster
analysis, used to maximize information recovery and to aid in
the interpretation of the very large multivariate data sets typi-
cally obtained in metabolite-profiling studies.

NMR

NMR has been applied to metabolite-profiling studies®" in

areas as diverse as plant metabolism,”*?* Duchenne muscular
dystrophy,®” bioavailability and metabolic responses of rats to
epicatechin,®" hypertension,®? and acetaminophen toxicity.®*
The primary advantage of NMR is its ability to measure analy-
tes in biofluids quickly and accurately, without the need for ini-
tial processing or separation. Over recent years, improvements
have included higher resolution, lower instrument cost, and
the addition of stop-flow chromatography on fractions of sam-
ples. However, a major weakness of NMR is that it has a poor
dynamic range (100-1000) that results in only the most abun-
dant components being observed (Table 1).

GC/MS

Historically, the combination of high-resolution capillary gas
chromatography with mass spectrometry (GC/MS) was the
most widely used application in metabolite research and dis-
ease diagnosis. GC/MS enabled the identification of key small
molecules—such as fatty acids, amino acids, and organic
acids—in biofluids, particularly in urine and blood.*3*3% GC/
MS has been instrumental in providing diagnostic information
for many inherited diseases, including numerous metabolic dis-
orders. These include disorders of the metabolism of amino
acids,®*) thyroid hormones,“*? bile acids,***! steroids,*"

G. Siuzdak et. al

organic acids,”® and fatty acids,“>*” with 20-30 disorders of
the latter alone having been characterized.'®

An important example of quantitative mass spectrometry
metabolite analysis is the measurement of phenylalanine and
tyrosine in the diagnosis of phenylketonuria (PKU)."® Here, GC
and GC/MS were used to establish the normal metabolite pat-
tern and ultimately identify the disease state (Figure 2). Many
clinical laboratories around the world still use GC/MS for the
diagnosis of some of these metabolic diseases, particularly
those disorders of organic acids, in which, at present, LC/MS
techniques have offered little advancement.'® This is due in
part to the lower resolution of LC and the fact that electro-
spray ionization (ESI) of organic acids produces negative ions
that are not detected with the same degree of sensitivity as
positive ions. Derivatization of these molecules would aid in
their analysis, but offers no improvement over the well-estab-
lished GC/MS techniques. Therefore, diseases such as organic
acidemias”® and many steroid-metabolism disorders*™" are
still detected by using GC/MS."™ Shackleton and colleagues
pioneered the technique of urinary steroid profiling using GC
and GC/MS in the late 1960s and 1970s.">°" This procedure is
now in place in many laboratories worldwide and is invaluable
in the detection of inborn errors of steroid metabolism, such
as congenital adrenal hyperplasia,*® and has shown potential
in screening for Smith-Lemli-Opitz syndrome, in which a fun-
damental defect in cholesterol metabolism exists.”?

GC/MS has also been applied successfully to metabolite
profiling for plant functional genomics,”*>” which, combined
with principal-component analysis (PCA), has been used to sig-
nificantly improve upon existing approaches and understand-
ing.

However, there are several disadvantages to using GC/MS
that give it limited applicability to metabolite profiling. These
include convoluted sample preparation that involves metabo-
lite extraction as well as derivatization to improve volatility,
lengthy analysis time, and the limits on the size and type of
molecule that can be analyzed (nonvolatile, polar macromole-
cules are unsuitable). LC/MS with an electrospray interface has
become a more popular choice for these analyses and studies

LC/MS FIA

Table 1. Advantages and disadvantages of using GC/MS, NMR, ESI-LC/MS and flow injection analysis (FIA) with ESI in metabolite-profiling studies.

GC/MS NMR

extraction
no separation

extraction
medium-resolution separa-

sample preparation
chromatographic

significant
disadvantages

speed of analyses signal suppression
from multiple

components

separation tion
sensitivity millimolar to nanomolar millimolar to
micromolar

dynamic range 10° 10

speed slow (5 to 90 min) rapid (1 to 5 min)

quantitative accuracy +10% +10%

significant advantages soft ionization; large mass  data in one spectrum;
range fast

extraction and chemical modification
high-resolution separation

typically none
no separation
millimolar to nanomolar millimolar to high micromolar
10° 10°

slow (~30 min) rapid (1 to 5 min)

+10% +10%

high resolution; EI-MS library available no sample preparation

significant sample preparation with poor sensitivity and dynamic
chemical modification, slow analysis time, range; some chemical classes
harsh ionization, and limited number not detected

of molecules can be analyzed
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Figure 2. GC and GC/MS for PKU diagnosis. GC ion chromatograms of urinary extracts from a PKU infant and a
healthy infant, showing phenyllactic acid and phenylpyruvic acid in the PKU infant.

for new biomarkers.®>*® This technique is advantageous over
GC/MS in that sample preparation and analysis are relatively
simple, providing access to metabolites of more diverse chemi-
cal structure and size.

LC/MS

Liquid chromatography electrospray ionization mass spectrom-
etry (LC/ESI-MS; Figure 3) is now the most common approach
toward metabolite-profiling studies. ESI offers many advantag-
es over other ionization techniques, including the ability to an-
alyze low- and high-mass compounds, excellent quantitative
capabilities and reproducibility, high sensitivity, simple sample
preparation, amenability to automation, soft ionization, and
the absence of matrix (as required for matrix-assisted laser de-
sorption/ionization mass spectrometry (MALDI)).>?

In its simplest form, ESI can be quite effective even without
separation, especially when combined with tandem mass spec-
trometry (MS/MS). Direct ESI-MS/MS applications to metabolite
screening emerged in the early 1990s, and today over thirty

++f+ ESI

=1 micron diameter

+‘ j + volume 53107 nl.

i data

five diseases, including the
screening of newborns for phe-
nylketonuria, are monitored di-
rectly by using ESI-MS/MS (Fig-
ure 4).1%% |n fact, due to the im-
\ portance of initial GC/MS results

PKU infant
(phl:ny]!.-miu acid
phenylpyruvic acid *
and the ESI-MS/MS clinical

assay, Neo Gen Screening was
founded in 1994 (currently Pe-

normal infant diatrix Screening http://www.
pediatrixscreening.com). World-

J»w wide, blood samples from over
T Ro two million newborns have been

ESI screened for at least 30
amino acid, organic acid, and
fatty acid oxidation disorders
(Table 2)."2" Among these dis-
eases, PKU is a useful example
for demonstrating the utility of ESI-MS/MS (Figure 4).

The utility of ESI lies in its ability to generate gas-phase ions
directly from the liquid phase; this establishes the technique
as a convenient mass-analysis platform for both liquid chroma-
tography and automated sample analysis. Separation of the
thousands of molecules present in biofluids can reduce ESI ion
suppression® ¥ by decreasing the number of competing ana-
lytes entering the mass spectrometer ion source at any one
time. These factors result in a selective approach that allows
for both quantitation and structural information, while sensitiv-
ities in the pg/mL range can be achieved readily.*” Given
these advantages, LC/MS techniques have replaced some of
the traditional specialized clinical laboratory methods®®®® that
relied on biological, immunological, and fluorometric tech-
niques.”

A challenge in metabolite profiling is that potential biomark-
ers might be present in the biofluid in low abundance, thus
requiring sensitive analysis techniques in order to detect
them. One approach is nanoESI liquid chromatography, which
has already proved important in proteomics studies.” %

NanoESI
+++
+ige T ~0.2 micron diameter
AN i
+ volume 4% 107 nL

661
100 nL min~'

758
8 a0

=
3
B

612 43 GE3
.

il b LL,

66|

b—

500 iz 200

Figure 3. The small droplet size in nanoESI leads to less signal suppression and greater coverage of a solution’s metabolites. LC/MS spectra of methanol-ex-

tracted serum samples at flow rates of 100 and 1000 nLmin~
ing in enhanced detection of metabolites.

ChemBioChem 2005, 6, 1941 - 1951

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Multiple-reaction monitoring (MRM) with a triple quadrupole. LC MS/MS experiments are now standard for monitoring over 35 different diseases in
neonates. Here, an example of monitoring for phenlyketonuria (PKU) with a dried blood spot from an infant by using a triple quadrupole mass analyzer is

shown.

Fatty acid oxidation

Table 2. The major metabolic disorders screened for in newborns using mass spectrometry.”

Organic acid

Amino acid

carnitine/acylcarnitine translocase deficiency
(translocase)

carnitine palmitoyl transferase deficiency type |
(CPT-1)

3-hydroxy long chain acyl-CoA

dehydrogenase deficiency (LCHAD)
2,4-dienoyl-CoA reductase deficiency

medium chain acyl-CoA dehydrogenase
deficiency (MCAD)

multiple acyl-CoA dehydrogenase deficiency
(MADD or glutaric acidemia-type II)

neonatal carnitine palmitoyl transferase
deficiency type Il (CPT-II)

short-chain acyl-CoA dehydrogenase deficiency
(SCAD)

short-chain hydroxy acyl-CoA dehydrogenase
deficiency (SCHAD)

trifunctional protein deficiency (TFP deficiency)
very long chain acyl-CoA dehydrogenase
deficiency (VLCAD)

3-hydroxy-3-methylglutaryl-CoA lyase
deficiency (HMG)

glutaric acidemia type | (GA 1)
isobutyryl-CoA dehydrogenase deficiency
isovaleric acidemia (IVA)

- acute onset

« chronic

2-methylbutryl-CoA dehydrogenase deficiency
3-methylcrotonyl-CoA carboxylase deficiency
(3MCC deficiency)

3-methylglutaconyl-CoA hydratase deficiency
methylmalonic acidemias

+ methylmalonyl-CoA mutase deficiency 0

« methylmalonyl-CoA mutase deficiency +

- some adenosylcobalamin synthesis defects
« maternal vitamin B12 deficiency
mitochondrial acetoacetyl-CoA thiolase
deficiency

(3-ketothiolase deficiency.)

propionic acidemia (PA)

- acute onset

- late onset

multiple-CoA carboxylase deficiency

malonic aciduria

argininemia

argininosuccinic aciduria (ASA lyase deficiency)
- acute onset

- late onset

carbamoylphosphate synthetase deficiency
(CPS Def.)

citrullinemia (ASA synthetase deficiency)
- acute onset

- late onset

homocystinuria

hypermethioninemia

hyperammonemia, hyperornithinemia,
homocitrullinemia syndrome (HHH)
hyperornithinemia with gyral atrophy
maple syrup urine disease (MSUD)

« classical MSUD

- intermediate MSUD

5-oxoprolinuria (pyroglutamic aciduria)
phenylketonuria (PKU)

« classical PKU

« hyperphenylalaninemia

- biopterin cofactor deficiencies (4)
tyrosinemia

transient neonatal tyrosinemia

- tyrosinemia type | (Tyr I)

- tyrosinemia type Il (Tyr II)

- tyrosimenia type Il (Tyr Ill)

[a] List adapted from http://www.pediatrixscreening.com, with permission.
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NanoLC/nano-ESI-MS is performed at much lower flow rates
(~200 nLmin™") than LC/ESI-MS (~300 puLmin™"; Figure 3); this
improves the sensitivity and dynamic range, which is advanta-
geous in metabolite analysis.®7" At the lower flow rates, the
droplet size is significantly smaller; this means that as the
droplet evaporates it reaches a high charge density more
quickly than normal LC/ESI-MS. This is important because ESI is
an evaporative process—charge density increases by vaporiza-
tion—for larger droplets, the impurity concentration increases
significantly before ionization occurs, ultimately inhibiting va-
porization and concomitantly inhibiting ionization. In nanoLC/
nano-ESI-MS, ions are produced with less evaporation and con-
tain less-concentrated impurities, therefore increasing sensitivi-
ty (Figure 3) and ultimately offering a greater dynamic range in
metabolite discovery.

Although the separation of complex mixture components
makes LC/MS especially useful in the initial stages of metabo-
lite research, there is a reduction in the speed of data acquisi-
tion and analysis. However, once a biomarker is identified, ex-
traction combined with flow injection analysis (FIA) can be
used to quantify the compound."® Here, the sample of interest
is introduced directly into the mass spectrometer, without
prior separation. This method is rapid, with an analysis time of
2 min or less per sample and can include automated proce-
dures for peak assignment, making this method more advanta-
geous than NMR."? Also, with this technique, all the informa-
tion can be obtained in one spectrum. The primary disadvant-
age is that significant signal suppression can occur when a
complex mixture is introduced, thus resulting in a loss of infor-
mation and sensitivity.

Atmospheric-pressure chemical ionization (APCI) mass spec-
trometry is not widely used in metabolite-profiling studies.
However, it can be a valuable technique for the analysis of
neutral molecules, such as lipids.”>”? Analogously to the ESI in-
terface, APCI causes little or no fragmentation of the analyte
and so is suitable for volatile and thermally stable compounds.
APCI analysis of more easily ionizable molecules, such as phos-
pholipids, can produce molecular and fragment ions comple-
mentary to those produced by ESI MS with collision-induced
dissociation (CID). In addition, APCI provides a higher dynamic
range than ESI and it is considered robust, easy to operate,
and relatively more tolerant of higher buffer concentrations. As
APCI can accommodate flow rates of up to 2.0 mLmin™’, it is
considered mass-sensitive, as opposed to ESI, which is concen-
tration-sensitive. However, one of the drawbacks of APCI is
that, as it is a mass-sensitive device, no sensitivity gains are re-
alized with smaller columns or lower flow rates.

Mass analyzers

The mass analyzer is critical to the performance of any mass
spectrometer. Among the most commonly used are the quad-
rupole, quadrupole ion trap, time-of-flight, time-of-flight reflec-
tron, and Fourier transform ion cyclotron resonance (FTMS).
Quadrupole mass analyzers are the most common mass ana-
lyzers in existence today. These instruments tolerate relatively
high pressures, have the capability of analyzing up to an m/z
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of 4000, and are relatively low-cost instruments. In order to
perform tandem mass analysis with a quadrupole instrument,
it is necessary to place three quadrupoles in series. Each quad-
rupole has a separate function: the first quadrupole (Q1) is
used to scan across a preset m/z range and select an ion of in-
terest. The second quadrupole (Q2), also known as the collision
cell, focuses and transmits the ions while introducing a colli-
sion gas (argon or helium) into the flight path of the selected
ion. The third quadrupole (Q3) serves to analyze the fragment
ions generated in the collision cell (Q2; Figure 4).>

Quadrupole ion traps are useful in that a single ion species
can be isolated by ejecting all others from the trap, and the
isolated ions can be fragmented subsequently by collisional ac-
tivation, and the fragments can be detected. A key advantage
of quadrupole ion traps is that multiple CID experiments can
be performed quickly without having multiple analyzers. Other
advantages are their compact size and their ability to trap and
accumulate ions to provide a better ion signal. They have a
mass range up to ~4000 m/z. Less commonly used is the
linear trap, but this instrument has advantages over the 3D
trap in that the larger analyzer volume lends itself to a greater
dynamic range and improved quantitative analysis. However,
disadvantages of the ion trap include 1) the inability to per-
form high-sensitivity triple quadrupole-type precursor-ion scan-
ning and neutral loss scanning experiments; 2) the upper limit
on the ratio between precursor m/z and the lowest trapped
fragment ion being ~0.3 (also known as the “one-third rule”);
3) a limited dynamic range because, when too many ions are
in the trap, space charge effects diminish the performance of
the ion-trap analyzer.”

The linear time-of-flight (TOF) is the simplest mass analyzer,
with a virtually unlimited mass range. The TOF reflectron, now
widely used for ESI, combines time-of-flight technology with
an electrostatic mirror; this offers higher resolution (typically
above 5000) than a simple TOF instrument. It has gained wide
use due to its fast scanning capabilities (milliseconds), good
mass range (up to m/z ~10000), and an accuracy in the order
of 5 ppm. Quadrupole-TOF mass analyzers combine the stabili-
ty of a quadrupole analyzer with the high efficiency, sensitivity,
and accuracy of a time-of-flight reflectron mass analyzer and
are typically coupled to electrospray ionization sources. The
quadrupole can act as a simple quadrupole analyzer to scan
across a specified m/z range. However, it can also be used to
selectively isolate a precursor ion and direct that ion into the
collision cell. The resultant fragment ions are then analyzed by
the TOF reflectron mass analyzer. Quadrupole-TOF exploits the
quadrupole’s ability to select a particular ion and the ability of
TOF-MS to achieve simultaneous and accurate measurements
of ions across the full mass range. Quadrupole-TOF analyzers
offer significantly higher sensitivity and accuracy than tandem
quadrupole instruments when acquiring full-fragment mass
spectra.”

FTMS offers high resolution, the ability to perform multiple
collision experiments (MSn), and high-accuracy fragment
masses (often at the part-per-million level). It is now becoming
more common to couple ultrahigh resolution (>105) FTMS to
a wide variety of ionization sources, including MALDI, ESI,
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APCI, and El. Quadrupole-FTMS and quadrupole linear ion-trap
FTMS mass analyzers that have recently been introduced are
typically coupled to electrospray ionization sources. The quad-
FTMS combines the stability of a quadrupole analyzer with the
high accuracy of an FTMS. A specified m/z range can be
scanned by using the quadrupole, which can also be used to
selectively isolate a precursor ion. This ion can be directed into
the collision cell or the FTMS, and the resultant precursor and
fragment ions can then be analyzed by the FTMS.®

2. Data Mining and Biomarker Selection

The generation of complex data sets in metabolite studies has
led to the development of new algorithms”>” as well as the
incorporation of multivariate statistical-analysis techniques for
pattern recognition in biomarker discovery.””’" This is known
as data mining, and can facilitate the discovery of hidden
structure in such data. Multivariate techniques can be divided
into two classes, known as supervised and unsupervised learn-
ing. Supervised learning is when a classification system is
given some input data together with the answers, known as
the “training set”, which can be used to build a model and es-
timate necessary parameters. Examples of this include artificial
neural networks (ANN), self-organizing maps (SOM), and linear
discriminant analysis (LDA). Conversely, in unsupervised learn-
ing, the algorithm is not given a training set, and so input data
is classified in an “unsupervised” manner. The most common
unsupervised methods include cluster analysis and PCA.

ANNs are software systems inspired by biological models of
the brain. They are capable of learning patterns and relation-
ships from input data and are used to make good pattern-rec-
ognition engines and robust classifiers, with an ability to gen-
eralize; this enables them to deal with previously unseen and
even imprecise input data. ANNs are being used effectively for
problems including building nonlinear classification and re-
gression models. Currently, ANNs that can predict patient re-
sponses to drugs are being developed; this would enable ideal
dosing regimes to be established.®”

SOMs are a special type of neural net that can be used for
visualization, analysis, modeling, clustering, and prediction of
high-dimensional data. They can be used to identify nonlinear
interactions between parameters and have the ability to learn
from new data. This technique has been used to predict the
individual outcome of patients receiving 2.5 mg letrozole
as second-line endocrine treatment for metastatic breast
cancer.®"

LDA is the most widely used classification technique in sev-
eral life-science areas, used for classifying samples of unknown
classes, such as microarray data.®>®* However, when analyzing
mass-spectrometric data, for which dimensionalities are likely
to be larger than training set sizes, the number of features
(variables or attributes) must be reduced prior to LDA, for ex-
ample by using PCA.

Cluster analysis organizes information about variables into a
data set, forming relatively homogeneous groups or “clusters”
for which the degree of association is strong between data in
the same cluster and weak between data in different clusters.
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Cluster analysis can reveal associations and structure in data
that were not previously evident. A combination of proteomics
and cluster analysis has been used to accurately classify breast
tumor tissues as normal, benign, and cancerous tissues by
using just the protein-expression profiles.®”

PCA simplifies multivariate data by replacing a group of vari-
ables with a single new variable.®™ Each new variable is called
a principal component (PC), and is a linear combination of the
original variables.®® PCA has been widely used in the reduc-
tion of data dimensionality, the investigation of clustering ten-
dency, the detection of outliers, and the visualization of data
structure.®”®¥ Current uses of PCA include the clustering of
gene expression data® and the study of proteomic changes
associated with neuroblastoma.®”

Several mass spectrometer manufacturers have their own
specific metabolite data-analysis software for use with their in-
struments, and some software companies have also realized
the potential of marketing their own software. However, most
companies and research groups involved in metabolite re-
search supplement available data mining techniques with in-
house software to enable compound identification and quanti-
fication.

Databases

At present, the data collection and analysis steps are by far the
most straightforward in metabolite research. A major challenge
lies in characterizing interesting metabolites. Although there
are well-annotated gene and protein databases that can be
searched easily by genomics and proteomics researchers, at
present, no such comprehensive tools exist for metabolite re-
searchers.

Current (albeit incomplete) metabolite databases do exist,
such as the National Institute of Standards and Technology
(NIST) commercial database, which includes mass spectral data
for some known metabolites (http://www.nist.gov/srd/
nist1.htm). The University of Alberta hosts a mini-library of full
mass spectra of newer drugs, metabolites, and some break-
down products, created in May 2001 (http://www.ualberta.ca/
~gjones/mslib.htm), which can be downloaded as a zip file. In
addition, a new human metabolite database being developed
by SRI International called HumanCyc (http://biocyc.org) in-
cludes known metabolites and those predicted by algorithms
that project metabolic pathways from a genomic sequence,
taking into account pathways known to exist in other organ-
isms. A database constructed as part of the Atomic Reconstruc-
tion of Metabolism project, compiles metabolite structures
together with molecular weight and MS fragmentation data
(http://www.metabolome.jp). Another metabolite database
being developed is the “tumor metabolome” database, estab-
lished by Prof. Eigenbrodt and Dr. Mazurek at the Justus Liebig
University in Giessen (http://www.metabolic-database.com).
Some databases focus purely on electron-impact mass spec-
trometry data, such as the Wiley Registry of Mass Spectral Data
(http://www.wileyregistry.com), the largest commercially avail-
able reference library of mass spectra. The GOLM open-access
database at the Max Planck Institute of Molecular Plant Physi-
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ology (Golm, Germany) also focuses on electron-impact mass
spectrometry and is intended as a repository for experiments
performed at this institute, as well as for data from collabora-
tors.°"

To support the management of metabolite data from our
own research teams, we have developed METLIN, a web-based
data repository (http://metlin.scripps.edu/) to handle and pro-
cess LC/MS data. METLIN incorporates a diverse collection of
spectroscopic and chemical data including LC/MS and high-
resolution FTMS spectra, primarily from human biofluids but
also some model organisms. The purpose of these data is to
aid in metabolite identification through accurate mass mea-
surement and isotopic-pattern evaluation. METLIN also in-
cludes an annotated list of known metabolite structural infor-
mation, both endogenous and drug metabolites, which can be
easily cross-correlated with the LC/MS and FTMS data. Further,
METLIN provides a number of data-visualization tools including
colorized 3D LC/MS plots and histograms. All data are freely
available to any interested party. While pharmaceutical compa-
nies have developed private internal databases, we believe
that this is the first open-access metabolite-profiling data repo-
sitory.

3. The Crux of Metabolite Profiling: Metabolite
Identification

Once potential biomarkers have been selected from metabo-
lite-profiling studies, precise identification is required. This is
probably the greatest challenge facing metabolite profiling,
given the often limited amount of sample and trace quantities
of some metabolites. The use of Q-TOF and FTMS instruments
will allow for accurate mass measurements and, subsequently,
the identification of biomarkers (Figure 5). In fact, methods for
obtaining elemental composition are now typically performed
by using high-resolution ESI-FTMS technology for accurate
mass determination, together with tandem mass measure-
ments for structural characterization by using CID. Newer
hybrid instrument designs are preferable to coupling FTMS/MS
to separation techniques such as LC, since MS/MS experiments
can be performed outside the magnet.®? This allows for faster
experiments, as high resolution in FTMS is dependent on the
presence of high vacuum and by performing MS/MS experi-

ments outside the cell, the ICR cell itself can be maintained at
ultra-high vacuum.

Since limited quantities of material are typically available,
nanoESI-FTMS will further facilitate these accurate mass meas-
urements (< 0.5 ppm) for elemental composition determina-
tions, a critical aspect of metabolite characterization.

However, despite the important information gleaned from
mass spectrometry, the lack of comprehensive mass-spectral li-
braries often limits the identification of molecules from these
data alone. Ultimately, the combination of many technologies
will be required to identify unknown metabolites in biofluids.
Other technologies that can be utilized in metabolite identifi-
cation are high-sensitivity capillary NMR experiments, which
provide metabolite-structure characterization down to the low
microgram level.®**¥ In addition, chemical-modification experi-
ments also offer structural information.

A recent example of this approach to metabolite profiling
and characterization allowed for the identification of a com-
pletely novel set of molecules as taurine-conjugated fatty
acids."™ The initial strategy was to use LC/MS to compare the
nervous system metabolomes of wild-type and fatty acid
amide hydrolase (FAAH) enzyme-inactivated organisms. How-
ever, the relative hydrolytic activity that FAAH exhibited for
lipid metabolites in vitro was not predictive of the identity of
specific FAAH substrates in vivo. Thus, a three-step method
was used to identify these metabolites, 1) ultra high accuracy
FTMS mass measurements, 2) high-accuracy tandem mass anal-
ysis with a Q-TOF, and 3) chemical synthesis of potential candi-
dates based on the results of (1) and (2). An example of the
data is shown in Figure 6. Accurate mass measurements of the
m/z=446 metabolite by ESI-FTMS provided an exact mass of
446.3310, which corresponded to a molecular formula of
C,,H,NO,S. The theoretical and experimental isotope patterns
for C,,H,NO,S overlaid well, including the splitting pattern of
the [M+2] isotope caused by differences in the mass between
two "°C isotopes and one *S isotope. Similar spectra were ob-
tained for the m/z 472 and 474 metabolites, providing exact
masses of C,HsoNO,S (472.3466) and C,4Hs,NO,S (474.3623), re-
spectively. MS/MS analyses of the natural and synthetic metab-
olites using a Micromass Q-TOF instrument led to their struc-
tural assignments as N-acyl taurines.

oo MS/MS
Separation Elemental Composition ' ‘
MS-
y 4463310 CyyHyNO,S . CapNMR b
- Ms! H(D exchange
i FTMS | e g
Iﬁ o g | == Other chemical o
Tl ]\T‘q‘ e ] i & spectroscopic w
PR & etk A — 1| . e : techniques s
13 min 45 min EXACT Mass >0 miz 300 : < unknown 1D
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Figure 5. Diagrammatic representation of an approach to profiling and characterizing small-molecule biomarkers from biofluids. Once one or more biomark-
ers of unknown identity have been selected, characterization can be facilitated through accurate mass measurements and tandem mass-spectral data. Other
spectroscopic techniques, such as NMR are very useful for the complete identification of unknown compounds.
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Figure 6. Chemical characterization of an unknown class of brain metabo-
lites as N-acyl taurines. A) Analysis of the m/z=446 metabolite by ESI-FTMS
(Bruker APEX Il 7T instrument) gave an exact mass of 446.3310, which corre-
sponds to C,,H,sNO,S. The calculated isotope pattern for C,,H,sNO,S (gray)
overlaid well with the experimental spectrum, including the splitting pattern
of the [M+2] isotope (inset). Similar spectra were obtained for the m/z=
472 and 474 metabolites to give C,cH;,NO,S (472.3466) and C,4Hs,NO,S
(474.3623), respectively. B) MS/MS data of an N-acyl taurine obtained on a
Micromass Q-TOF instrument. Prominent fragments corresponding to taur-
ine (124), vinylsulfonic acid (107), and sulfur trioxide (80) are highlighted, as
well as a pattern of progressive loss of 14 mass units from m/z=150-430;
this is indicative of a fatty acyl chain (inset). C) Structures of the three main
N-acyl taurines identified.

4. Applications of Metabolite Profiling
Research

There is a wide range of applications for metabolite research
in areas such as drug design and discovery, health and disease,
nutrition, plant biotechnology, and microbiology.”” Metabolite
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profiling can be used to determine drug efficacy and/or toxici-
ty, to diagnose or predict disease states, or to classify patient
groups based on their specific metabolism. By studying altera-
tions in metabolites brought on by disease or drug interven-
tion, their relationships to changes in gene expression, protein
expression, and enzyme activity can be explored.”®

Metabolite profiling is already promising to bring a unique
and complementary perspective to biomedical and therapeutic
research, and is thus evolving into an important part of the
drug-discovery and -development process. The measurement
of alterations in metabolite concentrations can help to deter-
mine the range of biochemical effects induced by a therapeu-
tic agent. The effect of a potential drug on an animal can be
studied by measuring the changes in endogenous metabolite
levels over a time course” Multivariate statistical-analysis
techniques can be used to highlight differences between
dosed and control samples, an approach that is now being in-
vestigated by large pharmaceutical companies to screen po-
tential drug compounds for toxicity and lead-compound selec-
tion, as well as investigating in vivo efficacy in animals. In this
way, metabolite profiling might dramatically reduce the costs
of drug development, by eliminating the progression of com-
pounds that would eventually fail due to toxicity. In the devel-
opment phase, metabolite profiling could also aid in the dis-
covery of new preclinical and clinical safety biomarkers. Specif-
ic metabolites are already measured in biofluids in order to
identify drugs with liver or kidney toxicity—it is known that
succinate, glycine, and dimethylamine in the blood indicate
kidney damage.” Further, metabolite-profiling techniques
might be able to highlight the responses of different groups of
patients to a given drug. These types of investigations have
already been carried out in diabetic mice.®®

Even when there is no therapeutic intervention, examining
sequentially collected plasma or urine samples over a particu-
lar time course would enable endogenous metabolite-profile
changes to be examined.””'™ Furthermore, the timing of the
appearance of small-molecule markers in particular biofluids
could be studied. For example, the combination of methods
such as NMR and pattern recognition (NMR-PR) has been used
to investigate the hormonal cycle of rats," highlighting the
utility of such techniques in the investigation of physiological
rhythms and variation.

Metabolite profiling can be used to investigate the effect of
nutrition on metabolite concentrations in the body and to cor-
relate these metabolite concentrations with disease. A widely
used single-metabolite marker is the level of serum cholesterol
as an indicator for the increased risk of heart disease.'"?
Newer research has aimed to investigate the entire plasma
small-molecule profile, which reflects the biochemical status of
an individual at a particular point in time."® However, links
need to be made between metabolism in different areas of the
body, such as tissue and plasma, in order to fully understand
this complex area. Studies showing that selected serum metab-
olites can distinguish between groups of rats fed diets contain-
ing very different calorie levels"®' have implications for
understanding the effect of nutrition on serum metabolite
profiles.
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As the value and throughput of plant biotechnology is in-
creasing, so is the use of mass spectrometry in metabolite
profiling, as well as bioinformatics to interpret the vast amount
of data that is generated. It is estimated that there could be
up to 200000 different metabolites in the plant kingdom,
and the number of these compounds that performs precise
biological functions is unknown. Furthermore, the convoluted
nature of plant metabolism complicates interpretation of me-
tabolite-profiling data. However, recent advances in laboratory
technologies have allowed the quantitation of over 1000 small
molecules in a single leaf extract, as well as more than 500
compounds from potato tubers.”>'” The combination of mass
spectrometry and sophisticated data-analysis techniques has
increased the already numerous applications of metabolite
profiling in the area of plant biotechnology, which includes the
production of pharmaceuticals in plants,"® thus decreasing
the need for pesticide or fertilizer application and enhancing
the nutritional value of food.

Another application of metabolite profiling is the typing and
characterization of microorganisms.'®"? Cellular proteins or
metabolites specific to an individual microorganism are deter-
mined by mass-spectral analysis of the intact cellular suspen-
sions, thus enabling organisms present in unknown samples to
be identified. This approach has applications in the biological,
medical, and pharmaceutical arenas, where samples from
health institutions, industrial sites, agricultural products, and
food processing can be monitored for suspected bacterial con-
tamination rapidly and cost-effectively.

Summary and Outlook

As with PKU, many metabolic disorders can now be easily
monitored, and many more are likely to be discovered either
related to disease or as a function of an administered drug.
The area of metabolite profiling is expanding rapidly, and the
applications for this science range from basic biochemistry to
clinical-biomarker discovery. The primary challenge in metabo-
lite profiling is in the generation of a comprehensive, quantita-
tive profile of the thousands of components present in bio-
fluids, an issue that is largely being addressed with new LC/MS
technology. A second challenge is data analysis, here the de-
velopment of sophisticated bioinformatics software packages
will ultimately drive the discovery process. A third challenge is
in structurally characterizing physiologically important mole-
cules observed in the LC/MS experiments. Given these chal-
lenges, it is encouraging that new biomarkers for major diseas-
es such as atherosclerosis, muscular dystrophy, and various
cancers have already been identified. Ultimately it is the dis-
covery of novel metabolites"®™ and correlating the changes
of multiple metabolites with physiological events that make
this area alluring and challenging.
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HIGHLIGHTS

Reaching the Target: Small Molecules Aim to
Probe Barrier Quality

Christopher Cordier®™® and Adam Nelson*™ ®!

The field of chemical genetics is based
on the premise that small molecules can
be used to perturb macromolecular
function and, hence, to give insight into
complex biological mechanisms.""? For
the systematic exploration of biology,
this approach is usually considered to re-
quire a small-molecule partner for each
protein target; indeed, one goal for
chemical genomics is the identification
of a small-molecule probe for each func-
tion of every protein.! Nonetheless,
some of the most exciting strategic ap-
plications of chemical probes in biology
challenge this paradigm.

The combination of small-molecule
probes with classical genetic approaches,
for example, can offer particularly valua-
ble insights into protein function. For
families of proteins with highly con-
served active sites, the discovery of
chemical probes that are selective for a
specific protein is extremely challenging.
However, by engineering the ATP-bind-
ing site, it is possible to design ligands
that essentially target only the (mutant)
protein kinase of interest.”’ The combi-
nation of the chemical genetic approach
with reverse classical genetics has, there-
fore, given remarkable insight into the
biological mechanisms controlled by
protein kinases; representative examples
include the molecular mechanisms that
underpin cell-cycle regulation,” endocy-
tosis, neurotrophin signalling® and
trafficking between cellular compart-
ments.©
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Figure 1. Schematic representation of the membrane permeability of various E. coli strains to small-mol-
ecule bactericides. The OM of the wild-type bacterium is impermeable to all of the probes studied. The
OM of the imp4213 strain is permeable to all the probes, although it can be mutated to restore resist-
ance. OM, outer membrane; P, periplasm; IM, inner membrane; LPS, lipopolysaccharide; LP, lipoprotein;
PG, peptidoglycan; PL, phospholipids; Eryth, erythromycin; Van, vancomycin; CBPV, chlorobiphenylvan-
comycin; Moe, moenomycin A; Cho, cholic acid.
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Recently, another variation on the
usual chemical genetic approach has
emerged.”’ A range of toxic compounds
with diverse physicochemical properties
has been used to investigate the mecha-
nisms that underpin the biogenesis of
the outer membrane (OM) of Escherichia
coli. The approach was unusual for two
reasons. First, small molecules were used
to unravel the biology of proteins other
than their direct molecular targets and,
second, the chemical-genetic approach
was used in combination with forward
classical genetics. Ultimately, this ap-
proach revealed some roles for a bac-
terial OM-protein complex comprising a
number of proteins of previously un-
known function.®

The bactericidal compounds 1-5 were
exploited as specific chemical probes of
barrier quality in E. coli. The OM of E. coli,
which surrounds the peptidoglycan
layer, is usually impermeable to all of the
chemical probes 1-5 used in the investi-
gation. It is a highly asymmetric bilayer,
in which the outer leaflet is largely com-
posed of lipopolysaccharides and the
inner leaflet is composed of phospholi-
pids (Figure 1).”? The mutant strain
imp4213 displays increased outer-mem-
brane permeability; this “leaky” pheno-
type stems from a mutation in the imp
gene that encodes the Imp protein and
is essential for OM assembly. Conse-
quently, the mutant strain is sensitive to
probes 1-5, since they are now able to
penetrate the OM and reach their molec-
ular targets.

The investigators used a forward ge-
netic approach, in which they selected
for spontaneous mutations that restored
resistance to each of the chemical
probes 1-5.”7 Only specific mutations in
the imp gene were able to restore resist-
ance to vancomycin and erythromycin:
by restoring the functions of the essen-
tial Imp protein, the OM was correctly
assembled once more. With the permea-
bility of the OM re-established, the cells
were not only resistant to vancomycin
(1) and erythromycin (2), but also to the
other chemical probes (3-5).

The analogous experiments with
chlorobiphenyl vancomycin (3; CBPV)
and moenomycin A (4) were more re-
vealing. Some mutations in the yfglL
gene were able to restore resistance to

1954
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these toxic compounds. Hence, in this
investigation, small-molecule  probes
were found to give insight into the biol-
ogy of proteins other than their direct
targets, in this case, proteins involved in
the biogenesis of the OM. The yfglL gene
encodes a protein, YfgL, that was also
shown to be involved in OM biogenesis.

HO
HO\\\\‘

H
HO 1; vancomycin

A. Nelson and C. Cordier

Ultimately, a hierarchical relationship
between chemical probes of barrier
quality was uncovered (see Figure 2).
Only specific mutations in the imp gene
were able to restore the resistance of
the imp4213 strain to vancomycin and
erythromycin, and these mutations re-
sulted in resistance to all of the chemical

2; erythromycin

4; moenomycin A
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Small Molecules to Probe Barrier Quality

vancomycin, erythromycin A @

chlorobiphenyl vancomycin,
moenomycin A

cholic acid

imp61

Imp61, yfglL-

Imp61, yfglL', others

increasing number of
resistance mechanisms

Figure 2. Hierarchical illustration of the relationship between bactericides and the number of mutations
able to restore resistance in the imp4213 strain. Molecules at the top are probes of high-quality OM bar-

riers.

probes. Similarly, mutations in yfgL re-
stored resistance to CBPV and moenomy-
cin A, as well as to toxins lower in the
hierarchy in Figure 2. In contrast, many
mutations conferred resistance to cholic
acid (5), none of which protected the
bacterium from probes 1-4. There was a
clear correlation between the number of
ways to suppress toxicity to a small mol-
ecule, and the quality of the barrier pro-
vided to that small molecule.

The study also revealed a link between
the functions of YfgL and Imp.”" The
wild-type organism is resistant to both
CBPV and moenomycin A. Furthermore,
individually, certain mutations in either
yfglL or imp can confer sensitivity to both
of these compounds. However, the selec-
tion experiments described above dem-
onstrated that, in combination, these
same mutations restored the antibiotic-
resistant phenotype, provided, it turns
out, that cell growth is slow. The genetic
link between yfgl and imp argues
strongly for a cooperative role for YfgL
and Imp in OM biogenesis, and a (direct
or indirect) interaction between the pro-
teins.

So what, then, is the link between
YfgL and Imp? Other investigations®
have shown that YfgL is a lipoprotein
that is directed to the periplasmic face

ChemBioChem 2005, 6, 1953 — 1955

of the OM. A series of experiments®
were conducted that aimed to detect a
direct interaction between YfgL and Imp,
but no such interaction was found. How-
ever, coimmunoprecipation experiments
and genetic evidence suggested that
YfgL forms a multiprotein complex with
three other proteins (YaeT, YfiO and
NIpB) that is implicated in the assembly
of OM [-barrel proteins. Tight control
of OM composition—in particular the
highly asymmetric structure of the mem-
brane—is required for impermeability.
We have seen that certain YfgL mutants
are able to confer CBPV and moenomy-
cin A resistance to the imp4213 strain.
The authors suggest that the mutation
of YgfL does not simply reduce the func-
tion of the multiprotein complex, but,
rather, affects the homeostatic control of
OM composition in a specific way.

The use of forward genetics in combi-
nation with small-molecule probes of
barrier quality is an exciting alternative
to conventional chemical genetic ap-
proaches. In particular, the use of toxic
molecules with very different physico-
chemical properties allowed permeability
defects in the OM to be probed in a
highly specific manner. The field of
chemical genetics is not restricted to the
study of the actual targets of small-mole-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cule probes. Small molecules need to
reach their target to function, and can
be used to investigate the mechanisms
that control the organisation of biologi-
cal systems. This highlight has outlined
the power of small molecules in the con-
text of biological research and the pow-
erful interplay” that is possible between
classical and chemical genetics. These
approaches are united in their goals: the
detailed dissection of the molecular
basis of biological mechanisms.

Keywords: bacteria - chemical genetics -
membranes - proteins - small-molecule
probes
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The Folding and Unfolding Kinetics
of the i-Motif Structure Formed by
the C-Rich Strand of Human
Telomere DNA

Yong Zhao,” Zhi-xiong Zeng,” Zhong-yuan Kan,”
Yu-hua Hao,” and Zheng Tan*® !

Nucleic acids with tandem cytidine-rich repetitive stretches can
fold into a four-stranded intramolecular structure, called an i-
motif (Scheme 1), through intercalated C—C* base pairing at
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Scheme 1. Formation of the i-motif structure through intercalated cytidine-
cytidine base pairing in the C-rich strand of human telomere DNA. The un-
folded C-rich strand also forms duplexes in the presence of a complementa-
ry strand.

acidic pH."® These sequences are widely dispersed in genomic
DNA,”! and proteins have been found that interact selectively
with such sequences, possibly in their i-motif form;®'? this
suggests that these sequences and the relevant i-motif struc-
tures might be involved in biological processes.™ It has been
reported, for example, that the i-motif upstream of the insulin
gene might facilitate transcription."” Because of the biological
implications, such nonduplex structures are emerging as a new
class of therapeutic targets for cancers and other diseases."
The opening and closing of i-motifs, driven by protons, has
also been proposed as a molecular nanomachinery."?

DNA in a cell is normally bound by proteins and exposed
only under certain particular situations and for limited periods.
As the most-studied i-motif-forming sequence, the C-rich
strand of telomere DNA was recently reported to transiently
exist as a 5 single-stranded overhang at the chromosome
ends in the S-phase of replicating human cells."” The rates of
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folding and unfolding are crucial in determining the opportu-
nity or possibility of the formation of i-motif under in vivo sit-
uations within the narrow “time window”, during which the
DNA is transiently liberated. The folding- and unfolding-rate
constants provide a quantitative description of the folding and
unfolding processes and deliver information on 1) how quickly
each structure forms, 2) for how long each structure is likely to
exist once formed, and 3)the fraction of each structure at
equilibrium. They also partly define the competition of i-motif
formation with duplex formation in the presence of comple-
mentary strands. Therefore, the measurement of these kinetic
parameters should provide quantitative information for the
above processes for a better understanding of the biological
functions of the i-motif structure. On the other hand, the fold-
ing and unfolding kinetics also determine how fast an i-motif-
based DNA nanomachine® can operate.

While many previous studies on i-motifs have provided de-
tailed information on their thermodynamics and struc-
ture,'®2 few kinetic data have been reported for these struc-
tures.” In this work, we report the measurement of the fold-
ing- and unfolding-rate constants over a wide pH range for the
i-motif structure formed by (CCCTAA),, which represent the C-
rich strand of human and other vertebrate telomeres, using an
optical biosensor based on surface plasmon resonance (SPR)
by a method we recently developed.?”

Formation of an i-motif is promoted by protons."® To ex-
plore how the folding and unfolding of (CCCTAA), is affected
by pH, measurements were carried out at pH 4.8-7.0. Figure 1
shows two representative sensorgrams obtained at two differ-
ent pH values, and their fitting to the coupled-hybridization
model (see Experimental Section). A summary of the kinetic
parameters is provided in Table 1 and Figure 2. They show that
both the folding- and unfolding-rate constants (k; and k,) are

S, o Ao,

0 50 100 150 200 250

tis
Figure 1. Representative sensorgrams (black lines) and their global fittings
(dotted white lines) for the coupled-hybridization model. A) Measurement
conducted at pH 5.3, (TTAGGG), was injected at 1, 2, 4, 8, and 16 nm. B) Mea-
surement conducted at pH 7.0, (TTAGGG), was injected at 1, 2, 3, 4, and
6 nm. Arrows indicate the start of the dissociation phase when the sensing
surface was washed with running buffer.
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Table 1. Kinetic rate, equilibrium constants, and half-lives of (CCCTAA), obtained at different pH values.”!

pH ke[s7] k, [s7"] K: trr, [S] tyr2 [8] k, v 's] kg [s7"] Ky [m7"]
48 1.6x1072 (2.6x1073) 2.0x1073 (4.0x107% 8.2 347 433 2.5%10° (8.2x 10°) 27x1073 (3.0x107% 9.2x10°
5.0 9.3x1073 (9.7%x107% 1.7%x107% (1.9x 107 54 408 74.5 2.5%10° (3.8x10°) 1.6x107° (2.8x107%) 1.5%10°
5.3 76x1073 (7.3x107%) 23x107°(9.6x107°) 34 301 91.2 2.6x10° (1.7%x10°) 1.1x1073 (3.3x107% 2.4x10°
5.6 6.0x1073 (27x107% 29x%1073 (29%107% 2.1 239 116 3.5x10° (4.7 x10°) 7.2x107* (7.5x107°) 48x10°
6.0 35x1073 (7.6x107%) 84x107° (4.9x107% 42x107" 825 198 3.8x10° (4.7 x10°) 54x107* (1.5x107%) 7.0x10°
6.5 27%1073 (2.0x107% 1.0x1072 (2.1x107%) 2.8x107" 69.3 257 3.6x10°(1.2x10°) 44x107* (1.4%x107%) 8.2x10°
7.0 1.9%107° (1.3x107°) 1.3%x107% (7.5x107%) 14x1073 53.3 36500 3.0x10° (5.5% 10°) 1.5%107* (6.8x107°) 2.0x10"

[a] The rate constants at each pH are the mean of 3-4 measurements with standard error (in parenthesis). K; is the folding equilibrium constant of the i-
motif given by ky/k,, and K, is the association equilibrium constant of the duplex given by k./kq. The half-lives, t;,, for the folded and t,,,, for the unfolded

forms, were calculated by using t;;,,=In2/k, and t,,,,=In2/k;, respectively.

ture range 50-70°C.”® By extrapolation, the lifetime

TZO A) 1 i D) of this sequence at 25°C would be roughly 10 times
< 15¢ 0 L longer than the value we obtained (thousands vs.
‘?2 100 % :s 3 &2 408 s). Our previous work has shown that the quad-
E_ | 2 £ 2 | ruplex formed by an immobilized telomere sequence
2 &1 is less stable than the same structure in the solution

0 0 phase.?” Comparison of our data with published re-
15 s sults"®? shows this is also true for the immobilized

5 B) E) i-motif. In agreement with this, immobilized

‘TT 10l ,I_T Al (CCCTAA), was found to have a lower half-transition
o g pH than (CCCTAA), in solution. When the fraction of
% 5 % il the unfolded form of the immobilized (CCCTAA), at
= < equilibrium was deduced from the k and k, as a
0 0 function of pH, it showed a half-transition pH at 5.8
(Figure 3); this agrees with the value in a previous

2r study in which DNA-binding protein rather than

2+ T © 1 F (TTAGGG), was used as probe in the mobile phase.”
Nl < 10¢ The conformational transition of the i-motif in solu-
2 S tion can be followed by absorbance at 260 nm.B" By
87 S this method, (CCCTAA), in solution was found to
::‘ 9[ have a half-transition pH at 6.3 (Figure 3), which is

45 50 55 6.0 65 7.0 75

pH pH

Figure 2. Kinetic rate and equilibrium constants of the immobilized (CCCTAA), as a func-

tion of pH. The data are from Table 1.

strongly dependent on pH. The promotion of i-motif formation
by protons is achieved by a combination of increased k; (Fig-
ure 2A) and decreased k, (Figure 2B), which result in a rapid
increase in the folding equilibrium constant, K, with decreas-
ing pH (Figure 2C). These results are, in general, in agreement
with the fact that both the formation®?¥ and thermal stabili-
ty®2" of the i-motif increase with decreasing pH. To access the
stability of the folded and unfolded form of the (CCCTAA),,
their half-lives were derived from k, and k; respectively
(Table 1). From these values, we can see that both the folding
and unfolding of (CCCTAA), occur on the timescale of submi-
nutes or minutes at acidic pH. These data agree with the value
in a previous report of about 5 s for a similar sequence in solu-
tion,l'? if taking into account the effect of immobilization on
the kinetics.?” In an earlier work, the lifetime of a similar se-
quence was measured by NMR at pH 5.0 within the tempera-
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close to the reported value of 6.2 for the sequence
(CCCTAA),CCCT.?

The measurements also gave the association and
dissociation rate constants (k, and k) for the duplex
formed between (CCCTAA), and (TTAGGG), (Table 1

T 1.0} {0.44

T

S 0.8} 10.42 4

(<]

€ 0.6} {040 £

3 2

§04r 10.38 o

& 0.2 {0.36
0.34

0.0 —_—
45 50 55 6.0 65 7.0 7.5
pH

Figure 3. Structural transition of immobilized and free (CCCTAA), in solution
induced by changes in pH. The fraction of unfolded species for the immobi-
lized oligonucleotide (@) was calculated as k,/(k-+k,). Changes in absorbance
were recorded for the free nucleotide in solution (0) when titrated with
acetic acid. Half-transition pH values (5.8 for the immobilized and 6.3 for the
nucleotide in solution) were obtained by fitting the corresponding data to
the Sigmoidal dose-response function.
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and Figure 2 D-F). Literature values for the k, of complementa-
ry oligonucleotides range from 4x10° to 2x10'm 's7'.B4 The
measured value of this constant for the (CCCTAA), is around
10°m~'s™", which is within the reported range. Our data also
show that k, is virtually independent of pH (Figure 2D), while
ky increases rapidly with decreasing pH (Figure 2E). These re-
sults are also in agreement with the reports that the DNA asso-
ciation rate is essentially independent of pH within the range
5-9,53 while the stability of the DNA duplex decreases with
decreasing pH;®* this implies an increased dissociation with
decreasing pH.

Many proteins have been found that specifically bind the C-
rich telomere strand. Among them, several have an explicit re-
quirement for at least four consecutive repeats,®'? which are
necessary for the formation of an i-motif. The presence of such
proteins suggests that the i-motif structure might be present
in vivo. Animal cells maintain an intracellular pH ranging from
7.0-7.5 under normal physiological conditions. The extremely
long half-life (>10h, Table 1) of the unfolded (CCCTAA), at
pH 7.0 indicates that the formation of an i-motif structure
would be very difficult under physiological pH. Relatively fast
folding and unfolding rates are necessary for i-motifs to func-
tion as a regulatory element. Our data suggest that unassisted
folding/unfolding of i-motifs is too slow to be a regulatory ele-
ment at physiological pH.

In the genome, DNA is present with a complementary
strand. In this case, the formation of an i-motif, if possible, will
have to compete with the formation of a duplex. Our study
provides insight into how pH influences these processes for
(CCCTAA),. It reveals that acidic pH favors increased i-motif for-
mation over that of the duplex (Figure 2). As is seen in Table 1,
decreasing the pH from 7.0 to 4.8 increased the folding equi-
librium constant, K by over 5800-fold and decreased the asso-
ciation equilibrium constant, K, by over 20-fold.

Our data in this and a previous®”’ work show that immobi-
lized oligonucleotides have different kinetic properties from
the free oligonucleotide in solution. This difference might be
caused by the microenvironment created by the carboxyme-
thylated dextran polymer matrix at the sensor-chip surface. It
has been reported that the melting temperature of the quad-
ruplex formed by the G-rich strand of human telomere DNA
can be reduced by 9°C when fluorescent dye is attached to
the termini of the sequence.’™ Therefore, it is also possible
that the physical restraint imposed by immobilization could
contribute to the altered kinetics. If this is true, immobilized
nucleotide might then better mimic the following situations.
The C-rich telomere strand was reported to exist transiently as
a 5 single-stranded overhang at the chromosome ends in the
S-phase of replicating human cells."” Such an overhang can
be regarded as attached at one end to the hosting chromo-
some. Recently, the construction of a DNA nanomotor based
on the folding and unfolding of oligonucleotides has been
proposed, and the operation of these devices has been real-
ized by using free molecules in solution under no-load condi-
tions.'®* As driving device, a DNA nanomotor could need
supporting and has to be interfaced or connected with other
parts in order to function. Our data suggest that such engage-
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ment is likely to affect the operation kinetics of a DNA nano-
motor.

Experimental Section

Measurements of kinetic parameters: Measurements were carried
out on a BlAcore X optical biosensor (BlAcore, Switzerland) as pre-
viously described.”” Synthetic (CCCTAA), was labeled with biotin
at the 5 end though a C,;, spacer and immobilized on a CM5
sensor chip by a biotin-streptavidin interaction. Each sensorgram
recording was started with a brief pulse of NaOH (5 uL, 20 mw) fol-
lowed by equilibration for 1200 s with running buffer containing
Tris-acetate (10 mm), EDTA (1 mm), and LiCl (150 mm) at the indicat-
ed pH. Then (TTAGGG), in running buffer was injected across the
sensor-chip surface for 90 s, followed by a flow of running buffer
for 250-300 s. All measurements were carried out at 25°C with a
flow rate of 30 uLmin™' with a blank cell as reference. At each
specified pH, sensorgrams from five injections of (TTAGGG), at dif-
ferent concentrations were recorded.

In the presence of (TTAGGG),, the following reactions are assumed
to occur on the sensing surface.

QR M
R+ Ce=D ()

here Q and R denote the immobilized (CCCTAA), in the folded and
unfolded forms, C the (TTAGGG), injected, and D the duplex
formed between R and C (Scheme 1). This coupled hybridization
model assumes that the (TTAGGG), in the mobile phase only inter-
acts with the unfolded, but not the folded form of (CCCTAA),. Li*-
containing buffer was used to prevent (TTAGGG), from forming a
quadruplex (see Supporting Information). Global fittings of sensor-
grams to the above model were carried out to obtain the kinetic
constants by using the BlAevaluation 3.0 software supplied by the
manufacturer of BlAcore. The k4 value was extracted from the dis-
sociation phase, and then k;, k, and k, were extracted from the
association phase, as previously described.”””

i-Motif formation in solution: The pH dependence of i-motif for-
mation in solution was determined by titrating (CCCTAA), in Tris-
HCI buffer (10 mm, pH 7.5, EDTA (1 mm), LiCl (150 mm)) with acetic
acid while the absorbance was recorded on a Beckman DU-640
UV-VIS spectrophotometer at 25°C. The increase in volume by ad-
dition of acetic acid was less than 1%.

Acknowledgements

This work was supported by grant 30270314 from the NSFC and
G2000057001 from the MSTC.

Keywords: folding i-motif kinetics nucleic acids

secondary structure - telomeres

[1] K. Gehring, J. L. Leroy, M. Guéron, Nature 1993, 363, 561 - 565.

[2] J. L. Leroy, M. Guéron, J. L. Mergny, C. Hélene, Nucleic Acids Res. 1994,
22, 1600-1606.

[3] C. Kang, I. Berger, C. Lockshin, R. Ratliff, R. Moyzis, A. Rich, Proc. Natl.
Acad. Sci. USA 1995, 92, 3874-3878.

[4] K. Snoussi, S. Nonin-Lecomte, J. L. Leroy, J. Mol. Biol. 2001, 309, 139-
153.

[5] I. Berger, C. Kang, A. Fredian, R. Ratliff, R. Moyzis, A. Rich, Nat. Struct.
Biol. 1995, 2, 416-425.

1959

www.chembiochem.org



www.chembiochem.org



(6]

[7

[8

9
[10]

[l

[12]

[13]

[14]

[15]
[16]

[171
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]
[34]
[35]

[36]

BIO

L. Cai, L. Chen, S. Raghavan, R. Ratliff, R. Moyzis, A. Rich, Nucleic Acids
Res. 1998, 26, 4696 -4705.

P. Catasti, X. Chen, S.V. Mariappan, E. M. Bradbury, G. Gupta, Genetica
1999, 106, 15-36.

E. Marsich, A. Piccini, L. E. Xodo, G. Manzini, Nucleic Acids Res. 1996, 24,
4029-4033.

E. Marsich, L. E. Xodo, G. Manzini, Eur. J. Biochem. 1998, 258, 93 -99.

L. Lacroix, H. Lienard, E. Labourier, M. Djavaheri-Mergny, J. Lacoste, H.
Leffers, J. Tazi, C. Héléne, J. L. Mergny, Nucleic Acids Res. 2000, 28, 1564 —
1575.

J. F. Cornuel, A. Moraillon, M. Guéron, Biochimie 2002, 84, 279 -289.

E. Marsich, A. Bandiera, G. Tell, A. Scaloni, G. Manzini, Eur. J. Biochem.
2001, 268, 139-148.

For a review, see: M. Guéron, J. L. Leroy, Curr. Opin. Struct. Biol. 2000,
10, 326-331.

P. Catasti, X. Chen, L. L. Deaven, R. K. Moyzis, E. M. Bradbury, G. Gupta, J.
Mol. Biol. 1997, 272, 369 -382.

L. H. Hurley, Biochem. Soc. Trans. 2001, 29, 692 - 696.

D. Liu, S. Balasubramanian, Angew. Chem. 2003, 115, 5912-5914;
Angew. Chem. Int. Ed. 2003, 42, 5734-5736.

G. Cimino-Reale, E. Pascale, E. Alvino, G. Starace, E. D’Ambrosio, J. Biol.
Chem. 2003, 278, 2136-2140.

I. Berger, M. Egli, A. Rich, Proc. Natl. Acad. Sci. USA 1996, 93, 12116-
12121,

K. Kanaori, N. Shibayama, K. Gohda, K. Tajima, K. Makino, Nucleic Acids
Res. 2001, 29, 831 -840.

S. Ahmed, A. Kintanar, E. Henderson, Nat. Struct. Biol. 1994, 1, 83-88.
J. L. Mergny, L. Lacroix, Nucleic Acids Res. 1998, 26, 4797 - 4803.

J. L. Mergny, Biochemistry 1999, 38, 1573-1581.

X. Han, J. L. Leroy, M. Guéron, J. Mol. Biol. 1998, 278, 949 -965.

J. L. Leroy, M. Guéron, Structure 1995, 3, 101-120.

G. Manzini, N. Yathindra, L. E. Xodo, Nucleic Acids Res. 1994, 22, 4634 -
4640.

M. Mills, L. Lacroix, P. B. Arimondo, J.-L. Leroy, J.-C. Frangois, H. Klump,
J.-L. Mergny, Curr. Med. Chem. Anti-Cancer Agents 2002, 2, 627 - 644.

Y. Zhao, Z.Y. Kan, Z. X. Zeng, Y.H. Hao, H. Chen, Z. Tan, J. Am. Chem.
Soc. 2004, 126, 13255-13264.

S. Nonin-Lecomte, J. L. Leroy, J. Mol. Biol. 2001, 309, 491 -506.

A.T. Phan, M. Guéron, J.-L. Leroy, J. Mol. Biol. 2000, 299, 123 -144.

Z.X. Zeng, Y. Zhao, Y.H. Hao, Z. Tan, J. Mol. Recognit. 2005, 18, 267 -
271.

S. Ahmed, E. Henderson, Nucleic Acids Res. 1992, 20, 507 -511.

S. Howorka, L. Movileanu, O. Braha, H. Bayley, Proc. Natl. Acad. Sci. USA
2001, 98, 12996-13001.

J. G. Wetmur, N. Davidson, J. Mol. Biol. 1968, 31, 349-370.

J. R. Hutton, Nucleic Acids Res. 1977, 4, 3537 —3555.

J. ). Green, L. Ying, D. Klenerman, S. Balasubramanian, J. Am. Chem. Soc.
2003, 125, 3763-3767.

P. Alberti, J. L. Mergny, Proc. Natl. Acad. Sci. USA 2003, 100, 1569-1573.

Received: April 24, 2005
Published online on October 5, 2005

1960 www.chembiochem.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2005, 6, 1957 — 1960



www.chembiochem.org




BIO

DOI: 10.1002/cbic.200500182

Activation of the Anaerobic
Ribonucleotide Reductase by
S-Adenosylmethionine

Serge Gambarelli,” Florence Luttringer,”!
Dominique Padovani,” Etienne Mulliez,” and
Marc Fontecave*™

In all living organisms, deoxyribonucleotides, the precursors of
DNA, are produced by reduction of the corresponding ribonu-
cleotides. The reaction is catalyzed by an enzyme called ribo-
nucleotide reductase (RNR), which is thus absolutely essential
for growth and survival." A number of facultative and strict
anaerobes depend on a class lll RNR, which is characterized by
the presence of a catalytically essential and oxygen-sensitive
glycyl radical in the active site.” The introduction of the radical
into the RNR protein is initiated by a second protein (the acti-
vase), which is a member of the recently discovered “radical-
SAM” enzyme superfamily.”’ The enzymes of the “radical-SAM”
family are characterized by a (4Fe—4S) center, which is chelat-
ed by the three cysteines of the conserved Cys-X;-Cys-X,-Cys
motif and serving for binding, reducing, and cleaving S-adeno-
sylmethionine (SAM) into methionine and a putative 5'-deoxya-
denosyl radical (Ado®).” It is now generally accepted that, in all
these systems, a cluster-SAM complex is formed as a reaction
intermediate, since such a complex has been directly observed
by ENDOR spectroscopy in the cases of pyruvate-formate lyase
activase (PFL) and lysine aminomutase (LAM)® and by X-ray
crystallography in the cases of biotin synthase (BioB), copro-
porphyrinogen oxidase (HemN), and MoaA, an enzyme in-
volved in the biosynthesis of the Mo cofactor.””

It is likely that a cluster-SAM complex is also generated in
the activase of the RNR as a precursor of the Ado° radical.
Glycyl radical formation implies radical transfer from one pro-
tein (activase) to the other (RNR). In this work, we investigate
the question of whether this transfer occurs by direct attack of
Ado° onto the glycyl residue of the RNR active site or through
radical relays along a radical-transfer chain connecting the acti-
vase to the RNR. For this purpose, we used HYSCORE (Hyper-
fine Sublevel Correlation) spectroscopy” to demonstrate the
intermediate formation of a cluster-SAM complex in the acti-
vase and label-transfer experiments with RNR preparations

[a] Dr. S. Gambarelli

Service de Chimie Inorganique et Biologique

DRFMC-SCIB, CEA-Grenoble

17 avenue des Martyrs, 38054 Grenoble Cedex 9 (France)

F. Luttringer, Dr. D. Padovani, Dr. E. Mulliez, Prof. M. Fontecave
Laboratoire de Chimie et Biochimie des Centres Rédox Biologiques
UMR CEA-CNRS-Université Joseph Fourier n°. 5047

DRDC-CB, CEA-Grenoble

17 avenue des Martyrs, 38054 Grenoble Cedex 9 (France)

Fax: (+33)438-789-124

E-mail: mfontecave@cea.fr

=

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

0

F - MWILEY

1960 %, InterScience’ © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2005, 6, 1960 - 1962





containing “H-labeled glycine L /Mq |
residues. Our results are consis- 1093 7T
tent with the intermediate in- gl ™\ i // (w
volvement of Ado® as the direct 8. \\\ 7 f
glycine Ho  atom-abstracting T, \\ /,’ |
agent. = N ) |
The addition of SAM to an 4 6 N .7 l
anaerobic solution of the acti- & 5 AN 1 e \
vase in the reduced state, thus § 4 N C/@%ﬁ S
with a S='/, (4Fe—45)" cluster, g 3] \\\ 2y )/\// //
resulted in a significant change Vo,] N @ 2
of the axial EPR spectrum, as N e A (\
previously reported.® The 'H ! \\\\ e ) //'
ENDOR spectrum recorded in 0 T D T e e e [ P e T e T e e
. -10-9 87 65 4-3-2-1 01 2 3 4 5 6 7 8 9 10
the presence of SAM at a field <Frequency 1> [MHz]
corresponding to the g, region
of the EPR spectrum exhibited a ~__ A o —
well-defined intense 'H reso- 10— = —
nance line (ay,=7.6 MHz) that 9_1\‘* ++ /,’ \
was abéent in .the spectrum of g]l da A /' , ?
the activase without SAM (see § 7] A e \
Supporting Information). These = ¢ AN @KR> o *<@ —~
data provided a strong indica- < 6 \\\ ) . 2’ (
tion for SAM binding to the pro- % 57 \\ AN V / V\\’K/
tein. In this report, we present % 4] \:» (\ ‘Q\ S \\’é%’\ N >
evidence for a cluster-SAM c 3 i%@\// Q\\ A\ (?( )«/3\/) < e
complex using X-band HYSCORE 2 & \\§\ A ;\@\: -/ /</
spectroscopy. 1] S N B) e
HYSCORE is a two-dimension- 0 .[\[[.\\\\"“ VVVVVVVVVV w‘,m._‘.,/

al pulsed ESR technique that is
used to study hyperfine cou-
pling of nuclei with low gyro-
magnetic moments in orienta-
tionnally disordered systems.”
One of the main advantages of
HYSCORE is its ability to sort
three types of nuclei: the
strongly (Ja|/2>v,) and weakly
(la|/2<v,) coupled ones and the “distant” nuclei, which are
characterized by very low hyperfine constants. In the last case,
the corresponding peaks lie on the diagonal of the (+,+)
quadrant, whereas the strongly and weakly coupled nuclei
appear in the (—,+) and (+,+) quadrants, respectively. There
are no peaks in the (—,+) quadrant of the HYSCORE spectrum
of the reduced activase in the absence of SAM (Figure 1A).
Upon addition of SAM, the HYSCORE spectrum was dramatical-
ly modified (Figure 1B). Whereas the (+,+) quadrant was not
affected, a new symmetrical set of cross features appeared in
the (—,4) quadrant, whose number and positions indicated
the presence of a strongly coupled "N nucleus (an /=1 nu-
cleus with quadrupolar coupling). The general shapes and po-
sitions of the two features (labeled dq in Figure 1B) are charac-
teristic of a pair of double-quanta correlation peaks in the case
of a strong hyperfine coupling constant (Jay|/2>w,). They
extend along the antidiagonal up to (—9.16, +5.25) and
(—5.25, +9.16) MHz; this indicates that there is a small aniso-
tropic hyperfine contribution in addition to the main isotropic

-10 -9 -8 -7 -6
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Frequency 1 [MHZz]

Figure 1. Low-frequency region of the X-band HYSCORE spectra of the activase (0.8 mm) reduced with sodium
dithionite in the presence of DTT (5 mw)
spots due to distant °C and ?H nuclei are indicated. In the (—,4) quadrant of (B), the peaks are characteristic of
a strongly coupled "N nucleus and those labeled “dq” are assigned to a pair of a double-quanta correlation
peaks. The marked features (*) in (B) are artefactual and due to nonideal pulses.

A) before and B) after addition of SAM (2 mw). In the (4+,4) quadrant,

hyperfine constant. It is possible to obtain a good estimation
of the latter value by using

Vage = 2[(vy £ ay/2)°K* (3+7°)]

where K is the quadrupole coupling constant and # is the
asymmetry parameter” The value obtained (ay=6.4 MHz)
when scaled by (y:s\/y:4y) gives a coupling constant of 8.9 MHz,
which is in the range of those obtained by '"N-ENDOR spec-
troscopy for LAM (9.1 MHz) and PFL activase (5.8 MHz). We
suggest that the amino group of SAM is coordinated to the
singular Fe of the Fe—S center of the RNR activase in a manner
similar to that demonstrated in related enzymes.” In view of
these similarities, it is unlikely that the observed N atom is as-
sociated with the polypeptide chain rather than with SAM.

It was important to show that a cluster-SAM complex is also
formed within a RNR-activase complex. This is not possible in
this configuration due to the very short half-life of the EPR-
active reduced cluster upon addition of SAM. However, the re-
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duced cluster is much more stable in the presence of SAM
when the glycine radical site of RNR is changed to alanine.'”
Indeed, the same HYSCORE spectrum as that shown in
Figure 1 could be observed with this mutant (data not shown).
We suggest that HYSCORE can be used as a simple method to
check SAM binding to the cluster with any “Radical-SAM”
enzyme.

Radical transfer was then studied by using RNR in which the
glycine residues were replaced by deuterated 2,2'(*H),-glycine
and purified by standard procedures (see Supporting Informa-
tion). The activase was reduced with dithionite and desalted
anaerobically by Sephadex G-25 chromatography. The reduced
activase (31 pm spin) was then incubated with SAM (2 mwm) and
the deuterated RNR (0.1 mm) under anaerobic conditions. After
8 min reaction, analysis of the mixture by EPR spectroscopy
showed that the cluster was fully oxidized and that a glycyl
radical was generated (13 um spin, 42% yield). In agreement
with the deuterated state of the residue, the radical appeared
as a singlet signal in the EPR spectrum."” The 5'-deoxyadeno-
sine produced in the reaction (35 pw, corresponding to one ad-
enosine per oxidized cluster as expected) was isolated by
HPLC and analyzed by electospray mass spectrometry for its
deuterium content (see Supporting Information). It was found
that 11 pum of 5'-deoxyadenosine had incorporated one deuteri-
um atom (32%, corresponding to one AdoD per glycyl radical
formed). These data are thus consistent with an Ado® inter-
mediate radical and with a direct H-atom abstraction at the
target glycine o-carbon by Ado°. A similar conclusion was
reached from comparable experiments in the case of PFL, an-
other glycyl radical enzyme.'"? As shown by the formation of
unlabeled AdoH (24 pwv) in other systems (PFL, BioB, lipoate
synthase), nonproductive cleavage of SAM also occurs. The ob-
servation that glycyl radical formation does not proceed with a
100% vyield under the in vitro conditions is not surprising con-
sidering the great reactivity of Ado® and the complexity of the
system.

The results reported here can be rationalized in terms of the

mechanism for class Il RNR activation shown in Scheme 1.
N
ﬁ
D o
O D
\ _cHsAd 5 \ *CHsAd

B, S
P B AV
‘('"“"'o o o o methionine

Scheme 1. Direct hydrogen atom abstraction by the 5-deoxyadenosyl radical.

SAM binds to the subsite iron of the reduced cluster of the ac-
tivase in complex with RNR, then electron transfer to SAM re-
sults in the formation of the 5'-deoxyadenosyl radical in close
proximity to the glycine of the RNR active site so that it selec-
tively reacts with that residue. This is an intriguing conclusion
considering that: i) the 5'-deoxyadenosyl radical is produced in
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one protein and the glycyl radical is on a different one, ii the
5’-deoxyadenosyl radical is highly energetic; and iii) the glycine
site in RNR displays low accessibility, as shown by the three-di-
mensional structure of the bacteriophage T4 RNR.>'! A struc-
ture of the RNR-activase complex would be a major break-
through for understanding the molecular details of this biolog-
ically critical process.

Acknowledgements

C. Lebrun (SCIB-DRFMC, CEA-Grenoble) is gratefully acknowl-
edged for the ESMS measurements.

Keywords: ENDOR spectroscopy - HYSCORE spectroscopy -
radicals - ribonucleotide reductase - S-adenosylmethionine

[1] a) A. Jordan, P. Reichard, Annu. Rev. Biochem. 1998, 67, 71-98; b)J.
Stubbe, W. A. van der Donk, Chem. Rev. 1998, 98, 705-7762

[2] M. Fontecave, E. Mulliez, D.-T. Logan, Prog. Nucleic Acid Res. Mol. Biol.
2002, 72, 95-127.

[3] H. J. Sofia, G. Chen, B. G. Hetzler, J. F. Reyes-Spindola, N. E. Miller, Nucleic
Acids Res. 2001, 29, 1097 - 1106.

[4] a) J. Cheek, J. B. Broderick, J. Biol. Inorg. Chem. 2001, 6, 209-226; b) P. A.
Frey, Chem. Rev. 2003, 103, 2129-2148; c) J. Jarrett, Arch. Biochem. Bio-
phys. 2005, 433, 312-321.

[5] a) C. J. Walsby, W. Hong, W. E. Broderick, J. Cheek, D. Ortillo, J. B. Broder-
ick, B. M. Hoffman, J. Am. Chem. Soc. 2002, 124, 3143-3151; b) D. Chen,
C. Walsby, B.M. Hoffman, P.A. Frey, J. Am. Chem. Soc. 2003, 125,
11788-11789.

[6] a)G. Layer, J. Moser, D. W. Heinz, D. Jahn, W-D. Schubert, EMBO J. 2003,
22, 6214-6224; b) F. Berkovitch, Y. Nicolet, J. . Wan, J. T. Jarrett, C. L.
Drennan, Science 2004, 303, 76-79; c) P. Hanzelmann, H. Schindelin,
Proc. Natl. Acad. Sci. USA 2004, 101, 12870-12875.

[7] a)S. A. Dikanov, L. Xun, A.B. Karpiel, A. M. Tryshkin, M. K. Bowman, J.
Am. Chem. Soc. 1996, 118, 8408-8416; b) R. . Samoilova, D. Kolling, T.
Uzawa, T. lwazaki, A.R. Crofts, S. A. Dikanov, J. Biol. Chem. 2002, 277,
4605-4608; c) A. G. Maryasov, M. K. Bowman, J. Phys. Chem. B 2004,
108, 9412-9420.

[8] a)S. Ollagnier, E. Mulliez, P. P. Schmidt, R. Eliasson, J. Gaillard, C. Deronzi-
er, T. Bergman, A. Gréslund, P. Reichard, M. Fontecave, J. Biol. Chem.
1997, 272, 24216-24223; b) D. Padovani, F. Thomas, A. X. Trautwein, E.
Mulliez, M. Fontecave, Biochemistry 2001, 40, 6713-6719.

[9] A. M. Tyryshkin, S. A. Dikanov, E. J.
Reijerse, C. Burgard, J. Hutter-
N mann, J. Am. Chem. Soc. 1999,

121, 3396 - 3406.

E. Mulliez, D. Padovani, M. Atta, C.

Alcouffe, M. Fontecave, Biochem-

istry 2001, 40, 3730-3736.

B [11] X. Sun, S. Ollagnier, P-P. Schmidt,

M. Atta, E. Mulliez, L. Lepape, R. EI-

jasson, A. Graslund, M. Fontecave,

P. Reichard, B.-M. Sjoéberg, J. Biol.

Chem. 1996, 271, 6827 -6831.

M. Frey, M. Rothe, A.F. Wagner, J.

Knappe, J. Biol. Chem. 1994, 269,

12432-12437.

[13] a)D.T. Logan, J. Andersson, B.-M.
Sjoberg, P. Nordlund, Science

1999, 283, 1499-1504; b) D. T. Logan, E. Mulliez, K. M. Larsson, S. Bode-

vin, M. Atta, P. E. Garnaud, B. M. Sjoberg, M. Fontecave, Proc. Natl. Acad.

Sci. USA 2003, 700, 3826-3831.

O [10

12

Received: April 28, 2005
Published online on September 22, 2005

ChemBioChem 2005, 6, 1960 - 1962



www.chembiochem.org




DOI: 10.1002/cbic.200500183
A Practical Enzymatic Synthesis of
UDP Sugars and NDP Glucoses
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Nucleoside diphosphate (NDP) sugar pyrophosphorylases (Nos)
catalyze the bioconversion of sugar-1-phosphates (Su1Ps) and
nucleoside triphosphates (NTPs) to NDP sugars." Various gly-
cosyltransferases®? specifically transfer these activated mono-
saccharide residues onto a free hydroxyl or amino group on an
acceptor molecule to synthesize bioactive metabolites such as
glycogen, trehalose, lipopolysaccharides, and peptidoglycans,
which are present in the bacterial cell wall® Furthermore,
many pharmaceutically relevant natural products are glycosy-
lated secondary metabolites, which are thought to have poten-
tial for the development of novel glycorandomization thera-
peutics.” Although chemical syntheses of a few NDP sugars
have been reported by various groups,” the methods used
were complicated by the laborious maneuvering of protecting
groups in order to achieve regioselectivity. By contrast, Nps
from natural sources catalyze regioselective phosphorylation
by modulation of the metabolic intermediates. For these rea-
sons, a variety of in vitro synthetic routes to NDP sugars by a
salvage or a de novo pathway have been designed and imple-
mented.®® In view of the synthetic availability of high-energy
donor NDP sugars for glycosyltransferases, we report the syn-
thesis of UDP sugars and NDP glucoses by recombinant Ther-
mus caldophilus GK24 (Tca) UDP-sugar pyrophosphorylase (Up)
and the substrate specificity of the enzyme toward various
NTPs and Su1Ps.

The Tca usp gene (GeneBank accession no.: AAV80705),
which encodes U, was cloned and inserted into the pKK223-3
vector to construct plasmid pGLM.”' The tetrameric U, protein
was overexpressed at an optimal temperature of 70°C in Es-
cherichia coli MV1184 harboring pGLM (see the Supporting In-
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formation), and purified by heat precipitation and one-step
anion-exchange column chromatography (Figure 1).'"” The
presence of Mg’ and Mn”" at an appropriate concentration
was required for Tca U, activity; Co®™ and Ni*™ were less effec-
tive (see the Supporting Information). A thermostability test
showed that Tca U, was very stable at 70°C for 1 h (see the
Supporting Information).

kDa
200

97.4

68

43

Figure 1. SDS-PAGE analysis of Tca U, purified from E. coli MV1184/pGLM.
Lane 1: E. coli MV1184 cell extract, lane 2: IPTG-uninduced E. coli MV1184/
pGLM cell extract, lane 3: IPTG-induced E. coli MV1184/pGLM cell extract,

lane 4: heat-precipitation extract, lane 5: DEAE-sephacel chromatography,
lane 6: size marker. Myosin (200 kDa), phosphorylase b (97.4 kDa), BSA

(68 kDa), ovalbumin (43 kDa), and carbonic anhydrase (29 kDa). The arrow
indicates the position of Tca U,

Forty-five enzymatic reactions with nine Su1Ps"™ were initi-

ated by the addition of five NTPs (1, 12-15) at 70°C (Scheme 1
and Table S2 in the Supporting Information)."” The reactions
were evaluated by HPLC."™¥ Tca U, showed broad specificity
toward five types of Su1P (2-6) with UTP (1). Activity toward
the synthesis of 7 (specific activity, 158.7 Umg™~') was the high-
est by Tca U, followed by 10 (116.9 Umg™), 9 (1149 Umg™),
and 8 (76.4 Umg™"), which were formed from 5, 4, and 3, re-
spectively. The activity of 11 formed from 6 was the lowest
(66.4Umg™") in the presence of compound 1. In the Tca U,-
catalyzed reaction of four types of NTP (12-15) with GIc1P (6),
all of the NDP glucoses (16-19) were formed (Scheme 1B). The
specific activity was as follows: 19 (142.8Umg™), 17
(128.8Umg™"), 16 (56.4Umg™"), and 18 (544 Umg™"). These
results also showed that Tca U, (as pea sprout U, effectively
catalyzed the formation of all the NDP glucoses (16-19) from
6 in the presence of purine (12 and 13) and pyrimidine nucleo-
tides (1, 14, and 15). However, in the other SulPs, such as
GIcN1P, FuclP, Fru1P, and Mal1P, no product was formed in the
presence of any NTP by the enzyme reaction. Moreover, Tca U,
reaction with Su1P (2-5) and NTPs (12-15) other than UTP (1)
failed to convert to the corresponding NDP sugars (Table S2 in
the Supporting Information). In comparison with the substrate
specificity of other Ngs, Salmonella enterica LT2 glucose-1-phos-
phate thymidylyltransferase (E;), which has broad sugar specif-
icity over TTP and UTP, is more specific for the pyrimidine TDP
sugars than UDP sugars®? Sugar nucleotidyltransferase
(UDPG-PPase) from an archaeal Pyrococcus furiosus DSM 3638
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(data not shown). Additional Tca N, ADP-glucose py-
rophosporylase™ is only highly specific toward 16
for the synthesis of glycogen as the major carbohy-
drate reserve. Recently, it was reported that the re-
peated polysaccharide in Thermus thermophilus HB8
contains several monosaccharide units, such as man-
nose, galactose, glucose, N-acetylglucosamine, and
N-acetylgalactosamine."® It is possible that these
sugars are closely related to the in vivo function of
Tca Up

To understand the molecular-level interactions at
the binding site of the Tca U, substrates, Tca U, was
compared with seven crystal structures (Figure 2) for
sequence homology among various N, enzymes. It
appears that three amino acid residues (G9, R13, and
K23) in the N-terminal domain of Tca U, interact
with nucleosides and are well conserved.”'” Substi-

B) HO tution of other amino acid residues (R10, L14-P22)
HO o] might afford Tca U, broad NTP specificity. It is espe-
HO Q HO cially proposed that R217 (N227 in two GImUs) sta-
HO o-p-o° HO o] . .

GictP (6) & Tea Up Ho o bilizes several nucleoside substrates through hydro-
Mg?*, 70 °C HO 5-p-o-p-0 R4 gen bonding. In GImU from E. coli, a catalytic
* - 6 6 © domain composed of six amino acids (T82, Y139,

(0] (6] O ) L. . .

o Bo-B0-bo Ry PP; NDP glucoses (16-19)  HO OH G'14(?, E154, N169, and Y197) is |mpI|ca!ted in the
O & & o binding of GIcNAC1P. Among the residues, T82,
NTP (12.15) HO OH E154, and Y197 interact directly with GIcNAcTP

(12-15) 12, 16; R'=adenine rather than with GIc1P; this results in the exclusive
13,17 R1=9U3”ine formation of UDP-GIcNAc.'” The corresponding res-
14, 18; R'=cytosine . . .

1 ! idues in S. enterica are L89, Y146, G147, E162, V193,

15, 19; R'=thymine .
and E199. Notably, the S. enterica L89T E, mutant en-
Scheme 1. Tca U,-catalyzed synthesis of A) UDP sugars and B) NDP glucoses. zymem’] enhances the promiscuity at position C-2 of
the substrates; this might decrease the steric hin-
drance of Sul1P. The S. enterica E162D E, mutant en-

(Pfu) has higher activity toward UTP than TTP with broad sugar  zyme"? fails to synthesize any NDP sugar. These amino acids

specificity; however, a purine nucleotide, ATP, was not accept-
ed by the enzyme.® Qur results indicate that the recombinant
U, can form not only several UDP sugars (7-11) from SulP (2-
6) in the presence of UTP (1), but also NDP glucoses (16-19) in
the presence of both pyrimidine and purine nucleotides (12—
15), thus proving a novel catalytic behavior.

For the synthesis of nucleotide sugars on a preparative
scale, each enzymatic reaction was performed at 70°C for 1 h
(Table 1). The U, products were readily purified by two steps of
silica gel chromatography. The conversion of 7 (89.9%) was
the highest among the synthetic products, as given in Table 1,
and that of 18 (17.1 %) was the lowest. Identification of all the
products was based on 'H and "*C NMR spectra (see the Sup-
porting Information). These results are in agreement with the
above substrate-specificity assays. Overall, the conversion of
UDP sugars is relatively higher than that of NDP glucoses
under given conditions. As far as we know, NDP glucoses (11,
16, 17, and 19) in the genus Thermus will donate glucose mol-
ecules in preference to the donation of the glucose-6-phos-
phate of trehalose-6-phosphate synthase in the trehalose syn-
thetic pathway for osmoadaptation."” Compound 7 is used as
an essential precursor for the biosynthetic pathways of pepti-
doglycan in the bacterium T. caldophilus in our ongoing study
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are replaced by L81, F136, G137, K152, V162, and E188 in Tca

Table 1. Conversion and purification yield of nine NDP sugars synthe-
sized by Tca Up®

Substrate Product Conv.”’  Purified yield

NTP SulP [%] [mg (%)]

UTpP (1) GIcNACTP (2) UDP-GIcNACc (7) 89.9 41.1 (63.1)
uTp Gal1P (3) UDP-Gal (8) 39.1 14.0 (22.9)
UTP Man1P (4) UDP-Man (9) 66.8 27.9 (45.7)
uTp Xyl1P (5) UDP-Xyl (10) 58.3 25.6 (41.9)
uTp GIc1P (6) UDP-Glc (11) 31.6 9.7 (15.3)

ATP (12) Glc1P (6) ADP-Glc (16) 279 11.0 (18.2)
GTP (13) Glc1P GDP-Glc (17) 39.1 20.2 (33.2)
CTP (14) Glc1P CDP-Glc (18) 171 7.8 (12.8)

TTP (15) Glc1P TDP-Glc (19) 441 24.0 (44.8)

[a] The reaction mixture (50 mL), containing the Tca Uy (11.1 UmL™), Tris-
HCl buffer (25 mwm, pH 8.0), NTP (2 mm), Su1P (2 mm), and MgCl, (8 mw),
was incubated at 70°C for 1 h. [b] Conversion=[NDP sugar/NTP x 100]
was calculated from the enzymatic reaction with SulP (2 mm) and NTP
(2 mm) at 70°C for 1 h. HPLC retention times [min] for each compound at
254 nm were as follows: 7, 13.0; 8, 12.7; 9, 12.5; 10, 14.2; 11, 12.7; 16,
14.4; 17, 12.8; 18, 10.7; 19, 13.0; UMP, 4.8; UDP, 13.7; 1, 25.2; AMP, 7.1;
ADP, 16.9; 12, 25.2; GMP, 5.5; GDP, 15.0; 13, 25.1; CMP, 4.3; CDP, 12.1; 14,
23.7; TMP, 6.0; TDP, 15.2; 15, 24.8.
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Figure 2. Multiple sequence alignment of T. caldophilus U, with E. coli N-acetylglucosamine 1-phosphate uridyltransferase (E. coli GImU; PDB code, 1FXJ; se-
quence similarity, 29.9%) for the precursor (7) synthesis of peptidoglycan and lipopolysaccharides, Pseudomonas aeruginosa glucose-1-phosphate thymidylyl-
transferase (P. aeru RmlA; 1G23; 36.7 %), the first enzyme to form dTDP-.-rhamnose from 19 in the cell wall, S. enterica E, (S. ente E,; 11IN; 38.6 %) with unusual
promiscuity toward various pyrimidine NDP sugars containing 7-9, 11 and 19 in this report, E. coli glucose-1-phosphate thymidylyltransferase (E. coli Rffh;
1mC3; 37.8%), E. coli glucose-1-phosphate thymidylyltransferase (E. coli G1P-TT; 15H5; 38.6 %), Streptococcus pneumoniae GImU (S. pneu GImU; THMO; 26.6 %),
and Methanobacterium thermoautotrophicum RmlIA (M. them RmlA; 1LVW; 36 %). * indicates possible nucleotide-binding residues. ¥ corresponds to the amino
acid residues implicated in the binding of sugar. The underlined L(X),GXGT(X),R(X)sPK motif (PROSITE database; http://www.expasy.org) is a putative pyro-
phosphorylase consensus domain.

U, The three residues L81, K152, and E188 might play an im- In conclusion, practical and efficient syntheses of UDP
portant role in interacting with C-2 of SulP. The positively  sugars and NDP glucoses by using a single recombinant
charged residue K152 in Tca U, is possibly more electrostatical-  enzyme with high thermostability have been demonstrated.

ly coupled to the sugar O-2 or O-3 atom than the negatively =~ When compared with most mesophile-driven N, with nar-
charged residue E162 of S. enterica Ep; this would affect the  rowed substrate specificity, Tca U, has broad substrate specific-
sugar specificity of the enzyme. Residue T190 in Tca U, might ity toward purine and pyrimidine nucleotides as well as broad
also be important for the tolerance of bulky N-acetyl group at  sugar specificity over UTP. This highlights the potential of mul-
C-2 of Su1P, based on the result of another S. enterica E, var-  tifunctional U, in vitro from the thermophilic bacterium. More
iant (T201A),”@ which converts GIcNAc1P and dTTP to dTDP-  detailed biochemical and structural analysis toward its sub-
GIcNAc with high activity. strate specificity will be addressed in further studies.
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cess can be triggered in a suitable (light-accessible) model or-
ganism™ and in the possibility of studying kinetic events after
initiation by a light pulse.”

Recently, we have started to prepare DNA and RNA deriva-
tives that bear caging groups on their nucleobases, which pre-
vent them from forming Watson-Crick base pairs. In contrast
to other groups that have chosen to mainly cage backbone
phosphate groups of DNA™ and RNA,>*' we want to introduce
the modifications at specific sites®—ideally in any given se-
quence—and produce clean products of established identity
for a better on/off behaviour. This is because it turns out that
not all caged modifications are inactive and not all modifica-
tions in different positions can be removed with equal ease. To
this end, we first prepared a caged analogue of thymidine
(T that contained a photolabile 2-(2-nitrophenyl)-propyl
group (NPP) and used this to locally destabilize a DNA double
strand, which could be transcribed after triggering with light.”
We then used the same residue to sterically block the interac-
tion of a protein with an aptamer and thus made its function
light-triggerable.®” In this study, we have expanded the reper-
toire of caged deoxynucleosides to include a caged guanosine
(dGM®) and have used it to trigger the formation of highly or-
dered nucleic-acid secondary structures with light.””

Consecutive G-nucleotides in DNA or RNA molecules are
known to form stable G-quadruplex structures that are created
by Watson-Crick and Hoogsteen hydrogen bonding and a cen-
tral monovalent cation (Figure 1a). Such nucleic acid arrange-
ments can be found in nature and are suggested to play fun-
damental roles in several biological processes including modu-
lation of telomere activity,"” HIV infection,"” and the activity
of HIV-1 integrase™ and human nuclear topoisomerase 1.1'”
Besides telomeric regions of chromosomes, quadruplex struc-

tures have also been found to be localized in the promoter
region of the c-myc gene™ and in the immunoglobulin switch
region” where they might be involved in the regulation of
gene expression."® Artificially designed or in vitro selected G-
quadruplex molecules have been found to interact tightly with
defined proteins, such as human a-thrombin,"” STAT3 pro-
tein™ and nucleolin."” They have been successfully used as
antagonists of the cognate-protein function. G-quadruplex
molecules have also been investigated as potential target sites
for small-molecule drugs,?>?" for example, to inhibit telomer-
ase activity which is up-regulated in about 85% of all can-
cers.?

In order to trigger the formation of G-quadruplexes with
light we prepared the caged phosphoramidite 6 (Scheme 1).
Starting with the protected deoxyguanosine (1) an isopropyl-
phenoxyacetyl group was introduced to protect the exocyclic
amino group (—2). This group can be used in the “ultramild”
protecting-group strategy™ and can be removed, for example,
with dilute ammonia at RT. We chose this group because it is
compatible with the previously introduced TV residue” and
the NPP group can also be cleaved in the usual DNA solid-
phase synthesis deprotection protocol (concentrated ammonia,
65 °C).*Y After protection of the amine, the NPP group was in-
troduced under Mitsunobu conditions (—3). After deprotec-
tion (—4) and incorporation of the DMTr-group in the 5-posi-
tion (—5) the phosphoramidite could be introduced (—6).

A common model sequence (7) for studying telomeres is
d(AGGG(TTAGGG),), which is derived from human telomeric
DNA.?" This sequence has been shown to fold into the G-
quadruplex structure as represented in Figure 1b.”* Under var-
ious buffer conditions (high K™ concentration) different G-
quadruplex structures have recently been observed.” In order
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{. 0 N ' ) ! !
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Figure 1. a) The hydrogen bonding pattern in one layer of a G-quadruplex and the caged guanosine residue dG"** used in this study. b) Schematic represen-
tation of G-quadruplex structures formed by the human telomere sequence (7) and aptamer 13. c¢) The deoxyoligonucleotides used in this study. The posi-
tions where nucleotides have been replaced by caged counterparts are indicated with an arrow. The synthesis of TV is described in a previous publication.”

ChemBioChem 2005, 6, 1966 — 1970

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1967

www.chembiochem.org



www.chembiochem.org



0
NO
&Y N ¢ f NH ¢ f N 2
NSNS 2 NS ) NSNS

TBDMSO N~ NH, —> TBDMSO o N~ “NH(iPrPac) — TBDMSO N~ “NH(PrPac)
OTBDMS OTBDMS OTBDMS

NSy NSy 'NfN
g < ]'\):\ @ <Nf/)\ ) GAL A

e
— Ho—l o N™N" " NH(PrPac) — DMTrO—l o N° NH(iPrPac) — DMTrO | 0 N°  NH(iPrPac)
OH OH NG00
4 5 NiPr 6

Scheme 1. Synthesis of protected phosphoramidite 6 for the introduction of caged deoxyguanosine residues in deoxyoligonucleotides by using solid-phase
synthesis. Reaction conditions: a) 4-iPr-CsH,-OCH,COCI (iPrPacCl), pyridine; b) 2-(2-nitrophenyl)-propan-1-ol (NPP-OH), diethylazodicarboxylate (DEAD), PPhs;
¢) tetrabutylammonium fluoride, HOAc; d) dimethoxytritylchloride (DMTrCl), pyridine; e) (NCCH,CH,O)(NiPr,)PCl, iPr,NEt.

to study the light-induced formation of G-quadruplexes we
have replaced different dG nucleotides in 7 with dG™* residues
(Figure 1). CD spectroscopy was used to evaluate whether G-
quadruplex structure was formed or not (Figure 2). While un-
modified sequence 7 showed the expected™® CD spectrum, re-
placement of one dG residue at position 9 (—8) was enough
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to prevent the formation of a G-quadruplex in solution. The
CD spectrum obtained was almost identical to that of the
parent oligonucleotide 7 in the absence of monovalent ions
that are required for G-quadruplex formation (Figure 2a).*”
After irradiation of the caged oligonucleotide, the CD spectrum
showed the signal of a normal G-quadruplex, albeit with a

b) 1
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g . 4
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Figure 2. CD spectra of the modified telomere DNA sequences measured at RT. Unless otherwise noted the spectra were measured in PBS buffer (pH 7.4). For
the curves labelled “hv pH 8.0", only the irradiation was performed at pH 8.0 and the resulting curves were almost identical with that of unmodified oligonu-
cleotide 7.
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somewhat lower amplitude. A slight rise in the pH of the
buffer (only during irradiation) resulted in a CD spectrum that
was practically identical to that of unmodified oligonucleotide
7 (for comments see below). Introduction of more than one
caged dG residue (8, 9) turned out not to be necessary (Fig-
ure 2b and c), but even in these cases uncaging by irradiation
occurred very efficiently.

The choice of the dG residue in the sequence is however im-
portant. Moving the modification only one position towards
the 3-end (11, dG™" in position 10) resulted in an oligonucleo-
tide that still formed a G-quadruplex (Figure 2d). Qualitatively,
the same result was obtained upon modification of G3 (12),
which is close to the 5-end (Figure 2d). Therefore, in order to
destabilize a three-layer G-quadruplex, it is important to
modify a residue that is both in the core of the sequence and
involved in the formation of the middle layer.

The thrombin-binding DNA aptamer 13,/ which we had
used in previous studies,® forms only a two-layer G-quadru-
plex structure (Figure 1). Again, modification of only one resi-
due (in position 6) was enough to obtain a caged version (14)
with a CD spectrum identical to that of unmodified aptamer
13 in the absence of buffer salts (Figure 3). Irradiation trig-
gered quadruplex formation, but, in order to obtain a CD spec-
trum identical to that of wild-type 13, the pH of the solution
had to be significantly raised during irradiation. This demon-
strates once more that the uncaging efficiency is, to some
extent, sequence dependent. At present, this problem can be

a)
2
13
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| \ 14 fvpH 7.4
B‘ T 14 fv pH 11.0
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Figure 3. CD spectra of modified DNA aptamers measured at RT. Unless oth-
erwise noted the spectra were measured in PBS buffer (pH 7.4) with MgCl,
(3 mm). For the curve labelled “14 hv pH 11.0" only the irradiation was per-
formed at pH 11.0 and the resulting curve was identical with that of un-
modified aptamer 13.
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easily circumvented by the application of a slight excess of
caged molecules; after irradiation, this results in the formation
of enough uncaged material. However, future investigations
will be aimed at modifying the NPP group to improve its de-
protection efficiency and studying the application of different
photolabile groups in these positions in order to obtain caged
building blocks with clean deprotection pathways. A caged
version of 13 with a modified G8 (15) and aptamers 16-18
with caged TV residues, resulted in CD spectra that clearly
showed an intact G-quadruplex structure.”” In filter-binding
studies with caged aptamer 14, no interaction with the target
molecule thrombin could be detected, whereas after irradia-
tion (pH 7.4) a K, of 80+9 nm was determined, which is very
similar to that of unmodified aptamer 13 (99+ 21 nm; see Sup-
porting Information).”!

Thus, we have prepared a new caged dG"" nucleoside for
the modification of DNA oligonucleotides and demonstrated
its use for the light-triggered formation of G-quadruplex struc-
tures. This tool can, for example, be used to monitor the fold-
ing kinetics of G-quadruplex structures in real time and the
spatiotemporal control of gene expression. Furthermore, it will
have important implications for the development of caged ap-
tamers because it might not always be possible to identify and
sterically block the active site, as in our previous study.®’ Identi-
fying important structural elements and modifying them so
that the active conformation cannot be formed could be much
easier and more efficient with the method presented here.
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RNA Abasic Sites: Preparation and
Trans-Lesion Synthesis by HIV-1
Reverse Transcriptase

Pascal A. Kiipfer and Christian J. Leumann*®

Abasic sites are well-known DNA lesions that occur spontane-
ously under acidic or oxidative stress, or as intermediates after
enzymatic excision of damaged bases."’ Due to the missing ge-
netic information such sites are highly mutagenic. Therefore,
nature has developed a ubiquitous cellular DNA-repair machi-
nery for genome housekeeping.” However, cellular RNA le-
sions are less well known, and, with the exception of a few
cases, their biological impact is unclear. For example, RNA
abasic sites can occur as a result of the action of RNA N-ribohy-
drolases and can severely affect the vitality of a cell. A famous
example of the occurrence of RNA abasic sites is when the
peptide toxin, ricin, depurinates a specific adenosine residue
on 28S rRNA, which is one of the RNA chains of eukaryotic ri-
bosomes. This leads to poor binding of elongation factors and
thus the abortion of protein synthesis. A single molecule of
ricin is sufficient to kill a whole cell.® Besides this, there is evi-
dence for a new class of RNA-specific lyases in wheat germ
that act on rRNA apurinic sites,”” and, very recently, a repair
mechanism for alkylated RNA was found.” However, data on
the intrinsic chemical mechanism and kinetics of the decay of
abasic RNA in comparison to abasic DNA are virtually nonexis-
tent.” This prompted us to study the chemistry and chemical
biology of RNA abasic sites in vitro in more detail. Here we
report preliminary results on the synthesis and translesion-
polymerase activity of HIV-1 reverse transcriptase on a RNA
template-DNA primer system with an abasic site in the tem-
plate.

Our synthesis started with the RNA abasic site building
block 1 (Scheme 1), the synthesis of which will be described in
detail elsewhere. A very similar approach to obtaining abasic
RNA was published independently recently;”’ however, only
the synthesis but no further biological data was described.
Building block 1 contains the photocleavable R-1-(2-nitrophe-
nyl)ethyl (1NPE) group at the anomeric center. This group was
recently used in oligoribonucleotide synthesis as a 2’-O pro-
tecting group and has proven superior to the O-nitrobenzyl
group during photolysis.®! 2'-O-[(Triisopropylsilyl)oxylmethyl
(TOM) was chosen as a 2'-O protecting group.”

To test the performance of this amidite building block in
synthesis, we first prepared the RNA 7-mer 2, which contains

[a] Dipl.-Chem. P. A. Kiipfer, Prof. C. J. Leumann
Department of Chemistry & Biochemistry, University of Bern
Freiestrasse 3, 3012 Bern (Switzerland)
Fax: (+41)31-631-3422
E-mail: leumann®@ioc.unibe.ch

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author: ESI"-mass spectra of
oligonucleotides 2 and 3.
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Scheme 1. Chemical structures of the RNA abasic site (AS), its building block
(1), and the protected intermediate, TNPE.

this unit in the center of the sequence. RNA synthesis was per-
formed on a commercial DNA synthesizer by using standard
protocols. 2'-O-t-Butyldimethylsiloxy (TBDMS) phosphorami-
dites were used as regular RNA building blocks. The coupling
time was set to 12 min for unit 1, and 5-(ethylthio)-1H-tetrazole
was used as activator. According to the standard trityl assay, all
steps in the synthesis proceeded with coupling yields of
>98%. Detachment from solid support was followed by base
and phosphate deprotection with concentrated NH,/EtOH (4:1)
at 55°C for 16 h. Subsequently, the silyl groups were removed
with 1m tetrabutylammonium fluoride (TBAF) in tetrahydrofur-
an (THF). RP-HPLC purification afforded the abasic RNA 7-mer
precursor 2, the mass of which was confirmed by ESI-MS (see
Supporting Information).

We then determined the kinetics of cleavage of the photola-
bile TNPE group. An aqueous solution of 2 was irradiated with
a UV lamp (see Experimental Section), and the amount of
1NPE cleavage as a function of time was quantified by HPLC
(Figure 1). The half-life for TINPE photolysis was determined to
be 13 s. Deprotection was virtually quantitative after 1 min, as
can be seen from the HPLC traces and as was found by ESI-MS
data (>99.8%). Interestingly, besides the molecular mass at
m/z 2085.9, the MS of the deprotected abasic RNA 3 showed
an additional peak with a mass difference of Am/z=+18. This
indicates that the aldehyde function at the abasic site might
exist to a non-negligible extent in its hydrated form in solu-
tion. A thorough analysis of the chemical stability and kinetics
of decay of abasic RNA in comparison to DNA is currently un-
derway and will be published in due course.
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Figure 1. Time course of the photolytic-cleavage reaction of oligomer 2.
A) HPLC traces (280 nm) after UV irradiation for the indicated time. B) Nor-
malized fraction of residual starting material 2 fitted with a first order ex-
ponential decay.

RNA can also act as genetic material as, for example, is the
case for retroviruses. In order to determine the potential muta-
genicity of an RNA abasic site we studied its effect on reverse
transcriptase. This enzyme is responsible for reverse transcrip-
tion of a retroviral RNA single strand into a DNA single strand.
Subsequent hydrolysis of the RNA in the hybrid duplex and
synthesis of the complementary DNA strand result in a DNA
duplex that contains the original RNA information. We chose
HIV-1 reverse transcriptase as a model enzyme due to its well-
characterized structural and biophysical properties."” We syn-
thesized a 31-mer RNA template-DNA primer system that con-
tained the abasic-RNA site adjacent to the 3’-end of the DNA
primer (Figure 2). In order to follow translesion synthesis, the
primer was *?P labeled at the 5" end by using T4-polynucleo-
tide kinase. The purified, TNPE-protected RNA template was
annealed to its DNA primer and subjected to UV irradiation for
2 min to reveal the abasic site. The protected TNPE-containing
template-primer duplex was used as a control. Both binary
mixtures were then incubated with each of the four dNTPs
and enzyme at two different concentrations. The reactions
were quenched after 60 min at 37 °C and the products separat-
ed by PAGE and visualized on a Phosphorimager (Figure 2).

Inspection of the gel revealed that HIV-1 reverse transcrip-
tase readily bypassed RNA abasic sites at concentrations as
low as 0.5 units and yielded full-length products in the pres-
ence of all four dNTPs (Figure 2 A). Elongation is not as efficient
as in the case of an intact template strand (X =U). Experiments
with single dNTPs show that dATP is preferentially inserted op-
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Figure 2. Denaturing PAGE gel (20%) of primer-template elongation prod-
ucts obtained with HIV-1 reverse transcriptase at 37 °C for 60 min. A) Abasic-
site template; B) TNPE-protected template; enzyme concentrations 0.5 and
2.0 units. Ref: without enzyme and dNTPs. A, T, G, C: reactions in presence
of the corresponding dNTPs; N: reactions in presence of all four dNTPs; Nat:
unmodified template (X=U) and all four dNTPs.

posite the abasic lesion. Qualitatively, the dNTPs are incorpo-
rated in the order A>G>T=C. Some exonuclease activity is
observed on the primer strand in the case of (slow) pyrimi-
dine-nucleotide incorporation.

We also tested the template strand that contained the pro-
tected abasic residue (Figure 2B) for dNTP incorporation by
HIV-1 reverse transcriptase. This experiment was performed so
as to determine the difference between an abasic site and a
noncoding, non-hydrogen bonding, stereochemically demand-
ing base replacement. In contrast to the situation at the abasic
site, essentially no dNTP incorporation was observed at low
enzyme concentration. Incorporation and full-length extension
were observed only at fourfold higher enzyme concentration.
Again, dA was preferentially introduced opposite the bulky
1NPE group, while the other three dNTPs were incorporated at
substantially slower rates.

We also checked for the RNase H activity of HIV-1 reverse
transcriptase. For this, the abasic (X=AS) and unmodified (X=
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U) template strands were **P 5-end labeled and the primer
was not labeled (Figure 3).

X= UAS U AS
HW-IRT -~ - 05200520
. -

—

- —

=~ N EEe

Figure 3. RNase H activity of HIV-1 reverse transcriptase on primer-template
complexes that either contained the unmodified template (X=U) or the
RNA abasic site (X=AS). Experimental conditions were the same as those
used for primer-elongation experiments. HIV-1 reverse transcriptase (RT) con-
centrations are indicated.

Control experiments performed in the absence of HIV-1 re-
verse transcriptase (Figure 3, left 2 lanes) show that the RNA
template is partially cleaved at the abasic site, presumably by
[-elimination at the 3’ terminus of the RNA. We assume, how-
ever, that most of this cleavage occurs under denaturation
conditions (5 min, 90°C) prior to application to the gel and not
during incubation. We note that partial cleavage is not expect-
ed to interfere with primer extension as the RNA template is
used in excess. At low enzyme concentration essentially no
RNase H activity is observed. Increasing the enzyme concentra-
tion to 2 units results in complete disappearance of the full-
length RNA template. Interestingly, there are differences in the
RNA degradation pattern as a function of the presence or ab-
sence of the RNA abasic site. In the unmodified RNA template,
cleavage occurs predominantly at the junction between the
double-helical part and the RNA single strand. However, in the
abasic template, cleavage is effected predominantly in the
double helical primer-template region. This differential cleav-
age pattern is in accord with the enzyme predominantly cleav-
ing in the unextended primer part due to slow elongation in
the latter case.

We draw the following conclusions from these preliminary
results: phosphoramidite 1 is a useful building block for the
synthesis of abasic RNA. It is readily incorporated by conven-
tional RNA solid-phase synthesis, and the TNPE group is almost
quantitatively cleaved after 1 min of irradiation with a UV im-
mersion lamp. Furthermore, an RNA abasic site is readily by-
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passed by HIV-1 reverse transcriptase. As in the case of DNA
templates,"” a deoxyadenosine residue is preferentially intro-
duced opposite the abasic site; this demonstrates that the “A
rule’™ is also valid when the template is an abasic RNA
strand. In addition, RNase H activity is not inhibited by the
presence of an abasic site. Work towards a comprehensive ki-
netic characterization of reverse transcriptase action on abasic
RNA templates is currently underway.

The study of the biological role of abasic RNA has so far
been hampered by the lack of a reliable method for its synthe-
sis. With this technique at hand it might now become possible
to incorporate such lesions into larger, biologically relevant
RNA molecules by, for example, splint ligation methods."® The
study of such constructs will be of interest, for instance, in the
context of RNA viral evolution, rRNA function, mRNA transla-
tion, and of a possible existence of an RNA repair mechanism.

Experimental Section

Synthesis, deprotection, and purification of oligonucleotides: All
oligonucleotides were prepared by automated oligonucleotide syn-
thesis with an Expedite 8900 nucleic-acid synthesis system (PerSep-
tive Biosystems, Inc., Framingham, MA) by using the cyanoethyl-
phosphoramidite approach. For RNA synthesis 2'-O-TBDMS protect-
ed PAC-phosphoramidites (GlenResearch) and polystyrene solid
supports (Amersham Biotech) were used. For DNA synthesis benzo-
yl (dA, dC) and isobutyryl (dG) protected phosphoramidites and
controlled pore-glass solid supports (GlenResearch) were used. The
synthesis was performed by using the same standard coupling pro-
tocol for DNA and RNA with 5-(ethylthio)-1H-tetrazole (Aldrich) as
activator and a coupling time of 90 s for DNA and 6 min for RNA.
The modified phosphoramidite was allowed to couple for 12 min.
Solid supports were treated with EtOH/NH,OH (1:4) at 55°C, over-
night. RNA sequences were further deprotected by treatment with
Bu,NF (1m in THF) for 6 h at RT. Oligonucleotides were desalted by
using Sep-Pak® C;g columns (Waters, Milford, MA) before applica-
tion to HPLC.

The DNA primer for the primer-template extension reactions and
the RNA heptamer were purified by using RP-HPLC on an AKTA 900
HPLC system (Amersham Pharmacia Biotech). A Brownlee Aqua-
pore RP-300 (Cg, 7 um, 250/4.6 mm) column (PerkinElmer) was used
with a gradient of solvent A (0.1m Et;NOAc in H,O, pH 7.0) and sol-
vent B (0.1m Et;NOAc, CH;CN/H,O (4:1)). The 31-mer RNA templates
were purified on a 20% preparative denaturing (7m urea) polyacryl-
amide gel. The oligoribonucleotides were then electroeluted with
an Elutrap® electroelution system (Schleicher & Schuell) according
to the manufacturer’s protocol and desalted by using Sep-Pak® C,q
columns. Purified oligonucleotides were dissolved in DEPC-treated
water and the concentration was determined by using a Nano-
Drop® ND-100 UV/Vis spectrophotometer (NanoDrop Technologies,
Inc., Wilmington, DE).

Kinetics of TNPE deprotection: 1NPE-protected oligonucleotides
were deprotected at RT by using a UV immersion lamp TQ 150 (UV-
RS-2, Heraeus). Aliquots (0.4 mL) of a 10D,,mL™" solution of
TNPE-protected RNA heptamer 2 were exposed to UV light for dif-
ferent time intervals in a quartz cuvette and immediately analyzed
by RP-HPLC. The ratio of 2:3 was determined by peak integration.
From the first order rate law for disappearance of 2 we calculated
a deprotection extent of >99.99% after irradiation for 2 min. Inte-
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gration of ESI-MS peaks at the m/z of 2 and 3 confirmed this result
and showed a deprotection extent of >99% after 2 min.

HIV-1 reverse transcriptase assays: HIV-1 reverse transcriptase
(Worthington Biochemical Corporation, Lakewood, NJ) was diluted
in storage buffer (10 mm K;PO,, pH 7.4, 1T mm DTT, 20% glycerol).
For the primer-extension experiments the DNA primer (30 pmol)
was labeled by using T4-polynucleotide kinase (10 units, Fermen-
tas) and [y-*’P]JATP (Hartmann Analytik GmbH, Braunschweig, Ger-
many) in T4 buffer (50 mm Tris-HCl pH 7.6, 10 mm MgCl,, 5 mm DTT,
0.1 mm spermidine, 0.1 mm EDTA) for 30 min at 37 °C. T4-Polynucle-
otide kinase was then inactivated by heating to 90°C for 2 min.
For the RNase H assay the RNA templates (X=U or TNPE) were 5'-
end labeled as described above and used together with unlabeled
DNA primer. The TNPE-protected RNA template and DNA primer
were annealed in a molar ratio of 2:1 in HIV-1 reverse transcriptase
buffer. For the assays with abasic RNA this mixture was irradiated
with a UV lamp for 2 min as described before. Final reaction mix-
tures contained RNA template (100 nvm), DNA primer (50 nm), and
dNTP (20 pm) in buffer (50 mm Tris pH 8.3, 50 mm NaCl, 8 mm MgCl,,
1 mm DTT). After addition of the enzyme the mixtures were incu-
bated for 60 min at 37°C. The reactions were then quenched with
loading buffer (98% formamide, 0.1 % xylene cyanol (FF), 0.1% bro-
mophenol blue), heated to 90°C for 5 min and applied to a dena-
turing PAGE gel (20%). Radioactivity was detected and quantified
on a Storm 820 Phosphorimager with ImageQuant software (Amer-
sham Biosciences).
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3’-Enolpyruvyl-UMP, a Novel and
Unexpected Metabolite in
Nikkomycin Biosynthesis

Cristian Ginj,” Heinz Riiegger,"” Nikolaus Amrhein,”
and Peter Macheroux*® "

Nikkomycins are produced by several species of Streptomyces
and exhibit fungicidal, insecticidal, and acaricidal properties
due to their strong inhibition of chitin synthase.'™ Structurally,
they can be classified as peptidyl nucleosides containing two
unusual amino acids, that is, hydroxypyridylhomothreonine
and aminohexuronic acid with an N-glycosidically linked base
(Scheme 1).®! Although the chemical structure of nikkomycins
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—~ . (e} R1
N

OH NH, H
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Scheme 1. Basic structure of nikkomycin antibiotics.

has been known since the 1970s, information on their biosyn-
thesis is scarce. Following the cloning of the entire set of struc-
tural genes involved in nikkomycin biosynthesis,”” the enzy-
matic steps leading to the 4-formyl-4-imidazolin-2-one base
were investigated in some detail.”® The peptidyl moiety is
synthesized by eleven enzymatic reactions, of which only two
have been investigated in depth.'®™

The aminohexuronic acid is introduced into the nikkomycin
skeleton by the transfer of 5-phosphoribosyl-1-pyrophosphate
to the nucleobase (uracil or 4-formyl-4-imidazolin-2-one) fol-
lowed by addition of an enolpyruvyl moiety from phosphoenol-
pyruvate (PEP), supposedly to the 5’-hydroxyl group of the
ribose.>" This putative intermediate is then further modified
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by rather speculative reactions to yield the aminohexuronic
acid precursor."

Based on amino acid sequence similarity, the nikO gene in
the nikkomycin operon appears to encode an enolpyruvyl
transferase." This family of enzymes comprises two well-char-
acterized enzymes, that is, 5-enolpyruvylshikimate 3-phosphate
synthase (EPSPS, EC 2.5.1.19) and UDP-N-acetylglucosamine
enolpyruvyltransferase (MurA, EC 2.5.1.7), which catalyze the
transfer of the intact enolpyruvyl moiety from PEP to the 5-hy-
droxyl group of shikimate 3-phosphate and the 3’-hydroxyl
group of UDP-N-acetylglucosamine, respectively. Therefore,
NikO can be expected to catalyze an enolpyruvyl transfer reac-
tion in nikkomycin biosynthesis.

In order to substantiate the role of NikO, we have cloned
the gene from Streptomyces tendae Ti901 and heterologously
expressed the protein in Escherichia coli. The recombinant pro-
tein was purified to homogeneity and analyzed for its activi-
ty." Contrary to expectation, no enolpyruvyl transferase activi-
ty was found with uridine as the substrate."® Instead, UMP
was found to serve as a substrate for the enzyme. The enzy-
matic assay was performed by measuring released phosphate
by a colorimetric end-point method and a continuous spectro-
photometric enzyme-coupled method that exploits the purine
nucleoside phosphorylase reaction.'® The phosphate release
observed in these assays is accompanied by the generation of
a new nucleotide compound from UMP and PEP, as demon-
strated by HPLC analysis.'"

Analysis of the reaction products revealed that phosphate
was released stoichiometrically with the formation of the new
compound during the enzyme reaction; this indicated that
one phosphate group still resided in the nucleotide. This result
was substantiated by using **P-labelled UMP in the enzymatic
reaction: 90% of the radiolabel is retained (6.5% in residual
substrate); this indicated that the phosphate was released
from PEP rather than UMP. Corroborating evidence was ob-
tained from *'P and 'H{*'P} NMR spectroscopy, which revealed
a single phosphorus attached to the 5-position in the nucleo-
tide product. Consequently, it can be concluded that the 5-po-
sition is not the site of enolpyruvyl attachment. In order to de-
termine the actual acceptor site of the enolpyruvyl moiety, the
reaction product was isolated, purified by RP-HPLC, and sub-
jected to 'H, "*C, and 2D '3C,'H-heteronuclear NMR spectrosco-
py. This analysis showed unambiguously that the enolpyruvyl
moiety is attached at the 3'-position of the ribose sugar
moiety (Figure 1). Therefore, we propose that NikO catalyzes
the generation of 3'-enolpyruvyl-UMP (3’-EPUMP), as shown in
Scheme 2, and not 5-enolpyruvyluridine, as postulated earli-
er™ In fact, no reaction product was observed when NikO
was incubated in the presence of uridine and PEP. These re-
sults raise the question of how 3’-EPUMP is further utilized in
the generation of the aminohexuronic acid precursor. In the
original proposal by Isono and co-workers, attachment of the
enolpyruvyl moiety at the 5’-position (by reaction with a puta-
tive aldehyde group) would directly yield an octofuranose
uronic acid nucleoside. This reaction is then thought to be fol-
lowed by oxidative elimination of the two distal carbon atoms
and introduction of an amino group at the 5'-position.'>'”

ChemBioChem 2005, 6, 19741976
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Figure 1. Section of the 500.23 MHz 2D 13C,"H-HMBC NMR spectrum of NikO product, showing the correlation (cir-
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structure of the product.
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Scheme 2. Proposed enzymatic enolpyruvyl transferase reaction catalyzed by
NikO.

Clearly, our findings that NikO introduces the enolpyruvyl
moiety at the 3'- rather than the 5-position contradicts the
current proposal for nikkomycin biosynthesis. Isono and co-
workers have demonstrated the incorporation of *C from o-[1-
3Clglucose at the 5'- and 6’-positions of the nucleoside. In
order to rationalize this labeling, rearrangement of the carbon
skeleton must be postulated, catalyzed by enzymes operating
downstream of NikO. The characterization of these enzymes
will shed more light on the chemical reactions in nikkomycin
biosynthesis and might provide us with useful tools to explore
the synthesis of novel nikkomycin antibiotics.

Experimental Section

General procedures: 'H, *C{'"H}, and *'P{'"H} NMR spectra were re-
corded in [Dg]DMSO on a Bruker AVANCE-500 NMR spectrometer.
Chemical shifts (6) are given in ppm, relative to TMS and H,P0,.l"®
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uous enzyme-coupled assay was
carried out by using the EnzChek®
Phosphate Assay Kit (Molecular
Probes Europe BV, The Nether-
lands), as described in the manual
provided by the manufacturer.
The orthophosphate (P) released
in the NikO-catalyzed reaction
was used in the coupled reaction
in which 2-amino-6-mercapto-7-methylpurine riboside (MESG) was
converted to ribose 1-phosphate and 2-amino-6-mercapto-7-meth-
ylpurine by purine nucleoside phosphorylase (PNP). Enzymatic con-
version of MESG to the phosphorylated product resulted in a shift
of the absorbance maximum from 330 to 360 nm. All reagents pro-
vided with the kit were prepared according to the manufacturer’s
instructions, except that our test buffer (50 mm Tris pH 7.5, 2 mm
DTT, pH 7.5 at 25°C) was used as reaction buffer instead of the
provided reaction buffer. An Uvikon 933 spectrophotometer (Kon-
tron, Switzerland) was used for spectrophotometry.

T T
4.2 4.0

Solutions of UMP and PEP were prepared by dissolving the solid
compounds in the test buffer; MESG and PNP were dissolved di-
rectly in ultrapure Millipore water. The final concentrations in the
assay mixture were 200 pm, 1 mm, and 10 um for MESG, PEP and
NikO, respectively. PNP solution (3 pL, containing 0.3 units of activi-
ty) was used, and the reaction was started by adding UMP.

Product analysis by RP-HPLC chromatography: The enzymatic re-
actions were set up by incubating PEP (1 mwm), UMP (1 mm), and
NikO (10 um) at pH 7.5 and 30°C for 1 h. Negative controls lacking
PEP, UMP, or NikO enzyme were run in parallel. Aliquots were re-
moved from each reaction mix and diluted with 0.05% trifluoro-
acetic acid, then this solution (20 pL) was injected into the RP-
HPLC column. Compounds were analyzed by recording the absorb-
ance at 260 nm (for UMP and 3'-EPUMP) and 230 nm (for PEP).

Analysis of the product of the reaction with [*>P]-UMP: The enzy-
matic reaction was carried out as described above. The cold mix
was supplemented with a radiolabeled aliquot of [*P]-UMP (Hart-
mann, Analytic GmbH, Braunschweig, Germany, 220 TBgmmol™'
specific activity). The radioactivity of samples was determined in a
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Beckman scintillation counter by using the filters and settings ac-
cording to the manufacturer’'s recommendations. Total recovery of
the injected radioactivity was about 99.2% (unreacted substrate,
product, and flow trough were not included into the collected
peaks).

Identification of 3-EPUMP: 'HNMR ([DJDMSO, 500.23 MHz,
26°C): 0=11.41 (br, 1H; H3), 7.74 (d, *J;,=8.1 Hz, 1H; He6), 5.88 (d,
3)=6.4, TH; H1'), 5.67 (dd, 3Jos=8.1, “J5s=1.4 Hz, 1H; H5), 5.33 (d,
2J=2.4Hz, 1H;=CH,), 4.88 (d, /=24 Hz, 1H; =CH,), 4.5 (dd, */=
5.2, 3.2 Hz, 1H; H3'), 442 (dd, J=6.4, 5.2 Hz, TH; H2'), 420 (m, J=
3.5, 3.2, 3.0 Hz, J,y=0.9 Hz, 1H; H4'), 4.06 (m, J=11.3, 3.0 Hz, Joy=
6.5 Hz, 1H; H5'), 3.99 (m, J=11.3, 3.5 Hz, J,,;=6.9 Hz, 1H; H5"); the
protons of carboxyl and 2'-OH were very likely exchanged due to
the small amount of water present in the sample, and therefore
not assessed. 3'P{'"H} NMR ([DJJDMSO, 202.5 MHz, 26°C): 6=0.1 (s,
1P, H5'P); “C{'H} NMR ([Dg]DMSO, 125.9 MHz): 6 =164.6 (COOH),
164.0 (C4), 151.7 (C2), 150.9 (C=), 103.2 (C5), 97.5 (=CH,), 88.5 (C1"),
80.9 (d, *Jpc=7.9 Hz, C4), 77.1 (C3'), 72.0 (C2)), 65.7 (d, Ypc=4.3 Hz,
C5').
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Aldolisation of Bis(glycolaldehyde)
Phosphate and Formaldehyde

James M. Smith and John D. Sutherland*®!

In the seminal work of Eschenmoser and co-workers on pyra-
nosyl-RNA (pRNA),™M it was pointed out that the backbone of
this potentially prebiotic nucleic acid can be formally derived
from bis(glycolaldehyde) phosphate 1 and formaldehyde by al-
dolisation (Scheme 1).0? This derivation, involving hypothetical

,O_\i?/o o i?/o —O,FI,
0 o] o

1 j 2 j/\OH 3 /l/\OH
o o7 o”

[a] J. M. Smith, Prof. Dr. J. D. Sutherland
School of Chemistry, The University of Manchester
Oxford Road, Manchester, M13 9PL (UK)
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Supporting information for this article is available on the WWW under

http://www.chembiochem.org or from the author.
Scheme 1. Constitutional relationship of bis(glycolaldehyde) phosphate (1)
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and formaldehyde to the p-RNA backbone 3.





hydroxymethylation to give 2 followed by oligomerisation to
the ribose-2,4-phosphate backbone 3, closely paralleled the
documented conversion of glycolaldehyde phosphate and
formaldehyde to ribose-2,4-diphosphate.”’ In considering an
experimental investigation of this aldol oligomerisation, how-
ever, it was evident from the outset that intramolecular aldoli-
sation would be a major competing reaction—indeed the cyc-
lisation of 1 to a mixture of the tetrose-2,4-cyclic phosphates 4
had been shown to occur very readily.** We recently discov-
ered that 2, as prepared by conventional synthesis, does not
undergo intermolecular aldolisation to 3 to a detectable
extent, but undergoes easy cyclisation, and, at pH 9.5, ribose-
and xylose-2,4-cyclic phosphates 5 were both obtained, each
in 30% yield.”! The weakly alkaline conditions required to
effect this cyclisation contrast with the harsh conditions re-
quired to induce aldolisation in the phosphate monoester
series.” Although the oligomerisation of 2 could not be dem-
onstrated, the mild and stereoselective formation of the phos-
phorylated ribose and xylose derivatives 5 by intramolecular al-
dolisation of 2 appeared to us to be etiologically relevant.
Since the diester 1 has been shown to be prebiotically plausi-
ble, we then wondered if it would be possible to demonstrate
the formation of ribose- and xylose-2,4-cyclic phosphates 5
from 1 in one reaction sequence.” However, the great ease
with which the cyclisations of 1 and 2 proceed suggested that
the intermolecular reaction between 1 and formaldehyde
might only be possible at high formaldehyde:1 ratios. We were
concerned that the excess of formaldehyde thought necessary
to drive the formation of 2 kinetically might also result in dihy-
droxymethylation of 1 and competing Cannizzaro chemistry, so
we first focused on establishing conditions for intermolecular
aldolisation in a model system. The mixed phosphate diester 6
was selected as a model substrate for these studies
(Scheme 2); the phenylethyl group providing a hydrophobic

_a)-0) 25% RO. /O\) 9 (N ,O\) _e

A0 S o Na* 7 quant S o Na' 6 quam
ROH R = PhCH,CH,
HOT\
/k RO. / f), c) RO\P,O OH
,\\ AN
Tap 8% O o ,k Te%  Na' 0 O
Et;NH' 9 OH

Scheme 2. Synthesis of model substrate 6 and standards 8 and 9. a) POCl;, Et;N, THF;
e) NaBH,,

b) H,0, THF, Et;N; ¢) Na*-Dowex-50°, H,0; d)
H,0; f) H"-Dowex-50", H,0.

0,/0,, then Me,S, MeOH, —78°;

and chromophoric handle for the synthesis of 6 and certain
product standards.” The allyl phosphate diester 7 was pre-
pared by standard phosphorus(v) coupling, and then subjected
to ozonolysis to liberate the sensitive aldehyde group of 6.
Standard 8 was prepared by reduction of 6, whilst 9 was pro-
duced by hydrolysis of the protected diester 10. With these
standards in hand, we proceeded to investigate the behaviour

ChemBioChem 2005, 6, 1980 - 1982
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of 6 (Scheme 3). At pH 9.5 and at the concentrations used, we
observed no self-aldolisation of 6 in the absence of formalde-
hyde, but were gratified to see smooth hydroxymethylation in

OH
z s
aldol O/\K\OH aldol O/\g\
6 —— RO._.O —— RO._.O OH
- CH0 R\ CH,0O ,P\\
, Na*O0 O 11 Na*"O0 O 12
X
I CH,0 CHZO)— Cannizzaro —‘CHZO
' OH
8 9 HO
RO._.O OH
R
Na*"0 O 13

Scheme 3. Model study of the reaction of a glycolaldehyde phosphate di-
ester 6 with formaldehyde.

its presence (Table 1). The yield of the monohydroxymethylat-
ed product 11 was highest in the experiment with 1 equivalent
of formaldehyde. Using 2 or 3 equivalents of formaldehyde re-

Table 1. Aldolisation of 6 in the presence of varying amounts of formal-
dehyde.

Equiv CH,O 6 [%] 8 [%] 11 [%] 9 [%] 12 [%] 13 [%]
1 15@ 0 80 0 5 0
2 15 0 65 0 20 0
3 0 0 50 0 50 0
5 5 0 10 20 50 15

[a] Yields are based on integration of 'H NMR spectra from individual ex-
periments, and are given to the nearest 5%.

sulted in the formation of the dihydroxymethylat-
ed product 12, and decreased the yield of 11.
When the ratio of formaldehyde:6 was increased
to 5, Cannizzaro chemistry was also observed, but
interestingly only the formaldehyde adducts 11
and 12 were seen to be reduced—to 9 and 13, re-
spectively. No "H NMR signals for 8, the reduction
product of 6, were apparent in samples in which
subsequent spiking with 8 revealed that its pro-
duction from 6 would have been readily detecta-
ble. The Cannizzaro chemistry was more extensive
at higher pH values (data not shown), and it is
possible that it might have been caused in the ex-
periments described here by locally elevated hy-
droxide concentrations during the pH adjustment
process. This caveat notwithstanding, the lack of
reduction of 6, given the reduction of 11 and 12, is somewhat
surprising. It is possible that 11 and 12 are reduced intramolec-
ularly, via mixed hemiacetals with formaldehyde, in a process
akin to the aldol-Tishchenko reaction (see Supporting Informa-
tion).®! The formate esters that would result from such a pro-
cess would be rapidly hydrolysed under the conditions of the
reaction.”
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The behaviour of 6 did not bode well for the attempted
conversion of 1 to the ribose and xylose phosphates 5
(Scheme 4). For successful production of 5, the hydroxymethy-
lation of 1 would have, at least, to compete with its cyclisation

o opr° ~on o o-p° o
H,CO H,CO LN AN
1t RN o + N/ OH
/ - /
HO 14 O 1
4 5 " ! .
Y v ¥

Cannizzaro products

Scheme 4. By-products and competing reactions anticipated for the aldolisa-
tion of 1 in the presence of formaldehyde.

to 4, and yet the cyclisation of any 2 produced would be ex-
pected to be slower than the cyclisation of 1 due to steric hin-
drance. Further hydroxymethylation of 2 to give 14 would pre-
sumably be similar to the hydroxymethylation of 1 on steric
grounds, and the production of 12 in the model series sug-
gested that the alternate dihydroxymethylation of 2 to give 15
would also be possible (Scheme 4). The probability of Canni-
zzaro reactions further increased the number of likely by-prod-
ucts. This analysis suggested that our only hope of demon-
strating the production of 5 in significant amounts was by
using 1 equivalent of formaldehyde, and only then if the intrin-
sic rate constant for the hydroxymethylation of 1 turned out
to be sufficiently high to allow this reaction mode to compete
with cyclisation of 1 at low formaldehyde concentrations. As a
control for the intermolecular reaction of 1 with formaldehyde,
we carried out a reaction at pH 9.5 in the absence of formalde-
hyde, and observed efficient production of the tetrose-2,4-
cyclic phosphates 4, as previously described.”* Both products
exist as hydrates (h) in solution in D,0, and were easily identi-
fied by "H NMR. Lack of by-products and signal overlap ena-
bled the relative amounts of the two diastereoisomers to be
determined, and the threo-isomer was found to predominate
(threo-4 63 %; erythro-4 37 %). We then carried out a reaction in
the presence of 1 equivalent of formaldehyde. The 'H NMR
spectrum was more complicated, and again we observed the
production of 4, but we could also detect signals that we
thought were due to the hydrated aldehyde forms of ribo-5
and xylo-5 (Figure 1). Sample spiking with authentic standards
of both pentose derivatives® confirmed these assignments. In
D,0O, xylo-5 exists exclusively in the hydrated aldehyde form,
but ribo-5 also exists in pyranose forms (ribo-5h, 78-80%; ribo-
5 B-p 18-20%; ribo-5 a-p 0-4%).” This structural complexity,
and the presence of unidentified materials amongst the prod-
ucts of the reaction of 1 and formaldehyde, makes accurate
quantitation difficult, but the relative abundance of identifiable
tetrose and pentose derivatives is threo-4> erythro-4~ribo-5 >
xylo-5. The absolute combined vyield of these four products is
of the order of 70-80%, and only one unknown (signal at 6=
5.17) contributes >10%. Given the results of the model study
and the number of by-products possible, the diastereoselective
production of ribo-5 at the same (high) level as erythro-4 is re-
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Figure 1. 'H NMR analysis of the aldolisation of 1 and 1 equiv of formalde-
hyde. Expansion of the region of the spectrum showing signals due to alde-
hyde hydrates with spectra from spiked samples (inset).

markable. Given the chemistry of threose nucleic acid (TNA) re-
cently described by Eschenmoser and co-workers however, the
predominance of threo-4 is possibly of greater etiological rele-
vance.”’
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Many recent studies have shown the major role played by
metal ions (copper, zing, iron, ...) in the modification of the
folding and/or the aggregation of proteins that leads to seri-
ous pathologies. Several neurodegenerative diseases (Alzheim-
er's disease, spongiform encephalopathies, Parkinson’s disease,
Huntington’s disease, ...) involve similar disastrous interactions
between metal ions and proteins.™

In the case of Alzheimer’s disease, the pathology is associat-
ed with the aggregation of -amyloid peptides (Ap) in the
brain, which leads to the formation of amyloid plaques. The
accumulation of redox-active metal ions in these amyloid
plaques is probably responsible for the oxidative stress which
induces neuronal lesions in the brain that result in irreversible
loss of intellectual faculties.”

The use of a metal ligand like Clioquinol led to improve-
ments in patients suffering from Alzheimer’s disease and indi-
cated that therapeutic approaches are possible with metal ion
chelators in neurodegenerative diseases.”’ Among Cu/Zn che-
lators capable of solubilizing AP from post mortem brain
tissue, interesting results were obtained with bathophenan-
throline and bathocuproine, two ligands based on the 1,10-
phenanthroline structure.” However, due to the presence of
sulfate residues, these chelators are too hydrophilic to cross
the blood brain barrier; consequently their use in vivo cannot
be envisaged.
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Chelators must indeed have particular properties in order to
be used as potential drugs in the treatment of neurodegenera-
tive diseases. They must have a low molecular weight and be
poorly or not charged in order to be able to cross the blood
brain barrier. They must also have a structure that can be al-
tered to adjust the chelation selectivity in order to target cer-
tain metal ions (a strong nonspecific chelation would result in
a general depletion of metal ions, including those of metal-
loenzymes, which are essential for the organism).

Once the chelator is in the brain, the molecule must be able
to complex the metal ions present in excess in the pathogen
proteins so as to allow their dissolution and their elimination.
From here two evolutions can be proposed: i) if the metal-che-
lator complex is hydrophobic enough, it can be exported to
the blood system, leading to its ultimate excretion;® or ii) it
has also been proposed that the complex will contribute to
the redistribution within the brain of metal ions sequestered in
the plaques in order to restore their normal homeostasis and
thus to stop the amyloid cascade.”” Whatever the explanation
of the role of chelator in brain,
in both cases, the presence of

linker, and different attempts at other classical synthesis strat-
egies failed in our hands:” i) the reaction between 3,8-dihalo-
genoPhen and propanediolate through a synthetic strategy
analogous to the preparation of Clip-Phen, although it is a
classical method of preparing cyclic derivatives of 2,6-pyri-
dine® (due to the specific problems associated with the posi-
tion of the substituents on the Phen that induce poor chemical
reactivity and reduction ability under the experimental condi-
tions used);®? ij) the fixation of one or two linker(s) on a first
Phen derivative and, then, the reaction with a second Phen
residue; iii) the use of a template effect by complexation of
halogeno- (or hydroxy-)Phen precursor to different metals
before the cyclization reaction in order to form (ligand),-metal
entities favoring Cyclo-bi-Phen synthesis.

Cyclo-bi-Phen was successfully prepared by treatment of
1,10-phenanthroline-3,8-dihydroxylate with propane-1,3-diol-
di-para-tosylate at high dilution (3.5 mw) in order to favor the
synthesis of Cyclo-bi-Phen and to decrease polymerization re-
actions (Scheme 1).2'” The replacement of propane-1,3-diol-di-

an exogenous chelator will be o "o

beneficial and contribute to lim- 5 N

iting the evolution of the dis- N N

ease. NN
Our recent work on Clip- Q AN g ~

Phen-type ligands and nucleic OH 0°3:0 ©) O

acid cleavage has demonstrated z N o _ )\l‘\l l\lll/L\ |

the benefit of complexing ¥ < Ce2C0s (5 equlv)

copper with two connected « N g eeDhM,SSOOOC \N N,/

phenanthroline ligands.” These 0°5:0

ligands can be structurally

modulated, and Clip-Phen Ii-

gands with two Phen entities

linked at their C3 carbon by a 3.5mMm 3.5mMm Cyclo-bi-Phen Cyclo-tri-Phen Cyclo-tetra-Phen

9 % 3 % 3 %

three-methylene bridge were
particularly active. Interestingly,
their activity was not altered by
the presence of a large excess
of physiological ions like Mg" as was that of ligands that selec-
tively chelate some metals (copper ions in our previous experi-
ments). We therefore decided to prepare new cyclic uncharged
ligands called “Cyclo-Phen”, small and sufficiently hydrophobic
to be able to cross the barriers: first the intestinal barrier, so
that these molecules will be orally active, and then the blood
brain barrier to finally coordinate the metal ions (copper in
preference) that are present in excess in the pathogen amyloid
aggregates.

We chose to connect two phenanthroline entities at the C3
and C8 positions with an alkoxy linker including three methyl-
enes, in agreement with the structure of the most efficient
linkage in the Clip-Phen series (on C3 of Phen). The second
bridge is identical and is linked on the C8 carbon of Phen in
order to obtain a compound with a C2 symmetry.

The Cyclo-bi-Phen macrocycle was prepared by using a bis-
tosylate linker. The catalytic metathesis approach for macrocyc-
lization cannot be used due to the structure of the desired

ChemBioChem 2005, 6, 1976 — 1980

Scheme 1. Synthesis of “Cyclo-Phen”.
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para-tosylate by 1,3-dibromopropane or of Cs,CO; by NaH, a
change of solvent, or the use of higher concentrations de-
creased the yield. The structure of Cyclo-bi-Phen was con-
firmed by X-ray analysis of single crystals (Figure 1). Two other
cyclic ligands, Cyclo-tri-Phen and Cyclo-tetra-Phen with, respec-
tively, 3 and 4 phenanthroline residues, were also isolated as
minor products. Both trimer and tetramer were also character-
ized by X-ray analysis.

Three different chelating agents were then tested in double-
transgenic mice mimicking Alzheimer’s disease: Cyclo-bi-Phen,
3-propyl-Clip-Phen®? (its analogue in the Clip-Phen series),
and Clioquinol, chosen because it has shown activity in de-
creasing amyloid deposits in vivo (Figure 2).

Preliminary toxicity studies in wild-type male FVB/NCrl mice
were performed. The drugs, initially dissolved in DMSO in the
presence of 2.6 equivalents of HCl and then diluted in water,
were tested at 10 mgkg™' by intraperitoneal injection (i.p.) on
three consecutive days. At day 4, all mice survived and they
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Cyclo-tetra-Phen

Figure 1. Molecular structures of Cyclo-bi-Phen (CCDC 268177), Cyclo-tri-
Phen (CCDC 268178), and Cyclo-tetra-Phen (CCDC 268179).

were sacrificed and analyzed: no gross anatomical problems
were observed in the stomach, spleen, kidneys, liver, heart,
lungs, or peritoneum. Further tests included five wild-type
mice treated on days 1 and 3 with 50 mgkg™' per day by i.p.
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injection that showed 100% survival after 30 days. Therefore
the compounds appeared nontoxic under these conditions at
a concentration of 10 mgkg™".

Subsequently, double-transgenic APP[V717I] x PS1[A246E]
female mice were treated with the drugs. This well-established
double-transgenic mouse model was chosen since it shows vir-
tually all aspects of the amyloid pathology of Alzheimer’s dis-
ease: accumulation of AR peptides in the brain and cerebrospi-
nal fluid, memory deficit, and amyloid plaque formation."”
Moreover, diverse experimental therapies, ranging from vacci-
nation to B-sheet breakers, have been shown to affect relevant
parameters in this mouse model.'?

The molecules, dissolved in DMSO/groundnut oil (1:4), were
administered by i.p. injection (5 mgkg™' for both Phen deriva-
tives or 10 mgkg™" for Clioquinol) three times per week over a
nine-week period to six-month-old double-transgenic mice.
Ten double-transgenic animals were treated with each Phen
derivative, whereas nine transgenic mice received vehicle and
nine transgenic mice received Clioquinol. During the nine-
week period, two animals were lost in each Phen-treatment
group and three in the Clioquinol group, as opposed to none
in the vehicle control group; this indicates some toxicity asso-
ciated with longer-term metal-chelating therapy. Mean body
weight increased by about 2 g in all groups, possibly due to
the use of oil as vehicle.

After nine weeks of treatment, the animals were sacrificed,
amyloid peptides levels were assayed in one brain hemisphere,
and amyloid plaque load was determined in the other hemi-
sphere. None of the treatments appeared to affect the levels
of soluble AB40 or AP42. Remarkably, treatment with 3-propyl-
Clip-Phen increased the brain levels of insoluble AB40 and
AB42 about twofold (from 54.74+88ngg™" to 1126+
13.1ngg™', p=0.005 for AP40 and from 265+43ngg ' to
624+91ngg ', p=0.007 for AB42), whereas neither Clioquinol
nor Cyclo-bi-Phen affected these parameters in a statistically
significant way. A similar picture emerged from the immuno-
histochemical staining of amyloid plaques. Here all treatments
remained without significant effect, except 3-propyl-Clip-Phen,
which increased total plaque load from 8.8+1.6% to 15.5+
2.3% (p=0.03). Thus, the previously observed ability of Clio-
quinol to reduce the load of insoluble A and to increase the
quantity of soluble P-amyloid peptide was not observed
here.® These differences were probably due to the differences
between experimental conditions (mono- versus double-trans-
genic mice, i.p versus oral drug administration, variations in
dosing protocols, etc.).

Brain sections were subsequently analyzed by staining with
Thioflavin-S, a dye with an affinity for -sheet structures that
specifically stains dense (so-called senile) amyloid plaques, as
opposed to the immunological staining used above, which
does not discriminate between senile and diffuse plaques."”
Surprisingly, both Clioquinol and Cyclo-bi-Phen specifically re-
duced Thioflavin-S-positive plaque load by about 30-40%
(Figure 2), although this is statistically insignificant, probably
due to the small number of mice included in this study (from
control levels of 1.0+0.2% to 0.7 4+0.2%; p=0.26 for Clioqui-
nol and to 0.6+0.2%; p=0.1 for Cyclo-bi-Phen). 3-Propyl-Clip-

ChemBioChem 2005, 6, 1976 — 1980



www.chembiochem.org



o~ Q Y | o o a [
=N N= N N
=N N= =N N= OH
04 7 | O\ /= !
3-propyl-Clip-Phen Cyclo-bi-Phen Clioquinol

(5mgkg™

16%/

(5 mg kg; 10 umol kg™

38 % 28 %

Figure 2. Quantitative analysis by histology of Thioflavin-S staining of the amyloid load
in the subiculum of double-transgenic APP[V7171]x PS1[A246E] mice treated with 3-
propyl-Clip-Phen, Cyclo-bi-Phen, or Clioquinol by intraperitoneal injection three times

per week over nine-week periods.

Phen showed a tendency to increase Thioflavin-S-positive
plaque load to 1.2+0.3% (p=0.5).

Hence chemically related metal chelators appear to affect
plaque load in opposite directions. Moreover, taking into con-
sideration the difference in molecular weight of the two chela-
tors that both decrease plaque load (504 for Cyclo-bi-Phen
and 305 for Clioquinol), these results were obtained with
9.9 umolkg™ of Cyclo-bi-Phen and 32.8 umolkg™" of Clioqui-
nol. We therefore conclude that Cyclo-bi-Phen exerts its effect
at a threefold lower level of the drug.

The data obtained on the reduction of Thioflavin-S-stained
amyloid deposits are of particular interest since Thioflavin-
stained plaques might be selectively neurotoxic'¥ through the
induction of oxidative stress, a deleterious phenomenon, possi-
bly related to the complexation of redox active metals by Af-
peptides."

Selective chelation of Cu", Zn", and, to a lesser extent, Fe" by
ApB-peptides has been related to an increase in amyloid deposi-
tion. Our strategy being aimed at the removal of these metal
ions, we estimated the stability constants of Cyclo-bi-Phen (L)
for Cu" and Zn" spectrophotometrically through competition
experiments with different ligands with known binding con-
stants for copper and zinc."® Similar values to those obtained
for Clioquinol were observed (Table 1) and were in accordance
with our attempts to prepare a ligand that had a mildly “com-
plexing ability”, capable of removing metals from Ap and
thereby decreasing the formation of amyloid plaques. After
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treatment with one equivalent of CuCl, or of ZnCl,,
complex formation was confirmed by electrospray
mass spectrometry, and [M—CI]*™ complexes were
observed (m/z=602 and 603 for LCuCl, and LZnCl,,
respectively). The partition of Cyclo-bi-Phen between
octanol and a physiological aqueous phase was also
measured; this resulted in an observed log D, , value
of 2.7, which is in accordance with our attempts to
prepare a ligand exhibiting a significant hydropho-
bicity.

In conclusion, the reduction of the plaque load
observed with Cyclo-bi-Phen indicates that the
Cyclo-Phen derivatives can be considered as drug
candidates in the treatment of neurodegenerative
diseases in which an over-loading of metal ions in
the brain has been evoked as being one of the main
factors in the pathologies related to metal-related
misfolding of proteins.

\

Control

Experimental Section

Synthesis of Cyclo-Phen: Caesium carbonate (2.22 g,
6.83 mmol) was added to 3,8-dihydroxy-1,10-phenan-
throline hydrobromide® (0.40 g, 1.37 mmol) dissolved
in anhydrous DMSO (310 mL) under nitrogen. Then a
solution of 1,3-propanediol di-para-tosylate (0.53 g,
1.37 mmol) in anhydrous DMSO (80 mL) was added
over 1h, before the mixture was heated for 48 h at
50°C under nitrogen and with vigorous stirring. The

Table 1. Comparison of some physicochemical properties of Cyclo-bi-
Phen and Clioquinol. D,, is the distribution coefficient of the ligands be-
tween octan-1-ol and Tris:HCl buffer (20 mm pH 7.4, 150 mm NaCl). Kc
and Kz are the stability constants of the ligands.

My, logD,., log Kew log Ky
Cyclo-bi-Phen 504 27 1041 6+1
Clioquinol 305 3.8 897 7?

[a] From ref. [3].

volume was reduced to 100 mL, then aqueous ammonia (40 mL,
pH 10) was added, and cyclized products were extracted with
CH,Cl, (2x40 mL). The organic phase was washed with aqueous
ammonia (pH 10), evaporated, and dried under vacuum. Chroma-
tography on silica gel (eluent 1% triethylamine (TEA) in CHCI;) af-
forded Cyclo-bi-Phen (31 mg, 0.06 mmol, 9%) as a white powder. A
mixture of Cyclo-tri-Phen and Cyclo-tetra-Phen was then eluted
from the column with CHCIl;/CH;OH/TEA (94:5:1). After evaporation
of the solvent, the two products were dissolved in CHCl;/CH;OH
(9:3), and Cyclo-tetra-Phen was precipitated by the addition of
CH;OH (6 volumes). The supernatant was evaporated, and a flash
chromatography on silica gel (eluent 1% TEA in CHCl;) afforded
Cyclo-tri-Phen (14 mg, 0.013 mmol, 3%) as a white powder. Pure
Cyclo-tetra-Phen was obtained from crystallization in CHCI,/CH;OH
(3:1) as white crystals (10 mg, 0.01 mmol, 3%). For each ligand,
white crystals suitable for X-ray analysis were obtained from recrys-
tallization in CHCly/CH;OH. Cyclo-bi-Phen: 'H NMR (250 MHz in
CDCl,/CD;0D 3:1): 6=2.12 (m, 4H), 4.15 (m, 4H), 435 (m, 4H), 6.98

1979

www.chembiochem.org



www.chembiochem.org



BIO

(d, “J(H,H)=3 Hz, 4H), 7.19 (s, 4H), 8.21 (d, *J (H,H) =3 Hz, 4H); ele-
mental analysis calcd (%) for C3,H,4,N,0,-0.6H,0: C 69.92, H 4.93, N
10.87; found C 70.01, H 4.94, N 10.53; MS (ES>0): 505 [M+H]*.
Cyclo-tri-Phen: '"HNMR (250 MHz in CDCl,/CD,0D 3:1): 6=2.21
(quint, *J(H,H)=5Hz, 6H), 4.20 (t, >J(HH)=5 Hz, 12H), 7.26 (d, *)-
(HH)=3 Hz, 6H), 7.36 (s, 6H), 8.50 (d, *J(H,H)=3 Hz, 6H); elemen-
tal analysis calcd (%) for CysH3gNgOgCHCI5: C 63.05, H 4.23, N 9.59;
found C 62.61, H 4.57, N 9.01; MS (ES>0): 757 [M+H]*. Cyclo-
tetra-Phen: '"H NMR (250 MHz in CDCl;/CD,OD 3:1) : 6=2.31 (m,
8H), 4.20 (m, 16H), 7.37 (d, “J(H,H)=3 Hz, 8H), 7.49 (s, 8H), 8.54 (d,
“JHH)=3Hz, 8H); elemental analysis caled (%) for
CeoHagNgOg-2 CHCl;: C 59.68, H 4.04, N 8.98; found C 59.78, H 3.62,
N 8.56; MS (ES>0): 1009 [M+H]™*.

Animal studies were approved by the Ethical Commission on
Animal Testing (K.U. Leuvan, Belgium) under Project number
P04026.
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Photolabile Protection for One-Pot
Sequential Native Chemical Ligation

Satoshi Ueda,”” Mizuno Fujita,” Hirokazu Tamamura,”
Nobutaka Fujii,*® and Akira Otaka*® "

The strategy of native chemical ligation (NCL) has widespread
application in the chemical synthesis of proteins." This meth-
odology features chemoselective amide formation between a
thioester and an N-terminal cysteine through attack of the Cys
sulfhydryl group on the thioester followed by intramolecular S-
N acyl migration. Sequential NCL with more than one thioester
fragment could potentially be an attractive method for con-
structing protein molecules (Scheme 1).%¥ In this strategy, pro-
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strategy.

tection of the amino and/or sulfhydryl groups of the N-termi-
nal Cys residue of the middle fragment 2 is needed to avoid
the formation of undesired products such as cyclic peptides.””
Recently, Kent's group reported an elegant one-pot sequential
NCL approach for peptide synthesis in a purification-free
manner using a thiazolidine derivative as N/S-protected Cys,
which regenerates the Cys residues by the action of methoxy-
amine-hydrochloride.” The use of photolabile protecting
groups in conjunction with acid- or base-sensitive groups pro-
vides a powerful means for selective manipulation of function-
al groups in synthetic chemistry.” Thus, we envisioned that a
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photolabile moiety should also serve as a useful protection for
either the N*-amino or the sulfhydryl group in a sequential
NCL strategy, in which simple photoirradiation would probably
allow consecutive NCL steps to be conducted in one-pot. Here
we report the development of novel phenacyl-type photolabile
protecting groups and their application to a purification-free
one-pot sequential NCL strategy.

Among several photoremovable groups, o-nitrobenzyl-type
protecting groups have been shown to be useful in peptide
chemistry.”” However, such photodeprotection on an N-termi-
nal Cys residue proceeds by a Norrish type Il mechanism to re-
lease the N/S-unprotected Cys and an aldehyde, which then re-
combine to form an imine or thiazolidine moiety that fails to
show the desired reactivity in the following NCL step. Photola-
bile phenacyl-type protection is a potential alternative to using
nitrobenzyl groups due to their photosolvolytic character. Phe-
nacyl-type groups with methoxy®? or hydroxyl"® substituents
have received attention as photosensitive groups, in which the
electron-donating substituents are responsible for the rapid re-
lease of parent molecules. This prompted us to examine the
feasibility of -CO,H or -NH, protection of phenacyl-type groups
with a more electron-donating p-dimethylamino substituent
and the applicability of such protecting groups to one-pot se-
quential NCL strategies.

First, we evaluated the usefulness of 4-(dimethylamino)phe-
nacyl (Map) esters. The requisite carboxylates 7 were prepared
as shown in Scheme 2. Photolysis of 7 was conducted in EtOH

Scheme 1. Synthetic strategy for the preparation of peptides/proteins by X X X (0]

using sequential native chemical ligation (NCL). Protection of the amino (Py) a)orb) c) )K

or sulfhydryl (Ps) group in fragment 2 is necessary for the sequential NCL Br 0" ONp
o} (e} O

4a: X = OMe 5a: X = OMe (87%) 6b: X = OH (51%)
4b: X = OH 5b: X = OH (58%) 6c: X = NMe, (77%)
4c: X = NMe, 5¢: X = NMe, (81%)

5d: X=H

d
Z-Gly-OH+5 2, 7 H-Phe-OMe + 6 —» 8

2O 02

N

z \)ko 07 "N coMe
o H

o)

8b: X = OH (71%)
8¢c: X = NMe, (93%)

7a: X = OMe (88%); 7b: X = OH (72%)
7c: X = NMe, (81%); 7d: X = H (93%)

Scheme 2. Syntheses of protecting agents 5 and 6 and protected amino
acid derivatives 7 and 8: a) CuBr,, EtOAc, reflux for 5a and 5b; b) Br,, conc.
H,SO,, then (EtO),P(O)H, Et;N for 5c¢; ¢) HCO,Na, EtOH, reflux, then p-nitro-
phenylchloroformate, pyridine, CH,Cl,; d) 1,8-diazabicyclo[5.4.0Jundec-7-ene,
benzene; e) Et;N, DMF for 8b; Et;N, pyridine for 8c.

by using a 100 W high-pressure Hg lamp (hv>300 nm) at a
concentration of 1 mm. Deprotection profiles of 7 are summar-
ized in Table 1. Photolysis of the novel Map ester 7 c proceed-
ed efficiently to complete the release of Z-Gly-OH at a rate two
times faster than 4-hydroxyphenacyl ester 7 b, which has great
potential as a “photo-cage”. Although the ester 7c did not
show sufficient stability toward 20% piperidine in DMF, this

7 MWILEY
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Table 1. Photoinduced-deprotection of protected amino acid derivatives
(7 and 8)

Substrate Photolysis Yield '
(p-substituent) [t/min]® [9%]" [min]
1 7a (OMe) 90 22 n.d.d
2 7b (OH) 30 96 11
3 7 ¢ (NMe,) 7 97 5.3
4 7d (H) 90 1 n.d.@
5 8b (OH) 70 93 19
6 8c (NMe,) 20 95 7.5

[a] Each sample solution in EtOH (1 mm) was irradiated with a 100 W
high-pressure Hg lamp (hv>300 nm) at room temperature. [b] Deter-
mined by measurements of regenerated amino acid derivatives (Z-Gly-OH
for 7 and H-Phe-OMe for 8) by using reversed-phase HPLC analyses.
[c] Determined by the disappearance of 7 or 8 by using HPLC analyses.
[d] Not determined.

group could be used in the design of caged compounds as
well as 7b.

Next, we investigated the feasibility of the 4-(dimethylami-
no)phenacyloxycarbonyl (Mapoc) moiety for the protection of
amines. To our knowledge, carbamates including the 4-hydroxy-
phenacyl unit have yet to be examined well for this purpose."”
Phenylalanine-derived carbamates (8b and 8c) were prepared
according to the Scheme 2. Treatment of phenacyl bromides
5b and 5c with sodium formate followed by conversion to
carbonate afforded phenacylcarbonates 6. Treatment of H-Phe-
OMe with 6 yielded N-protected derivatives 8. Deprotection
profiles of 8 under photoirradiation are also summarized in
Table 1. Although the photolysis of 8b or 8c proceeded slowly
as compared with that of the corresponding esters 7b or 7c¢,
regenerated H-Phe-OMe was quantitatively recovered within
70 or 20 min, respectively. Mapoc carbamate 8c also released
the amine faster than 8b did. Additionally, the Mapoc group
was found to remain intact during acidic (TFA) or basic (20%
piperidine in DMF) treatments commonly used in peptide
chemistry. Furthermore, the half-life of the Map or Mapoc
group in EtOH in normal daylight was 5.1 or 7.0 days, respec-
tively; this shows that Map- or Mapoc-protected peptide can
remain almost intact during usual experimental manipulations.

The utility of the Mapoc group in NCL was confirmed by its
use in the syntheses of cyclic peptide 12 and a 32-residue
human-brain natriuretic peptide (hBNP-32 17; Figures 1 and
2)."% A “phototriggered intramolecular NCL” strategy was used
for the preparation of 12. As a model peptide, we chose a 12-
mer peptide sequence (CSEFENEIIKQG) derived from the third
extracellular loop region of the CXCR4-chemokine receptor."
The N®-Mapoc thioester 9 was synthesized by Fmoc-based
solid-phase protocols on a sulfonamide safety-catch linker.!™
The N“-Mapoc group was introduced at the end cycle of the
solid-phase protocol by using 6c (5 equiv) in the presence of
DIPEA (5 equiv). Completion of the protection with the Mapoc
group was confirmed by a Kaiser ninhydrin test." The protect-
ed resin was subjected to consecutive treatment for release of
a thioester with iodoacetonitrile and with ethyl-3-mercaptopro-
pionate to afford a fully protected thioester. TFA treatment of
the protected thioester gave the N*-Mapoc thioester 9, which
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Figure 1. HPLC monitoring of phototriggered intramolecular NCL for the
synthesis of cyclic peptide 12: a) HPLC-purified 9; b) phototriggered NCL
(t=20 min): 9 (0.2 mm) was photoirradiated at 25 °C in phosphate buffer
(pH 7.6) containing guanidine-HCl (6w) in the presence of 1% (w/v) sodium
mercaptoethanesulfonate; c) Purified peptide 9 was dissolved in phosphate
buffer (pH 7.6) containing guanidine-HCI (6m) without photoirradiation. HPLC
conditions: Cosmosil 5C;gARIl column (4.6 x 250 mm) with a linear gradient
of MeCN/0.1% aq. TFA (20:80-80:20 over 50 min) at a flow rate of

1.0 mLmin~', detection at 220 nm. Generally, compound 11 is thought to
be a real intermediate; however, it is rapidly converted to compound 12.
Since we cannot detect compound 11 by HPLC, it is shown in brackets.

was dissolved in phosphate buffer (pH 7.6) containing 6m gua-
nidine hydrochloride and 1% (w/v) sodium mercaptoethane-
sulfonate at a concentration of 0.2 mm. Photolysis (>300 nm,
20 min) triggered an intramolecular NCL reaction to yield the
desired cyclic peptide 12 in high purity. Without UV irradiation,
no ligation product was obtained and reversible thiol 9=thio-
ester 10 exchange was observed.

Being encouraged by these results, we applied Mapoc pro-
tection to a one-pot peptide-chain assembly of hBNP-32 utiliz-
ing a sequential NCL strategy followed by disulfide-bond for-
mation with DMSO. As shown in Scheme 3, hBNP-32 has two
Gly-Cys sequences, and these Cys residues are connected to
each other by a disulfide bond. Therefore, we prepared three
peptide fragments consisting of a C-terminal segment 13, a
middle segment 14, and an N-terminal segment 15 by Fmoc
protocols. Synthesis of thioesters 14 and 15 was achieved by
trithio-ortho ester methodology, in which a Gly trithio ester
was anchored through a backbone amide linker (BAL) to a
solid support.'® Application of standard Fmoc protocols effi-
ciently afforded the peptide thioesters. For the middle frag-
ment 14, the completed peptide resin with an unprotected N“-
amino group was treated with 6c (5 equiv) in the presence of
DIPEA (5 equiv). After 12 h reaction, a Kaiser test indicated that
no free N“-amino group remained on the resin. Treatment of
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Figure 2. HPLC monitoring of one-pot sequential NCL reac-
tions followed by disulfide-bond formation for the synthesis of
hBNP-32 (17). a) The 1st NCL (t=0 min): fragments 13 (1 mw)
and 14 (1 mwm) were ligated in phosphate buffer (pH 7.6) con-
taining guanidine-HCI (6wm) in the presence of thiophenol
(0.3%, v/v). b) The 1st NCL (t=60 min). c¢) Photoinduced depro-
tection of the 1st NCL product (t=30 min); the ligated product
was photoirradiated (hv >300 nm) in buffer for ligation. d) the
2nd NCL (t=0 min): fragment 15 (1 mm) was coupled with the
deprotected peptide in the presence of additional thiophenol
(1%). e) the 2nd NCL (t=60 min). f) formation of the disulfide
bridge (t= 180 min); DMSO was added (10% v/v) to the liga-
tion reaction mixture (0.33 mm peptide). HPLC conditions: Cos-
mosil 5C,zARIl column (4.6 X250 mm) with a linear gradient of
MeCN/0.1% aq TFA (5:95-45:55 over 40 min) at a flow rate of
1.0 mLmin~’, detection at 220 nm.

the resulting resin with a TFA-based deprotection
reagent yielded the N*-Mapoc thioester 14. Sequen-
tial NCL reactions were achieved in one pot without
purification of the ligated intermediates (Figure 2).
The initial ligation between the middle fragment 14
and the C-terminal fragment 13 was carried out in
the presence of 0.3% (v/v) thiophenol in phosphate
buffer (pH 7.6) containing 6m guanidine hydrochlo-
ride at 37 °C for 1 h. The reaction proceeded quanti-
tatively to yield the N“-Mapoc ligated product (13
+ 14, Figure 2a and b). Without purification, the
coupled product was subjected to photoirradiation
at 25°C for 30 min (Figure 2c). This was followed
by the second ligation with thioester 15 for 1 h in
the presence of additional thiophenol (1% v/v) to
afford the linear 2-Cys-SH hBNP-32 (16) with satis-
factory purity (Figure 2d and e). Monitoring of the
reaction progress by HPLC indicated that this se-
quence of reactions went to completion without
any significant accompanying side reactions. The
peptide solution was diluted threefold with phos-
phate buffer, followed by the addition of DMSO
(10% v/v) to yield the disulfide-bridged hBNP-32
(17, Figure 2.1 HPLC purification of the crude
material afforded purified 17 in 56% yield as calcu-

NCL

1) NCL
2) hy

hBNP 32 (17)

11 25 27 32

2 Cys -SH hBNP-32 (16)

Scheme 3. Synthetic scheme for the preparation of hBNP-32 (17) by utilizing a one-pot sequential NCL followed by disulfide-bond formation with DMSO.
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lated from peptide fragments employed in the sequential NCL
reactions.

In this communication, we have presented novel 4-(dimethy-
lamino)phenacyl-type photolabile protecting groups (Map and
Mapoc) and demonstrated their unequivocal utility in peptide
synthesis. In particular, the Mapoc unit represents a photosen-
sitive protection group for amines that exhibits adequate sta-
bility against the acidic (TFA) and basic (20% piperidine/DMF)
reagents commonly used in peptide chemistry. When used in
conjunction with NCL reactions, the Mapoc group can be used
for phototriggered intramolecular cyclizations. One-pot se-
quential NCL reactions can also be readily achieved. It is note-
worthy that the one-pot synthesis presented herein could be
conducted without either purification of ligated intermediates
or readjustment of ligation conditions, such as pH. Finally, we
believe the use of photolabile 4-(dimethylamino)phenacyl-type
protection provides an efficient protocol for the synthesis of
Cys-containing peptides/proteins and represents an alternative
to Kent's thiazolidine-mediated approach. Extension of our
methods to the preparation of proteins will be presented in
due course.
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Sunflower-Shaped Cyclodextrin-
Conjugated Poly(e-Lysine) Polyplex
as a Controlled Intracellular
Trafficking Device
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Gene therapy is being developed to ameliorate acquired and
inherited diseases in a straightforward manner by adding, cor-
recting, or replacing genes."? Nonviral polymeric gene carriers
allow the delivery of therapeutic genes that can be tailored to
increase both cellular uptake and transfection efficacy.** Re-
cently, cyclodextrin (CD) containing polymers have been used
as nonviral vectors due to their low cytotoxicity and their abili-
ty to modify the polyplex by inclusion complexation. Uekama
et al. suggested the potential of CD-dendrimer conjugates as
gene-transfer vectors showing much higher transfection effi-
ciency than dendrimers.”! Davis et al. have studied the use of
CD-containing poly(ethylenimine)s (PEls) for polyplex forma-

[a] Dr. H.S. Choi, A. Yamashita, Dr. T. Ooya, Prof. N. Yui

School of Materials Science and the 21st Century COE Program (Japan)
Advanced Institute of Science and Technology

1-1 Asahidai, Nomi, Ishikawa 923-1292 (Japan)

Fax: (+81)761-51-1640

E-mail: yui@jaist.ac.jp

Dr. H. Akita, Dr. K. Kogure, R. Ito, Prof. H. Harashima

Graduate School of Pharmaceutical Sciences, Hokkaido University
Kita 12, Nishi 6, Sapporo 060-0812 (Japan)

Fax: (+81) 11-706-3733

E-mail: harasima@pharm.hokudai.ac.jp

=

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

0

F - MWILEY

1986 %, InterScience’ © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2005, 6, 1986 - 1990





tion with plasmid DNA (pDNA) through their electrostatic inter-
actions.”” Here we suggest a new strategy for effective gene
trafficking using a sunflower-shaped B-CD-conjugated poly(e-
lysine) (B-CDPL) polyplex. The 3-CDs facing the outside of the
polyplex promote the removal of cholesterol from the cell
membrane, this introduces local membrane disturbances and
assists the transfer of pDNA into cells, either by endocytosis or
by endosomal release into the cytoplasm.” Furthermore, we
propose that the secondary amines of B-CDPL employ a
proton-sponge effect to produce significantly enhanced trans-
fection.

In this study, we sought to test the hypothesis that efficient
gene delivery could be mediated by 3-CDPL/pDNA complexes
that have been designed to promote the efficient escape of
pDNA from early endosomes in the endocytosis pathway
(Scheme 1) We anticipated that this might be induced by
the B-CD side chains on the polycations, since the stripping of
cholesterol and phospholipids from endosomal membranes
would exert membrane-disrupting effects on the endosome."”
In endosomes in which the pH drops from 7.4 to 6.0, the (-
CDPL/pDNA complex forms more condensed particles because
the B-CDPL shows pH-dependent complexation with negative-
ly charged guests.® Furthermore, the buffering effect of the
secondary amines in the $-CDPL synergistically induces mem-
brane destabilization through osmotic swelling arising from
the proton-sponge mechanism."" This approach could signifi-
cantly enhance the nuclear delivery of transfection activity of
[-CDPL polyplexes relative to linear PEI (LPEI).
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We assumed that, during polyplex formation, the pDNA
would be condensed by the cationic 3-CDPLs such that the [3-
CD side chains would face the out from the polyplex surface
like a sunflower, where they would be free to interact by cho-
lesterol binding and efflux. In order to verify this hypothesis, a
hydrophobic fluorescence probe was bound to the surface of
the rhodamine-labeled pDNA/B-CDPL polyplex, and the com-
plexation geometry was observed by confocal-laser scanning
microscopy (CLSM) and fluorescence spectroscopy (see Fig-
ure S4 in the Supporting Information). TNS (6-p-toluidino-2-
naphthalenesulfonate) forms a stable inclusion complex with
B-CD in a manner similar to cholesterol." CLSM images show
that the periphery of the polyplex produces blue TNS fluores-
cence that is localized near a red fluorescence arising from the
rhodamine-labeled pDNA. In addition, the fluorescence intensi-
ty of the TNS—[3-CDPL-pDNA complex significantly increased
due to the inclusion complexation between the hydrophobic
part of TNS and the outwards-facing B-CD cavities. Considering
the chemical rationale, the CLSM data strongly support our ini-
tial hypothesis that the majority of the (3-CD cavities are locat-
ed on the outer surface of the polyplex (sunflower shape).

The 3-CDPL polyplexes were characterized by dynamic light
scattering (DLS) and zeta (§) potential measurements at differ-
ent pHs to reveal the effect of environmental pH on polyplex
size and surface charge, factors that will affect their fate during
intracellular trafficking. As shown in Figure 1A, PL polyplexes
do not show any pH-dependent complexation in the range of
pH 6.0-7.4 because the pK, of the primary amines in PL is
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cells™ The microscopy data

show that [-CDPL polyplexes
are efficiently internalized even
at short incubation times (Fig-
ure 2B-D). After a 0.5 h of trans-
b fection, significant cellular
uptake was observed as numer-
ous discrete yellow patches in
the endosome/lysosome: the
Lysosensor and the rhodamine-
labeled pDNA yield yellow spots
due to colocalization of the
green and red fluorescence. On
the other hand, PL polyplexes
(Figure 2A) were localized at
the cell surface after 1.5 h, with
limited internalization occurring
after 3.0 h. The efficient cellular
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Figure 1. Zeta potentials of the polyplexes transfected with A) PL and B) 3-CDPL, and DLS data from 3-CDPL poly-
plexes (N/P=10) at C) pH 6.0 and D) 7.4. The solutions containing the polyplexes were prepared in a 10 mm phos-

phate buffer after 20 min incubation at room temperature.

about 9.0. The ¢ potentials increased upto N/P=2, at which
point the values show similar tendency; this means that the
polyplex surface at N/P=2 is almost occupied by (-CDPL.
Above N/P =2, the difference results from the degree of proto-
nation of the primary amines of PL. On the other hand, the ¢
potentials of the (-CDPL polyplexes were negative at all N/P
ratios in pH 7.4 medium (Figure 1B); this indicates that all
available primary amines were charge balanced by the phos-
phate groups of DNA. The & potentials at pH 6.0 were positive
above N/P ratios of 2; this suggests that the secondary amines
are protonated (pK,=6.35, see Figure S3 in the Supporting In-
formation), while at pH 7.0, the 3-CDPL polyplexes were nega-
tively charged due to deprotonation of the -CDPL secondary
amines. The hydrodynamic diameter of the 3-CDPL polyplexes
at N/P 10 was also measured by DLS. At pH 6.0 the diameter
was very small (ca. 150 nm, Figure 1C); this suggests a tight
condensation between the protonated amines and pDNA,
whereas two diameters of about 25 and 284 nm were ob-
served at pH 7.4 (Figure 1D). The implication of these data is
that the tightly packed -CDPL polyplexes in acidic endosomes
(pH 6.0) would be weakened once they are released into the
cytoplasm, since the £ potential of the $-CDPL polyplex was
negative at pH 7.0 (Figure 1B). The large particles represent
loosely condensed (-CDPL polyplexes, while the small ones
match the decondensed B-CDPL aggregates."® These pH-de-
pendent properties could significantly affect the intracellular
trafficking of the B-CDPL polyplexes within cells that have in-
ternalized them by endocytosis.

To address the impact of 3-CDPL as a programmed packag-
ing device for efficient gene therapy,” the time-dependent
changes in cellular uptake and intracellular trafficking of the [3-
CDPL polyplexes were observed by CLSM imaging of NIH-3T3
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uptake of the B-CDPL polyplex-
es was also quantitatively con-
firmed by fluorescence-based
flow cytometry (Figure 2F).
When pDNA was condensed
with $-CDPL, the cellular associ-
ation was enhanced by nearly
one order of magnitude relative to free pDNA. Considering the
previous reports showing that $-CDs possess hemolytic and
membrane-disrupting activity toward erythrocytes through in-
corporation of cholesterol and phospholipids,”'” we propose
a synergistic action of the surface-exposed B-CDs as endoso-
mal membrane-destabilizing agents and the complexation be-
havior of the cationic 3-CDPL, which together lead to increased
uptake of pDNA within the cells.

After internalization by endocytosis, the polyplexes have to
escape the endosome and enter the cytosol before lysosomal
degradation. As shown in Figure 2, the large and numerous
red fluorescent spots observed in the B-CDPL polyplexes after
a 1.5 h of incubation indicate that the pDNA has extensively
escaped from the endosome/lysosome. The multifunctional
character of 3-CDPL could account for the highly efficient en-
dosomal escape properties; membrane disruption by choles-
terol extraction, and endosomal release through the proton
sponge effect (see Figures S1-S3 in the Supporting Informa-
tion).

In the 3.0 h CLSM images, efficient perinuclear accumulation
was observed for the 3-CDPL/pDNA complexes. Specifically at
N/P=5 and 10, colocalization of pDNA is clearly observed as
pink spots within the nuclei. Recently, we reported that LPEI is
potent in transfecting cells in the GO/G1 phase when the nu-
clear membrane is intact; this suggests that the secondary
amines of LPEl can function as a nuclear localization signal
(NLS).'® B-CDPLs possess similar chemical characteristic to
LPEI, such as polyvalent secondary amines, which might make
them function like a NLS. The less effective nuclear colocaliza-
tion of -CDPL polyplex at N/P=2 can be explained as a weak
membrane-destabilizing activity due to the reduced number of
B-CD moieties on the particle surface. An alternative explana-

100.0 447.2
rinm —-
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of B-CDs into the polycation back-
bone led to significant enhance-
ments of the cellular uptake, en-
dosomal escape, nuclear transfer,
and cell viability of the (-CDPL
polyplexes in spite of the lower
number of cationic groups than
in the PL homopolymer.

In conclusion, the CLSM and
fluorescence spectroscopy evi-
dence support our initial hypothe-
sis that (3-CDs face outwards from
the polyplex like a sunflower and
that this directly affects cell at-
tachment and endosomal release
through a membrane-disrupting
mechanism.  Furthermore, the
newly  developed  secondary
amines induced a buffering
proton-sponge effect by [-CD
conjugation, which might synerg-
istically facilitate the rapid endo-
somal release. The high cellular
uptakes and the low toxicity of

u T T 1 D
10 10"
FL1-H

Figure 2. CLSM images for the pDNA polyplexes after 0.5, 1.5, or 3.0 h of transfection; A) PL with N/P=5, B) f3-

. this B-CDPL make it a promising
molecular template with great po-
tential as an intracellular traffick-
ing device.

FL1-H

CDPL with N/P=2, C) $-CDPL with N/P=5, and D) 3-CDPL with N/P=10. A total of 2.0 g pDNA was transfect-
ed into 1x10° NIH-3T3 cells per dish. Endosome/lysosome (green) was stained with Lysosensor, and the blue

fluorescence shows the Hoechst 33258-stained nuclei. Efficient polyplex-mediated uptake of pDNA into NIH-
3T3 cells was obtained at E) 4 and F) 37 °C. The influence of preincubation with serum on the cellular associa-
tion of the rhodamine-labeled pDNA was measured with a flow cytometer 1.5 h after transfection (N/P=5).

tion for this effect is the inhibition of nuclear approach by the
electrostatic interaction between the negative { potential of
the B-CDPL polyplexes and the negatively charged nuclear
membrane lipids.

The transfection activities of $-CDPL polyplexes were com-
pared with those of PL and LPEI at different N/P ratios. As
shown in Figure 3A, PL induced very low luciferase activity re-
gardless of the N/P ratios; however, the [3-CDPL polyplexes at
both N/P=5 and 10 showed a transfection activity that was
four orders of magnitude higher than that of PL and 10 times
higher than that of LPEl. This suggests that efficient nuclear
transfer might be responsible for the high transfection activi-
ties observed for the 3-CDPL polyplexes. We attribute this en-
hancement to the synergistic action of the proton-sponge
mechanism, which arises from the protonation of the secon-
dary amines, and the membrane destabilization properties of
B-CD. In addition, the cytotoxicity of the polyplexes was tested
by MTT assay in terms of the N/P ratio. As shown in Figure 3B,
the cell viability of the PL homopolymer gradually decreases
with the N/P ratio and shows a sharp decrease to under 50%
at N/P=50. However, for 3-CD substitutions onto the PL ho-
mopolymer, 3-CDPL shows an interesting and remarkable de-
crease in cellular toxicity due to the low toxicity of the CDs as
well as the reduced charge density.*® Thus, the introduction

ChemBioChem 2005, 6, 1986 — 1990
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Experimental Section

Synthesis of B-CDPL. -CDPL was
made by a coupling reaction be-
tween 6-deoxymonoaldehyde-activated CD (ald-CD) and PL (M,,=
4000, DS=33.2%) as a programmed packaging device for an effi-
cient gene delivery.™ The primary amino groups in the PL (ca-posi-
tion, pK,=9.0) were used for the complexation with pDNA, while
proton-sponge effects result from the increased secondary amino
groups (pK,=6.35) through CD conjugating to the primary amines
of the PL" The detailed synthetic method for B-CDPL can be
found in the Supporting Information.

Cell culture, transfection, and luciferase assay. NIH-3T3 cells
(American Type Culture Collection, Manassas, VA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal calf serum at 37°C under 5% CO, in air.
For luciferase assays, NIH-3T3 cells in 24-well plates were seeded at
4x 10" cells per well and transfected with pDNA (0.4 ug per well)
suspended in DMEM (0.25 mL) without serum, then incubated for
3h at 37°C. The cells were then washed with PBS, and DMEM
(1 mL with 10% serum) was added to the cells, followed by a fur-
ther incubation for 21 h. The cells were extracted with a reporter
lysis buffer (Promega, Madison, WI) and assayed by using a lumin-
ometer (Luminescencer-PSN, ATTO, Japan). The amount of protein
was determined by using a BCA protein assay kit (PIERCE, Rockford,
IL). Each construct within an experiment was transfected in tripli-
cate, and the summarized data are the result of at least three sepa-
rate transfection experiments.

CLSM and flow cytometry. For the CLSM experiments, rhodamine-
labeled NIH-3T3 cells were treated with different N/P ratios for dif-
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Figure 3. A) Transfection efficiency for pDNA polyplexes in NIH-3T3 cells and
B) subsequent viability of these cells. The polyplexes were transfected for
24 h with PL, B-CDPL, and LPEI with varying N/P ratios (n=>5). The transfec-
tion results were expressed as light units integrated over 10 s per mg of cell
protein by using the BCA assay. All transfection experiments were carried
out in duplicate and were repeated at least three times to confirm their re-
producibility.

ferent incubation times (0.5, 1.5, and 3 h). Endosome/lysosome and
nuclei of NIH-3T3 cells were stained with Lysosensor DND-189
(1 um; Molecular Probes, OR) and Hoechst 33258 (30 uv; Wako
Chemical, Osaka, Japan), respectively. Fluorescence and bright-field
images were captured by using a Zeiss Axiovert 200 inverted fluo-
rescence microscope equipped with a confocal microscope Zeiss
LSM 510 (Carl Zeiss Co. Ltd., Jena, Germany). For flow cytometry,
the rhodamine-labeled pDNA was mixed with polycations and
added to the NIH-3T3 cells seeded at 5x10° cells per dish for
transfection in DMEM (10 mw) at pH 7.4. After 1.5 h incubation at 4
and 37°C, the fluorescence of the cells was quantified by flow cy-
tometry (FACScan, Becton Dickinson).
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Protein—protein interactions between estrogen receptors, ERa and
ERB, and their coactivators (CoAs) are an attractive target for
drug intervention. This interaction is mediated by a small penta-
peptide motif (LXXLL), termed the NR box. Based on this motif, a
variety of cyclic and linear peptides were synthesized in order to
gain a better understanding of the association of CoA proteins
with the ER isoforms. Utilizing a time-resolved florescence-based
coactivator interaction assay, we determined the abilities of these
peptides to inhibit this interaction. Using molecular modeling
and CD spectroscopy, we have examined the structural basis of
their bioactivities with both hormone receptor isoforms. Either
homocysteine or penicillamine was utilized as a substitute for

Introduction

Nuclear receptors (NRs) are transcription factors that control
physiological processes, such as differentiation, development,
homeostasis, and behavior, by directly regulating the expres-
sion of select target genes." The estrogen receptor (ER) pro-
tein, which is a member of the nuclear hormone receptor su-
perfamily plays a primary role in reproduction and regulates a
variety of physiological processes associated with the skeletal
system, cardiovascular system, and certain nonreproductive
centers of the brain? The action of estrogens and their
mimics in regulating gene transcription is mediated through
two ER isoforms, ERa and ERB."" ER has been implicated in a
variety of disease states, including breast and endometrial can-
cers, cardiovascular disease, osteoporosis, and Alzheimer’s dis-
ease.’! Considering breast cancer, most drug-design efforts
have focused on developing selective estrogen-receptor mod-
ulators or SERMs. These synthetic antiestrogens bind in the
ligand-binding domain (LBD) of either ERa or ERf, and block
estrogen action, effectively inhibiting cell growth.”) SERMs
elicit a complex array of tissue-specific effects, and the elabo-
rate pharmacology of ER presents further obstacles to the
broader clinical applications of SERMs.

ER pharmacology involves combinatorial collaboration of at
least three events.” These include ligand-induced alteration of
receptor conformation, binding of activated receptor to specif-
ic promoter regions within target genes, and the recruitment
of coregulatory proteins to the ligand-receptor-gene assem-
bly. Drugs that have been designed to target ER function bind
within the ligand-binding pocket and modulate receptor con-
formation. However, the effectiveness of estrogens in stimulat-
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cysteine in the disulfide-bridged peptides, while tertiary leucine
and neopentyl glycine were used as the surrogates for the NR
box leucines. The most potent disufide-bridged peptide (K=
70 pm, with ERa) incorporates neopentyl glycine in the NR box,
while the most active peptide in this series with ERS (K;=350 pm)
incorporates tertiary leucine. Surprisingly, several linear peptides
containing a single cysteine residue showed activities with low
nanomolar K; values. Collectively, our results suggest a synthetic
approach for designing potent and selective peptidomimetics for
ERa. and ERp interactions with CoA proteins effecting estrogen
action.

ing ER-mediated gene transcription depends on the receptor
protein interactions with the coactivator (CoA) proteins.” Con-
sidering the functional consequences of ER-CoA interactions
on hormone-induced gene activation, this crucial protein—pro-
tein interaction has been recognized as an attractive target for
drug development.”

Structural and functional studies have revealed the molecu-
lar mechanisms of ligand-dependent interactions between NRs
and their CoAs.®™ These protein-protein interactions are pri-
marily mediated by a short, conserved, pentapeptide motif
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LXXLL (L is leucine, X is any amino acid), termed the NR box.
Crystallographic analyses have shown that this pentapeptide,
which is a segment of the CoA protein, binds as a short a-helix
to a shallow hydrophobic groove on the surface of the NR
LBD. The helical conformation of the NR box allows hydropho-
bic leucine residues to interact favorably with the shallow sol-
vent-exposed hydrophobic groove. Biochemical studies have
demonstrated the feasibility of blocking the interaction be-
tween NR and CoAs with the help of small peptides containing
the LXXLL interaction motif." Disruption of this helix-mediat-
ed protein-protein interaction provides an alternative strategy
for regulating the transcriptional activity of NRs. This general-
ized strategy has been utilized in designing CoA-based pep-
tides targeted toward ER'*' and vitamin D,'¥ retinoid X,"
and thyroid receptors.'®"”)

Recently, we reported peptidomimetic estrogen-receptor
modulators or PERMs as inhibitors of ER-CoA interactions.!'*'®
Disulfide and thioether-bridged side-chain cyclization"®' were
used as a strategy to induce helicity within the small peptide
chains incorporating the LXXLL motif. Here we have advanced
the structure-activity relationship (SAR) studies on disulfide-
bridged PERMs. The purpose of this study is to understand
what factors affect the binding affinity and selectivity of
LXXLL-containing peptides. We have studied the effect of
change in the configuration of cysteines constituting the disul-
fide bridge on the bioactivity of these peptides. Using a variety
of unnatural cysteine and leucine surrogates, we have ob-
tained more potent and selective analogues of PERMs. We
have also designed and synthesized linear analogues of our di-
sulfide-bridged peptides. The study reveals valuable informa-
tion that can be utilized in designing peptidomimetic or non-
peptidic molecules as the inhibitors of ER-CoA interactions.

Results
Cyclic Peptides

We recently reported PERM-1, a cyclic peptide with the se-
quence H-Lys-cyclo(p-Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH,,
which is a o-Cys, -Cys; i, i+3, disulfide-bridged nonapeptide.'”
The high affinities (K; values of 25 nm for ERa, and 390 nm for
ERpB) observed for PERM-1 have been attributed to the helix-in-
itiating i, i+3; p-Cys, .-Cys combination for its disulfide bridge.
This strategy of side-chain cyclization for helix induction is
based on a report by Pelligrini et al.,”? and, accordingly, PERM-
1 displayed partial helical character in our CD studies."” How-
ever, there have been no systematic studies to assess the po-
tential of the remaining combinations of the cysteine configu-
rations for inducing helicity in the peptide chain.

Hence, we initially synthesized three i, i+3 disulfide-bridged
peptides (Table 1) that incorporated -Cys, .-Cys (1); .-Cys, p-Cys
(2); and p-Cys, o-Cys (3). The bioactivity profile of these config-
urational variants showed the order of p-Cys, -Cys (PERM-1) >
L-Cys, -Cys (1) > p-Cys, o-Cys (3) >1-Cys, p-Cys (2). Thus, none of
the configurational variants showed higher affinity binding to
either ERa. or ER( than PERM-1 (Table 1). Circular dichroism
(CD) studies of these peptides were performed in 20% 2,2,2-tri-

1992

www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. P. Burris et al.

fluoroethanol (TFE) to determine their secondary structure. In
the case of an a-helix, the spectrum has two typical minima at
208 nm and 222 nm. Although short peptides are not a-helical
in aqueous solution, some solvents, such as TFE, induce helical
behavior. CD results for the disulfide-bridged peptides 1, 2, 3,
and PERM-1 are presented in Figure 1. Although the spectra
shown in Figure 1 exhibit minima around 208 and 222 nm,
their shapes are not uniform and are distorted from that of an
ideal a helix. This is probably due to the presence of a disul-
fide bridge and variation in the cysteine configuration of these
peptides. Surprisingly, PERM-1, with the lowest K; value
(Table 1), did not show the highest helical character. Instead,
peptide 1, which is an all-.-amino acid peptide, exhibited the
highest helical content. This finding was expected, as it has
been shown that incorporation of a b amino acid residue gen-
erally destabilizes the helical peptide by 1 kcalmol™'.®® CD
analysis revealed that the helical character observed in 20%
aqueous TFE is not the dominant factor determining the bind-
ing affinity of these cyclic peptides.

Peptide 4 not only contains the preferred i, i+3; o-Cys, -Cys
combination, but it also contains two copies of the LXXLL se-
quence. The N-terminal copy incorporates p-cysteine and iso-
leucine as the intervening XX residues, while the C-terminal
copy has cysteine and arginine as the intervening residues.
Coactivator proteins often contain multiple copies of LXXLL
motifs; however, they are typically separated by ~50 amino
acids; this might allow cooperative binding of LXXLL motifs to
dimeric LBDs.” Thus, it was not unexpected that peptide 4
showed no further increase in affinity relative to PERM-1 since
the LXXLL motifs were overlapping and did not contain the
requisite amino acid spacer (Table 1). In fact, these alterations
actually caused a decrease in affinity for both ERa and ER.

It is believed that in an j, i+3; o-Cys, .-Cys strategy, both the
cysteine side chains are oriented toward the same side of the
peptide chain. This presumably compensates for the destabili-
zation caused by the presence of a b amino acid and induces
helical conformation favorable for the association of the leu-
cines with the hydrophobic groove. But, other than i, i+3 side-
chain cyclization, we''? and others""®'”> have reported a i, i+4
side-chain-cyclization strategy using lactam bridges. In our
report,'? j, i+3 disulfide cyclization showed significantly better
association with the CoA binding groove than an i, i+4 lactam
analogue. In the case of peptide 5, we also attempted an i,
i+4 disulfide cyclization, but this peptide also showed much
lower potency than that of PERM-1 (Table 1). This series of pep-
tides involving different combinations of cysteine configura-
tions and ring sizes confirmed that i, i+3; o-Cys 1-Cys combina-
tion indeed produces the most favorable receptor association
and that higher helicity does not necessarily translate into
lower K; values of PERMs. Utilizing this i, i+3; p-Cys -Cys con-
figuration, we further explored the effect of two unnatural cys-
teine surrogates, homocysteine and penicillamine, on the bind-
ing affinities of PERMs.

We previously reported PERM-2, which has the sequence H-
Arg-cyclo(p-Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH,."*) PERM-2 is
an N-terminal arginine analogue of PERM-1. This peptide dis-
played higher affinities than those of PERM-1 (Table 1). Using
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Figure 1. Helical character of disulfide-bridged peptides 1 (LL), 2 (LD), and 3

(DD), and PERM-1 (DL) in 20% aqueous TFE.

this peptide as the template, we synthesized its homocysteine
and penicillamine analogues. Peptides 6 (p-Cys, .-HomoCys), 7
(0-HomoCys, -Cys), and 8 (p-HomoCys, .-HomoCys) were syn-
thesized to study the effect of homocysteines, a homologue of
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- T . cysteine, while peptides 9 (-
Table 1. Peptide sequences and biological activities of PERMs.
Pen, 1-Cys), 10 (p-Cys, -Pen), and
No. Sequence K% (SEM) [nm] 11 (o-Pen, -Pen) were synthe-
ERa ERP P/a | sized to study the effect of peni-
PERM-11"2 25 (2.2) 390 (83) 156 | cillamine. An additional methyl-
H-Lys-cyclo(o-Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH, ene unit in homocysteine in-
o013l ) ) T
PERM-2 1man 77(18) 70 creases the ring size of the i, i+3
H-Arg-cyclo(o-Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH, N ) X X
1 H-Lys-cyclo(Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH, 416 (130) 1800 (420) 43 dlsulflde-brldged peptldes 6 and
2 H-Lys-cyclo(Cys-lle-Leu-p-Cys)-Arg-Leu-Leu-GIn-NH, 2400 (870) 7200 (4100) 3.0 7 from 14 atoms to 15 atoms,
3 H-Lys-cyclo(p-Cys-lle-Leu-p-Cys)-Arg-Leu-Leu-GIn-NH, 928 (590) 3900 (390) 4.2 while a 16-atom disulfide bridge
4 H-Lys-Leu-Leu-cyclo(p-Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH, 398 (90) 2000 (330) 5.0 . . .
is formed in the bis-homocys-
5 H-Lys-cyclo(Cys-lle-Leu-Arg-Cys)-Leu-Leu-GIn-NH, 174 (50) 1160 (240) 6.7 . X . y
6 H-Arg-cyclo(p-Cys-lle-Leu-Homo Cys)-Arg-Leu-Leu-GIn-NH, 13 (3.4) 214 (23) 16.5 teine peptlde 8. This increased
7 H-Arg-cyclo(p-Homo Cys-lle-Leu-Cys)- Arg-Leu-Leu-GIn-NH, 35 (1.5) 591 (190)  16.9 ring size presumably adds to the
8 H-Arg-cyclo(o-Homo Cys-lle-Leu-Homo Cys)- Arg-Leu-Leu-GIn-NH, 12 (0.4) 1(1.4) 1.8 flexibility of a disulfide-constrained
9 H-Arg-cyclo(p-Pen-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH, 168 (10) 933 (140) 5.6 . . .
eptide chain. Thus, peptides
10  H-Arg-cyclo(p-Cys-lle-Leu-Pen)-Arg-Leu-Leu-GIn-NH, 88 (25) 1910 (1700) 21.7 Pep : pep
11 H-Arg-cyclo(o-Pen-lle-Leu-Pen)-Arg-Leu-Leu-GIn-NH, 78 (53) 3970 (1800) 509 | © 7, and 8 provided a system
12 H-o-Lys-cyclo(o-Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH, 220 (35) 1900 (870) 86 | for studying the effect of disul-
13 H-Ser-cyclo(p-Cys-lle-Leu-Cys)-Arg-Leu-Leu-GIn-NH, 322 (32) 1035 (400) 3.2 fide ring size and flexibility on
14  H-Lys-cyclo(Cys-Leu-lle-p-Cys)-Arg-Leu-Leu-GIn-NH, 2100 (200) 17000 (4100) 8.1 . .. .
the bioactivity of PERMs. As indi-
15 H-Arg-cyclo(po-Cys-Leu-lle-Cys)-Arg-Leu-Leu-GIn-NH, 13 (9.8) 216 (54) 16.7 K Y .
16 H-Arg-cyclo(o-Cys-lle-t-Leu-Cys)-Arg-Leu-Leu-Gln-NH, 0.16 (0.09) 035(0.6) 22| «catedin Table1, peptides 6 and
17  H-Arg-cyclo(p-Cys-lle-Leu-Cys)-Arg-t-Leu-Leu-GIn-NH, 7 (1.5) 1.2(04) 02 7 maintained low nanomolar K;
18 H-Arg-cyclo( -CyS -lle-Leu- CyS) Arg-Leu-t- Leu-GIn- -NH, 50.2 (2.9) > 10000 - values. We found Signiﬁcant
19  H-Arg-cyclo(p-Cys-lle-Npg-Cys)-Arg-Leu-Leu-GIn-NH, 0.9 (0.6) 25 (3.4) 2.8 bindi N
inding affinities and a moder-
20 H-Arg-cyclo(p-Cys-lle-Leu-Cys)-Arg-Npg-Leu-GIn-NH, 0.07 (0.06) 1.2(014) 171 9 L
21 H-Arg-cyclo(o-Cys-lle-Leu-Cys)-Arg-Leu-Npg-Gln-NH, 0.89 (0.7) 132(59) 148 | ate selectivity in a o-Cys, 1-Ho-
22 H-Arg-o-Ser-lle-Leu-Ser-Arg-Leu-Leu-GIn-NH, 60 (28) 1850 (290)  30.8 moCys disulfide combination of
23 H-Arg-Ser-lle-Leu-Ser-Arg-Leu-Leu-GIn-NH, 154 (90) 1660 (870)  10.8 peptide 6. Although a slightly
24  H-Arg-o-Ala-lle-Leu-Ala-Arg-Leu-Leu-GIn-NH, 129 (46) 4870 (2100) 37.8 | T L
ower binding affinity was ob-
25 H-Ser-Pro-lle-Leu-Ser-Arg-Leu-Leu-GIn-NH, 1790 (300) 2750 (2100) 1.5 9 . Y X 3
26 H-Arg-lle-Leu-Arg-Cys-Leu-Leu-GIn-NH, 13 (15) 184 (2200 135 | served for peptide 7, this mixed
27 H-Arg-Leu-lle-Arg-Cys-Leu-Leu-GIn-NH, 58 (5.5) 1612 (470)  27.8 cysteine-homocysteine peptide
28 H-Ser-Arg-lle-Leu-Arg-Cys-Leu-Leu-GIn-NH, 23 (2.1) 274 (59) 1.9 maintained Selectivity towards
29 H-Ser-Arg-Leu-Arg-Cys-Leu-Leu-GIn-NH, 22 (5.8) 123 (31) 5.6 ER . .
a. The more flexible peptide 8
30 H-Arg-lle-Leu-Arg-Ser-Leu-Leu-GIn-NH, 438 (140) 1800 (350) 4.1 pep .
showed the lowest K; value in

this series, but this flexibly con-
strained peptide also showed

poor selectivity towards ERa.
Various nuclear receptors and their corresponding coactiva-
tors utilize LXXLL-type recognition motifs for transcriptional ac-
tivation. Hence, ER-subtype selectivity is considered an impor-
tant aspect of this study as we explore our ability to define the
receptor selectivity of LXXLL peptidomimetics. Penicillamine
has been routinely used to induce selectivity in disulfide-
bridged peptides. The selectivity is gained from the p,p-di-
methyl substituents of penicillamine, which constrain the
movement of the peptide chain around the disulfide bridge. In
the series of penicillamine-containing PERMs, the selectivity
gradually increased from peptide 9 to peptide 11. The p-Pen, -
Pen peptide showed the highest selectivity, as anticipated.
Peptide 11, which is 50-fold more selective towards ERa, is in
fact the most selective peptide in our series of cyclic peptides.
From classical site-directed and alanine-scanning mutagene-
sis studies, it has been reported that sequences N- and C-ter-
minal to the LXXLL motif appear to have the greatest impact
on the receptor selectivity and binding affinity."*' These resi-
dues are not well conserved among different coactivators and
might play a role in determining the specificity of NR-CoA in-
teractions. In this regard, a systematic study was carried out by
Ko et al.’”? that revealed that, in the CoA protein, serine at the
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—3 position allows selective interactions for ER(3 versus ERa. In
our series of PERMs, Peptides 1-11 feature a positively charged
residue (lysine or arginine) at the —3 position. Using peptides
12 and 13, we assessed the contribution of the residue at —3
position toward the receptor selectivity and binding affinity.

Initially we studied the effect of inversion of configuration of
the N-terminal lysine residue on PERM-1. Accordingly, we syn-
thesized peptide 12 with p-lysine at the N terminus. K; values
for ERa. and ERP increased significantly (Table 1); this indicates
the importance of orientation of this charged residue toward
the estrogen receptor. In peptide 13, we replaced the N-termi-
nal lysine of PERM-1 with serine. This substitution has been uti-
lized previously to improve the selectivity of the LXXLL-con-
taining peptides toward ERB.?” In our SAR studies, peptide 13
showed higher K; values for both ERa and ERf, but showed
about a fivefold lower selectivity toward ERa than PERM-1
(Table 1). As compared to PERM-1, the affinity of peptide 13
for ERa dropped 13-fold, while its affinity for ER} dropped
only threefold. Thus, although substitution of serine at the —3
position assisted in designing ER-selective peptides, the
single substitution was not sufficient to reverse the selectivity
of these peptides from ERa to ERf.

In further SAR studies, we modified the leucine residues of
the NR box motif. To distinguish individual leucine residues,
we designated the NR box motif LXXLL as L'XXL?L? starting
from the N terminus. Peptide 14 was synthesized as a variant
of peptide 2. In this peptide we changed the core NR box
motif sequence from LXXLL to IXXLL. Changing L' to isoleucine
lead to a notable change in bioactivity. Interestingly, peptide
14 showed decreased ERf affinity without affecting ERa activi-
ty. Thus, peptide 14 showed improved ERa selectivity. Similarly,
in peptide 15, we changed the NR box of PERM-2 to IXXLL and
noted results similar to peptide 14. ERa selectivity was im-
proved due to a selective decrease in ERp affinity.

Utilizing unnatural hydrophobic substitutes for leucines of
the NR box, Geistlinger et al.'*'” and Rodriguez et al." recent-
ly reported potent and selective inhibitors of LXXLL-mediated
NR-CoA interactions. Through the use of tertiary leucine (t-Leu)
and neopentyl glycine (Npg), we have adopted a similar ap-
proach to investigate the CoA-binding hydrophobic groove.
However, we utilized unnatural surrogates that very closely re-
semble leucine. This strategy not only retains the hydrophobic-
ity of leucine but also only subtly manipulates the NR box. We
replaced each leucine of L'XXL2L® with either t-Leu or Npg by
performing only one substitution at a time (Table 1, peptides
16-21). This positional scanning maps the entire NR box to
identify which unnatural leucine surrogate fits the best and at
what position.

Peptides 16, 17, and 18 have t-Leu at positions L', L% and L?,
respectively. Peptide 16 not only exhibited significantly higher
affinity, but it also possessed moderate selectivity towards ERa.
Peptide 17 displayed high affinity for both receptors and
gained limited ERp selectivity. Peptide 18 showed a subtle de-
crease in affinity for ERa, but interestingly lost all detectable
binding to ERP. A similar series of peptides with neopentyl gly-
cine, 19, 20, and 21, was designed and synthesized. Neopentyl
glycine substitution at any of the three positions generally in-
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creased affinity to both receptors. Peptide 20 showed excep-
tionally high potency with a K; value of 70 pm. Collectively, it
appears that t-Leu at the L' position, neopentyl glycine at the
L? position, and leucine at the L? position is the preferred com-
bination for the L'XXLL® NR box motif to exhibit favorable rec-
ognition of estrogen receptors.

Linear peptides

All the cyclic peptides described in the previous section were
based on the idea that some form of conformational con-
straint, such as side-chain cyclization, is required to induce hel-
icity to a small peptide chain. This because small peptides typi-
cally do not adopt well-defined conformations in aqueous sol-
utions; rather they adopt an ensemble of energetically similar
conformations. Hence it was assumed that the linear counter-
parts of these disulfide-bridged peptides would be too flexible
to effectively bind to the hydrophobic groove on the ERs. To
assess this hypothesis, we attempted to synthesize and purify
reduced bis-cysteine counterparts of some of our potent disul-
fide-bridged peptides. However, synthesizing and assaying
such peptides proved rather impractical, as a peptide incorpo-
rating two cysteine residues invariably oxidizes at some stage
during the synthesis or purification. And even if the linear ver-
sion is obtained in a pure form, the peptide tends to oxidize
(i.e. form a disulfide bridge) when diluted in aqueous solutions
for performing assays.

Hence initially, we synthesized peptide 22 in which we re-
placed cysteines with serines. In this peptide, we incorporated
the o-Ser, -Ser; j, i+3 combination, analogous to the p-Cys, L-
Cys; i, i4+3 disulfide combination. Peptide 22 not only showed
a nanomolar K; value, but also better selectivity than its cyclic
counterpart PERM-2. Peptide 23, an L-serine analogue of pep-
tide 22, showed lower bioactivity toward both the ER isoforms.
Interestingly, peptide 23 showed an almost identical helical
content as peptide 22. The CD spectra of peptides 22 and 23
are given in Figure 2.
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Figure 2. Helical character of peptides 22 (¢) and 23 (@) in 20% aqueous
TFE.
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Surprisingly, both peptides showed comparable minima at
208 and 222 nm. We had anticipated that, similarly to disul-
fide-bridged peptides (Figure 1), peptide 23 with a -Ser, .-Ser;
i, i+3 combination would show enhanced helicity, while the in-
corporation of p-serine in peptide 23 (with a combination of o-
Ser, .-Ser; i, i+3) would show a lower helical content. This
result contradicts the hypothesis that incorporation of o amino
acid significantly destabilizes the helix.”® We believe that the
hydroxyl groups of the serine side chains play an important
role in balancing the stability of the helical conformation of
peptide 23. Another peptide (24) was synthesized in which the
serine residues are replaced with alanines, providing the same
combination of configuration. The beneficial effect of incorpo-
rating a combination of i, i+3-spaced o and L amino acids be-
comes apparent from the results of peptide 24, which is the
alanine counterpart of peptide 22. Peptide 24, demonstrated a
similar affinity to that of peptide 23, but also showed the best
selectivity in the series of linear peptides.

To compare the SAR patterns established in our disulfide
peptides with these non-cysteine linear peptides, we synthe-
sized peptide 25 with serine at the —3 position and proline at
the —2 position. This combination is predicted to significantly
decrease the selectivity of the peptide toward ERa!""*" as was
indeed the case. SAR studies on this series of peptides estab-
lished that linear peptides with partial helical character in 20%
TFE can effectively inhibit ER-CoA interactions. Our results sug-
gest the receptor is capable of inducing helical character in
these peptides, which is required for their biological effects.

We synthesized a series of linear unconstrained LXXLL pep-
tides incorporating a single cysteine residue to further our SAR
analysis. This class of monocysteine peptides displayed surpris-
ingly high affinities for ER. Peptide 26 incorporates an LXXLL
motif in which arginine and cysteine are the intervening XX
residues. This small octapeptide with a molecular weight of
about 1000 Da, and with no conformational constraint,
showed a K; of 13 nm for ERa. This affinity is comparable to
that of PERM-1 and PERM-2, both of which are p-Cys, -Cys; i,
i+3 disulfide-bridged peptides. This is surprising because,
unlike our previously described cyclic and linear peptides, CD
analysis of peptide 26 revealed no characteristics of any specif-
ic conformation. In the absence of any helix initiator such as
the disulfide bridge, it is unlikely that this octapeptide will
adopt a well-defined helix in solution.

We established the credibility of this result by performing
additional SAR studies on such monocysteine peptides. First,
we wanted to see if the SAR pattern observed in disulfide
PERMs could be reproduced in these monocysteine linear pep-
tides. In the case of cyclic PERMs, we had observed that, if the
NR box motif is changed from LXXLL (with isoleucine at the
—1 position) to IXXLL (with leucine at the —1 position), then
there is a noticeable increase in the selectivity of the IXXLL
peptide towards ERa. Accordingly, we synthesized peptide 27,
with a sequence the same as that of peptide 26 except that
the NR box motif had been changed to IXXLL with leucine at
the —1 position, and indeed observed that it was more selec-
tive towards ERa than 26 (Table 1). This reproducibility of the
SAR pattern from our disulfide-bridged peptides suggests that
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these monocysteine linear peptides might also be binding to
the same CoA-binding hydrophobic groove as our disulfide-
bridged peptides.

To provide additional support to this hypothesis, we synthe-
sized peptide 28 with serine at the —3 position. Our previous
SAR studies established that serine at the —3 position reduces
the selectivity of PERMs toward ERa. Biological data from pep-
tide 28 (Table 1) suggested a similar pattern. We found peptide
28, with serine at —3, to be less selective (3/a=11.91) for ERa
than peptide 26 (B/a=13.53). Next, in peptide 29, we re-
moved the hydrophobic isoleucine residue at the —1 position
in peptide 28. Thus, this octapeptide has a positively charged
residue (arginine) at —1 position. This change further reduced
selectivity of the peptide for ERa as anticipated.!"”

From the above-mentioned SAR pattern of monocysteine
linear peptides, it was hypothesized that the presence of a free
sulfhydryl group is the significant contributing factor toward
the low nm K; values of these peptides. To confirm this hypoth-
esis, we synthesized peptide 30, which is the serine counter-
part of peptide 26. This replacement of cysteine with serine re-
sulted in a dramatic change in the bioactivity with peptide 30
showing a more than 30-fold decrease in the affinity relative to
peptide 26. This validated the hypothesis that the free SH
group of these monocysteine linear peptides is responsible for
the lower K; values observed.

Discussion

We have designed and synthesized a series of cyclic and linear
peptides to disrupt ER-CoA interactions. The NR box motif
incorporated in these peptides was designed specifically to
target the ERs. We carried out systematic SAR studies to better
understand the association between ER and its CoAs. In the
first part of our SAR studies, we confirmed o-Cys, (-Cys; i, i+3
as the most favorable combination of cysteines. This study also
revealed that, unlike in our previous reports,">'¥ higher helical
content of the peptide chain in solution (20% aqueous TFE)
does not directly correlate with their K; values.

Based on this p-Cys, 1-Cys; i, i+3 combination, we further
synthesized a series of homocysteine- and penicillamine-con-
taining peptides. Penicillamines, by virtue of their -methyl
substituents, provide additional constraint to the disulfide
bridge, while homocysteines, because of their extended side
chains, make the disulfide bridge flexible. The homocysteine-
and penicillamine-containing peptides thus provided a system
to study the effect of the extent of conformational constraint
on the bioactivity and selectivity of these peptides. While, the
bis-penicillamine peptide showed improved selectivity (Table 1)
the bis-homocysteine peptide showed lower selectivity than
PERM-2. Moreover, the higher bioactivity of a bis-homocysteine
peptide underscores the importance of a flexible cyclic system
to receptor association. A more flexible disulfide bridge in the
bis-homocysteine peptide provides more freedom for the pep-
tide chain to adopt the desired helical conformation in the
presence of the receptor. This additional freedom provides fa-
vored association with the receptor, albeit at the expense of
selectivity. The case of the bis-penicillamine peptide is oppo-
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site; additional constraints from 3 methylene units in this pep-
tide make the peptide bind more tightly to the ERa versus
ERP, albeit with a higher K.

Several reports have utilized strategies of changing the leu-
cines of the NR box or altering the amino acids adjacent to the
N and C termini of the NR box for improving selectivity of
such peptides towards the NRs. Our series of homocysteine
and penicillamines peptides demonstrate that, in addition to
the amino acid substitution, the selectivity of NR box-contain-
ing peptides can be significantly altered by changing the con-
formational features of the LXXLL-containing peptide chain.

Recently, we reported the X-ray crystal structure of PERM-1,
a helix-stabilized, disulfide-bridged peptide and a potent inhib-
itor of ER-CoA interactions."”? The conserved NR box motif of
the disulfide-constrained PERM-1 interacts with a shallow CoA-
binding groove of ERa. The side chain of L' is deeply embed-
ded within the groove and forms van der Waals contacts with
the side chains of lle358, Val376, Leu379, Glu380, Leu539,
Glu542, and Met543 of the receptor. The side chain of L is
also buried into the hydrophobic surface and makes van der
Waals contacts with the side chains of Ala361, lle358, Leu372,
GIn375, Val376, Leu379, and Lys362 of the receptor. Figure 3
(left) shows the contacts of L* in a 2.4 A radius.

Figure 3. Association of PERM-1 (left) and peptide 18 (right) with the CoA-
binding hydrophobic surface of the ER (green ribbon) based on the X-ray
crystal structure of ERa. with PERM-1."? L', L2, and L® of the NR box L'XXL?L*
are shown in orange, pink, and blue, respectively. Left) Five hydrophobic res-
idues (dark pink) of the receptor make vdW contacts with L* (blue) of PERM-
1. Right) This is compared with peptide 18, here L® is substituted with t-Leu,
which makes hydrophobic contacts with only two amino acids of the ER re-
ceptor.

In our SAR studies we observed a substantial decrease in the
bioactivity of peptide 18, in which L* had been substituted
with t-Leu. Tertiary leucine has a bulkier but shorter side chain
than leucine. Hence, we postulated that the loss of bioactivity
is probably due to fewer hydrophobic contacts with the recep-
tor. In our modeling studies, by positioning the t-Leu at the L
position in the crystal structure of PERM-1, we found that
three important van der Waals contacts, Val376, Leu379, and
lle358, with the CoA-binding grove of the receptor were elimi-
nated. This is indicated in Figure 3 (right). Elimination of these
nonpolar contacts would contribute toward the weaker associ-
ation and hence the higher K; of peptide 18. Similar analysis in-
dicates that substitution of L? with t-Leu does not eliminate
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any van der Waals contacts and hence peptide 17 is equipo-
tent with PERM-2. Substitution of L' with tertiary leucine
allows an additional contact with Leu539 of the receptor and
hence peptide 16 is more potent.

We also synthesized and assayed a similar series using neo-
pentyl glycine as an unnatural leucine surrogate. Neopentyl
glycine has a side chain that is the same length as that of leu-
cine but bulkier. As anticipated, we observed substantially
greater affinities for the peptides in this series. However the
bioactivity of peptide 20 is outstanding. In this peptide with
pm potency, L? of the NR box is substituted with neopentyl gly-
cine. In contrast to the side chains of L' and L3, the side chain
of L2 is only partially associated with the CoA-binding groove
and consequently makes fewer hydrophobic contacts. In the
crystal structure of PERM-1,1"? the side chain of L? makes van
der Waals contacts with Val355, lle358, Lys362, and Leu359 of
the receptor. And in spite of its weaker association with the re-
ceptor, substitution of L? with neopentyl glycine substantially
increases affinity (peptide 20).

Neopentyl glycine does not have a longer side chain than
leucine. Thus, it is difficult to imagine that this substitution
would make any additional van der Waals contacts deeper
within the CoA binding groove on the receptor. Moreover, as
the side chain of L is not orientated toward the hydrophobic
surface of the CoA-binding groove, it is unlikely that Npg will
establish any additional hydrophobic contacts with the recep-
tor. However, in the crystal structure of PERM-1, we observed
that the L? side chain is in proximity to the lle residue of
PERM-1. Isoleucine immediately precedes L' and, in the helical
conformation of PERM-1, it comes into close contact with L2 In
PERM-1, isoleucine and L? are separated by three amino acids.
Thus, if lle is designated the ith amino acid, L> becomes the
i+4th amino acid. In the helical conformation of PERM-1, these
i and i+4 residues do not make van der Waals contacts. How-
ever, from the modeling studies on the crystal structure of
PERM-1, we found that substitution of L*> with neopentyl gly-
cine increases the side chain hydrophobic bulk and conse-
quently establishes new van der Waals contacts with the iso-
leucine residue (Figure 4). This intramolecular hydrophobic
contact between i and i+4 residues is believed to contribute
to the stability of the desired helical conformation. In fact, co-
valent i, i4+4 side-chain cyclization has been routinely used for
constraining short peptides in helical conformation.!'®"7-2%

The significant improvement in the potency of peptide 20
can be attributed to the observation that neopentyl glycine
noncovalently assists the peptide chain in adopting the de-
sired helical conformation by establishing van der Waals con-
tact with side chain of the isoleucine residue. These data taken
together indicate that the L' and L® residues of the NR box
L'XXL?® are more important for receptor association, while L
is more important for stabilizing the peptide conformation.
Thus, all the three leucine of the NR box are not equally impor-
tant for receptor association. We believe that the next genera-
tion of NR box-based peptidomimetics can be designed by in-
corporating only L' and L? and by substituting L* with a stable
and partially flexible conformational constraint. Further confor-
mational studies on such bicyclic peptidomimetics should
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Figure 4. Model of association of peptide 20 with the CoA-binding hydro-
phobic surface of the estrogen receptor (green ribbon). L'is orange, L2is
pink (space-filled), L? is blue, and lle of the peptide chain is gray (space-
filled). Npg, when substituted for L? of PERM-1, establishes a new vdW con-
tact with lle of the peptide chain. This i, i+4 noncovalent side-chain interac-
tion between lle and L? of the peptide chain (shown with the space filling
model) is believed to contribute significantly to the picomolar binding affin-
ity of peptide 20.

reveal the templates for designing small-molecule inhibitors of
this crucial protein—protein interaction.

The linear peptides reported in this paper were designed
based on their cyclic counterparts. This series of monocysteine
linear peptides showed K; values that are comparable to those
of cyclic peptides. We further investigated the contribution of
free sulfhydryl (SH) groups toward the high affinity of these
monocysteine peptides. One possibility is that there might be
a covalent modification of the receptor by the free thiol
group.® We explored this possibility by performing an addi-
tional coactivator recruitment assay®” containing 1 mm dithio-
threitol (DTT) in the binding buffer. In the presence of a strong
reducing agent such as DTT, all the monocysteine peptides
showed a substantial decrease in their affinity for the receptor,
while all other peptides maintained similar affinities. The assay
utilized to characterize the SARs in Table 1 does not contain a
reducing agent, and, hence, the disulfide linkage between the
receptor and peptide ligand can remain intact. In the presence
of a reducing agent, however, the lost affinity of monocysteine
peptide ligands reflects reduction of the disulfide linkage. This
supports the possibility that the high affinity of monocysteine
peptides is due to the covalent derivatization of the receptor.
Work by Hegy et al®” on the degree of solvent and reagent
accessibility of the cysteines in the LBD of the human ER sug-
gests cysteines 381, 417, and 530 to be the likely candidates
for such covalent derivatization.

The monocysteine peptides showed K; values in a narrow
range of 15-58 nm and in our SAR studies they showed lower
sensitivity to the effect of amino acid substitution than the
cyclic peptides. However, the changes in the K; values of these
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peptides did follow the trends established from the SAR stud-
ies of our cyclic peptides. We believe that a cocrystal structure
of a monocysteine peptide bound to the receptor can unam-
biguously establish the exact position of this covalent derivati-
zation.

Several important concepts have emerged from this SAR
study that help us better understand the LXXLL-based pro-
tein—protein interaction. We have realized that the hydropho-
bic surface of the CoA-binding groove is a strong helix inducer.
Even the small and unconstrained linear peptides displayed
nanomolar affinity. However, the helicity of cyclic as well as
linear peptides in solution (20% TFE) does not directly corre-
late with their bioactivity. This is probably due to the fact that
properties other than the helical content of a peptide, such as
side-chain packing of the leucine residues, are also factors.
Using the unnatural leucine surrogates, tertiary leucine and
neopentyl glycine, we found that the three leucines of LXXLL
are not equally important. In addition to helicity and side-
chain packing, two other important factors influence the affini-
ty and selectivity of these peptide ligands: flexibility of the NR
box and the amino acid residues in the immediate proximity
of the NR box. A cyclic peptide that strongly constrains the NR
box (bis-penicillamine) is the most selective, while a cyclic pep-
tide that has the most flexible NR box (bis-homocysteine) is
the least selective—even though it retains high affinity. Thus,
cyclization and, hence, the conformational constraint can be
exploited for both selectivity and the affinity for ER isoforms.
In conclusion, our continued SAR analysis of LXXLL-based pep-
tide inhibitors of ERa—-CoA interactions yielded subnanomolar
affinity and 40-fold selectivity against ERP. In addition, the
novel and unexpected observations within the SARs men-
tioned above will aid in the further development of potent
and selective therapeutics targeted toward LXXLL-based pro-
tein—protein interactions.

Experimental Section

Peptide synthesis: Peptides were synthesized by using Boc solid-
phase procedures with an automated peptide synthesizer (Apex
396, Advanced ChemTech, Louisville, KY). 4-Methylbenzhydrylamine
resin (MBHA; substitution level of 1.2 mmolg™'; Peptides Interna-
tional, Louisville, KY) was shaken overnight with dichloromethane
(DCM) and N,N-diisopropylethylamine (DIEA; 1:9) in an Isolute SPE
filtration column (Biotage, Charlottesville, VA). The next day, the
resin was washed with DCM (3 x), methanol (2x), with N,N-dime-
thylformamide (DMF; 3 x), and DCM (3 x), then dried and stored in
airtight vials. Dry treated resin (no more than 50 mg) was placed in
a 96-well reaction vessel of the Apex 396. Synthesis was carried
out by following the user-generated CHEM-files for the five major
steps involved in Boc solid-phase peptide synthesis: 1) swelling of
the resin, 2) coupling of the amino acid, 3) washing after coupling,
4) deprotection of the Boc group, and 5) washing after deprotec-
tion. These cycles were repeated depending on the number of
amino acids in the peptide designed. Almost quantitative yields
were observed for the coupling reactions due to the use of excess
quantities of reagents (3 equiv), double couplings, high-speed
(600 rpm) shaking, and the inert atmosphere. After completion of
synthesis, peptide-loaded resin was removed from the reaction
vessel, dried, and stored in airtight vials.
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Peptides were cleaved from the resin by using a hydrogen fluoride
cleavage apparatus equipped with a HF-resistant Teflon-Kel-F
vacuum line. The required amount of peptide-loaded resin
(100 mg-1 g) was placed in Teflon tubes containing a small mag-
netic stir bar and a sufficient amount of anisole (e.g. 250-500 uL
for 500 mg resin). Tubes were fitted to the main apparatus, chilled
under acetone and dry ice for 20 min, and then HF (10 mLg 'of
the resin) was condensed in the tubes under vacuum. The mixture
was cooled by immersing the tubes in ice, and stirring was contin-
ued for 1-2 h. HF was evaporated under vacuum to obtain the dry
resin and the cleaved peptide in the tubes. After evaporation was
complete, soluble peptide was precipitated with cold, anhydrous
diethyl ether. The resin was washed three times with ether to
remove impurities. The peptide was then solubilized in 20% aque-
ous acetic acid and lyophilized. All peptides were obtained with
74-78% yields as a white powder. Linear peptides were cyclized as
described previously™ and purified further by using solid-phase
extraction columns.!

Time-resolved fluorescence-based coactivator interaction assay:
This assay was performed as previously described.” Briefly, white
96-well plates were coated overnight with either full-length re-
combinant baculovirus-expressed human ERo. or ERf (PanVera,
Madison, WI). Protein-coated plates were washed (5x), then
blocked for at least 1 h, followed by thorough washing. A NR box
peptide—europium conjugate was prepared by incubating the
biotin-labeled NR box peptide with Eu-labeled streptavidin on ice.
The 96-well plate coated with ER was then incubated for at least
1.5 h with a NR box peptide-Eu conjugate in the presence of 173-
estradiol (Sigma, St. Louis, MO) and the competitor peptide. The
NR box peptide used for ERo. was the SRC-1 NR box 2 peptide
(LTERHKILHRLLQEGSPSD), while the SRC-1 NR box 4 peptide
(QAQQKSLLQQLLTE) was used for ER(} experiments. The dissocia-
tion constants for both of these CoA peptides for E2-bound ERa or
ERP were determined previously to be 155+21 and 261+72 nm,
respectively. Plates were washed (5x), followed by incubation with
gentle shaking in the presence of enhancement solution for 5 min;
this allowed release of the bound Eu label. Plates were read in a
Wallac Victorll plate reader by using a Europium-label-specific pro-
tocol (PerkinElmer Wallac, Inc.). Assays were performed a minimum
of three times, and K; values were determined from the Cheng-
Prusoff equation by utilizing GraphPad Prism® software.

Molecular modeling: A series of t-Leu- and Npg-containing pep-
tides was modeled by using Macromodel 7.0.2" We utilized a previ-
ously published crystal structure' in which PERM-1 was used as a
template for substituting leucines of the NR box with the leucine
surrogates, t-Leu and Npg. Van der Waals contacts in a 2.4 A radius
were recorded for peptides 16-21 and compared with those of
PERM-1.
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Two Nucleophilic Mutants of the
Micromonospora viridifaciens Sialidase Operate
with Retention of Configuration by Two

Different Mechanisms

Jacqueline N. Watson,”™ Simon Newstead,” 9 Arun A. Narine,”” Garry Taylor,

and Andrew J. Bennet*®

Mutants of the Micromonospora viridifaciens sialidase, Y370E
and Y370F, are catalytically active retaining enzymes that operate
by different mechanisms. Previous substitutions with smaller
amino acids, including Y370D, yielded inverting sialidases. At
least one water molecule can fit into the active-site cavity of this
mutant and act as a nucleophile from the face opposite the leav-
ing group (Biochemistry 2003, 42, 12682). Thus, addition of a
CH, unit (Asp versus Glu) changes the mechanism from inversion

Introduction

Glycosidase families 33 and 34 contain exosialidases
(E.C. 3.2.1.18, neuraminidases),"” which catalyze the hydrolysis
of sialic acid from glycoconjugates with retention of the
anomeric configuration.” These enzymes are involved in the
pathogenesis of many human diseases, including influenza and
cholera.®¥ Sialidases are atypical retaining glycosidases in that
the catalytic nucleophile is not a carboxylate residue, but
rather a Tyr,?”" which becomes covalently linked in the sialo-
syl-enzyme intermediate (Scheme 1). These conclusions were
based on the following observations: i) three tyrosine mutants
of the Micromonospora viridifaciens sialidase (Y370A, Y370D
and Y370G) were found to be catalytically active inverting en-
zymes,” and ii) an acid/base catalyst mutant (D59A) of the
trans-sialidase from Trypanosoma cruzi is covalently modified
on the active-site Tyr during the slow turnover of 3-fluoro-a-o-
N-acetylneuraminosyl fluoride.®”

Recently, it was shown that three mutants of the nucleophil-
ic Tyr residue (Tyr370) in the M. viridifaciens sialidase are cata-
lytically active inverting enzymes.” That is, replacement of this
Tyr with smaller amino acids, such as Gly, Ala or Asp creates a
“hole” that allows a bound water molecule to act as a nucleo-
phile; this gives an inversion of configuration. To probe this
phenomenon in greater detail, further mutagenic studies were
performed.

Results and Discussion

The activities of five new nucleophile Tyr370 sialidase mutants
were determined with respect to their hydrolysis of 2'-(4-meth-
ylumbelliferyl)-a-o-sialoside (MUaNeu5Ac; Table 1). Interesting-
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back to retention of configuration. Based on Brgnsted 3, values,
it is proposed that the Y370E mutant reacts by a double-displace-
ment mechanism (B3, on k./K,, —0.36+0.04) with Glu370 acting
as the nucleophile. However, the Y370F mutant (B, on k./K,
—0.79£0.12) reacts via a dissociative transition state. The crystal
structure of the Y370F mutant complexed with 2-deoxy-2,3-dehy-
dro-N-acetylneuraminic acid shows no significant active-site per-
turbation relative to the wild-type enzyme.

ly, the Y370H mutant is the least active of the five variants
studied. A similar mutation is found naturally in T. cruzi trans-
sialidases in which normal catalytic activity is destroyed upon
substitution of an active-site Tyr with His (Y342H).®! Mutants
Y370N and Y370T were particularly good catalysts for the hy-
drolysis of MUaNeu5Ac, however, both enzymes lost activity
upon storage at 0°C and were therefore not fully character-
ized.

NMR studies were performed with the products in order to
determine the stereochemical outcome of mutant-catalyzed
hydrolysis of MUaNeu5Ac (Table 1). Given that the half-time
for sialic acid mutarotation under the reaction conditions is ap-
proximately 80 min,*'® it is impossible to confirm whether the
hydrolysis reaction of Y370H proceeds by inversion or reten-
tion of the anomeric configuration. Indeed, it is also impossible
to determine the stereochemical outcome of the hydrolysis of
substrates such as sialyl lactose that are turned-over slowly.

[a] Dr. J. N. Watson, Dr. A. A. Narine, Prof. Dr. A. J. Bennet
Department of Chemistry, Simon Fraser University
University Drive, Burnaby, B.C., V5A 156 (Canada)
Fax: (+1)604-291-3765
E-mail: bennet@sfu.ca

[b] Dr. S. Newstead, Prof. Dr. G. Taylor
Centre for Biomolecular Science, University of St. Andrews
St. Andrews, Fife, KY16 9ST (UK)
Fax: (+44) 1334-462-595
E-mail: glt2@st-and.ac.uk

[c] Dr. S. Newstead
Current address:
MPC Group, Department of Biochemistry, Imperial College London
South Kensington Campus, London, SW7 2AZ (UK)

F - MWILEY

InterScience’

1999





G. Taylor, A. J. Bennet, et al.

Enz
OH
A Enz
- Enz
X= /Y\OH />_O—"\ Enz
OH 0 Ne) 0,
H O H
- o)
0§© 0 H2N>_
X Oy O HoN -ROH W + J)—Enz
X 07 OR —= AcN\@ + )—Enz — AcN O HN
AcN | HO O™ HoN I HO
| HO H ( OR H
H
oNeuAc-OR '.*:) 0
o} o=\
Enz

o=\
E

nz

Scheme 1. The mechanism of the glycosylation step by sialidases.

However, we assumed that the stereochemical outcome of the
hydrolysis of such substrates is the same as that for MUa
Neu5Ac. In other words, the stereochemistry of the reaction is
independent of the leaving group.

Time courses for the hydrolysis of MUaNeu5Ac are shown
for two of these mutants, Y370E and Y370F (Figure 1). The

data in Figure 1 show that a-sialic acid (aNeu5Ac) is the first
reaction product. Thus, it can be concluded that, in contrast to
Y370D,*' Y370E, which possesses an additional CH, unit, and
Y370F, which lacks an obvious nucleophile, operate with reten-
tion of configuration.

Kinetic parameters for the Y370E and Y370F retaining-
mutant sialidases are given in
Table 2. This comparison of the
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Table 1. Activity of sialidase mutants with MUaNeuAc at 37°C, pH 5.25. effect of aglycon structure on
o ) - . activity is revealed in the two
Sialidase Side chain kCit1 kca,t{KT-\ stereochemical Bronsted plots (Figure 2). The
[s71] m's™ outcome . ~
o drop in activity for both mutants
as the leaving group ability de-
) " . . creases is consistent with glyco-
wild-type' 51.5+0.1 (7.23+£0.04) X 10 retaining sidic C—O bond cleavage being
i rate-limiting—or partially so—
HO. .O for both k., and k/K.. This sit-
Y370D® r 146406 (1.0£0.1)x 10° inverting uation is in contrast to that of
Enz the wild-type sialidase, where a
nonchemical step(s) is rate-limit-
Y370F 2224013 (62141.5)x10° retaining ing for both the ke and ke/Kr,
in the hydrolysis of aryl sialo-
Enz o sides.™ Thus, changes in the cat-
alytic-rate constant from the
Y370E J)J\OH 0.5140.01 (4.0940.4)x 10° retaining wild-type enzyme to the various
Enz mutants (Table 1) do not yield
/=N any information concerning the
HN __~ - i
Y370H j) 0.1340.01 (4.26:£1.1)x 102 ndl free-energy differences between
the corresponding transition
o for C-0 bond c
H,N_ O states for C ona cleavage.
Y370N r 130 n.d. inverting
Enz Mechanism of action
CH,;
[d] . .
Y3701 Enz” VoH " n.d. inverting As both Y370E and Y370F lack
the  customary  nucleophilic
[a] The protonation state of ionizable side-chains is not known. [b] Data taken from ref. [5] [c] At a protein con- .
. 5 . - ) i oxygen atom, possible mecha-
centration of 42 mgmL™', the rate of mutarotation was too fast for the determination of the anomeric configu- . . . .
ration of the initially formed sialic-acid product. [d] These values are calculated from the maximal rates ob- nisms for their action include:
served at high substrate concentration. Due to the rapid degradation of the mutant enzyme a complete Mi- i) generation of an oxacarbenium
chaelis-Menten curve was not determined. That is, enzymatic activity dropped by greater than 50% over a ion intermediate with a lifetime
period of 2 h even when the enzyme stock solution was stored on ice; n.d.=not determined. . —_
that is sufficient to allow aglycon
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Figure 1. Mole fractions of MUaNeu5Ac (o), aNeu5Ac (e) and BNeu5Ac (a)
monitored by 'H NMR spectrometry over time: a) Y370F-catalyzed hydrolysis
and b) Y370E-catalyzed hydrolysis.
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Figure 2. Effect of leaving-group ability on a) k., and b) k.../K, for Y370E (o)
and Y370F (e) at 37°C, pH 5.25. Leaving-group ability represented as pK,
(BH™) as follows: 4-nitrophenol (7.18); 4-methylumbelliferone (7.80); phenol
(9.92); lactose (3-OH (13.6) and 6-OH (13.8)).

Table 2. The activity of Y370E and Y370F mutant sialidases with a panel of substrates at 37°C, pH 5.25.

Leaving group Y370E Y370F

ke [s7'] Kea/ Koy v "'s7'] e [s71] et/ Koy IM"'s7']
4-nitrophenol 0.170 £0.006 (3.440.4)x 10° 3.77+0.25 (6.04+1.4)x10*
4-methylumbelliferone 0.5140.01 (4.1£0.4)x10° 2.224+0.13 (6.2+1.5)x 10*
phenol 0.0078 +0.0004 (3.4+0.8)x 10? 0.18£0.01 (2.014+0.13)x 10*
lactose (3'-OH) 0.0027% 24,11 0.00036% 0.68%
lactose (6'-OH) n.d. n.d. 0.00040™ 1.35%

high concentration of substrate and enzyme; n.d.=not determined.

[a] No error is associated with these values because they are estimates based on a single rate measurement at

departure prior to being captured by water, that is, internal
return (Syi); i) generation of an oxacarbenium ion intermediate
that is rapidly trapped by a nearby residue to give a sialosyl-
enzyme intermediate that subsequently undergoes hydrolysis
(Sy1); iii) direct displacement of the leaving group by an alter-
nate nucleophile (Sy2) or iv) formation of an elimination prod-
uct 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac-
2en, DANA) followed by stereospecific hydration.

The fourth possibility can be ruled out by the following ob-
servations: i) it was noted that no signal for DANA was ob-
served in the NMR spectra during the hydrolytic reactions cata-

ChemBioChem 2005, 6, 1999 — 2004

lyzed by the wild-type and three
of the mutant sialidases (Y370D,
Y370E and Y370F); ii) hydration
was not observed during 18 h
incubations of these four en-
zymes in the presence of DANA
(Table 3); iii) DANA is a tight-
binding reversible inhibitor of
these enzymes (Table 3). This sit-
uation contrasts with that of
other sialidases, including those

Table 3. Kinetic constants for the interaction of DANA with the wild-type,
Y370D, Y370E and Y370F sialidases at pH 5.25.

K; [m]

Rate constant for hydration
of DANA [s7"]®

wild-type
Y370D
Y370E
Y370F

1.4+0.7)x 1077
434+1.3)x10°°
1.6+0.9)x10°°
5.542.2)x 1077

<0.1

<4x107?
<6x107*
<5%x107*

[a] Values were calculated based on the assumption that 10% hydration
would have been detected.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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[111 [12]

from Vibrio cholerae"" and influenza type B,"* where it has
been shown that DANA is formed during the corresponding
hydrolytic reactions. It is difficult to rationalize differences in
the catalytic ability of these enzymes to process DANA, given
the similarity in their active-site architectures (Table 4). Al-

Table 4. Interatomic distances between the pseudo-anomeric carbon of
DANA and the closest side-chain carbon atom of four of the critical
active-site residues from three different sialidases.

Residues Influenza B V. cholera M. viridifaciens
[A][a] [A][b] [A][c]
Tyr(CE)-DANA 3.9 3.9 3.8
Glu(Co)-DANA 5.4 5.2 5.3
Asp(Cy)-DANA 46 47 45
Arg(CZ)“-DANA 5.5 56 5.5

[a] PDB ID: 1NSD."? [b] PDB ID: 1W00.™ [c] PDB ID: 1EUS.** [d] All dis-
tances are reported to the central Arg of the triad.

G. Taylor, A. J. Bennet, et al.

leaving ability of a carboxylate group relative to a phenolate
group, the intermediate will be more labile than one in which
the covalent bond is with a Tyr. Thus, a better trapping reagent
will be required before the hypothesis of a glutamate-bound
intermediate can be tested. Similarly, in order to probe which
active-site residue could be captured by an oxacarbenium ion,
a better trapping reagent will be needed with which to cova-
lently modify Y370F. Possibilities for this role include either one
of the oxygen atoms of Glu260 or the aromatic m-electrons to
form an ester or a transient w-complex, respectively.

To examine any structural consequences of the Y370F muta-
tion, crystals were grown in conditions previously reported for
the D92G mutant.™ Table 5 lists the data collection and refine-

Table 5. Data collection and refinement statistics.

Y370F + DANA

though no evidence has been presented to date to suggest
that sialidases react by an associative mechanism (Sy2-like),
Yang et al. have reported that in an analogous trans-sialidase
C—O bond cleavage occurs simultaneously with nucleophilic
participation.™

The smaller reactivity change for Y370E relative to that of
Y370F (B, values on k/K,, are —0.36+0.04 and —0.79+0.12,
respectively) suggests that these mutants operate by different
mechanisms. Thus, unless either a nonchemical step has unex-
pectedly become partially rate-limiting or general acid catalysis
(proton donation to the leaving group) is somehow much
more efficient for Y370E than for Y370F, it is likely that the hy-
drolysis reaction catalyzed by Y370E occurs by a concerted
mechanism (Sy2-like); the likely nucleophile would then be the
newly introduced Glu residue. The estimated lifetime for the
sialosyl oxacarbenium ion in aqueous solution is about 3x
107" 5.1 Therefore, in the case of Y370F, any such ion will be
captured by a proximal enzymatic group rather than remain as
a discrete intermediate long enough for the aglycon to diffuse
from the active site. In a similar manner, Watson et al. pro-
posed that the inverting Y370D mutant forms a transient oxa-
carbenium ion (Sy1) which is rapidly captured by a bound
water molecule (B, value on k./K,=—0.74+0.04)." Further
evidence for these conclusions could be provided by measure-
ments of the anomeric "*C-kinetic isotope effect for the various
mutant-catalyzed hydrolysis reactions, as has been reported
for a trans-sialidase."

Nature of intermediates

Trapping experiments with 3-fluoro-a-p-sialosyl fluoride on the
trans-sialidase from T. cruzi have been reported. These required
the acid catalyst to be mutated before breakdown of the cova-
lent intermediate, which was bound to the active-site Tyr,
became partially rate-limiting. This condition was necessary for
the observation of this intermediate by mass spectroscopy.® If
Y370E produces a Glu-bound intermediate, due to the greater
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PBD ID
resolution range [A]
unit cell dimensions [A]

1WCQ
124-2.1 (2.2-2.1)
a=b=143.25, c=160.25

number of observations 799157
number of unique measurements 110930
completeness [%] 100 (100)
1/o(l) 7.4 (1.5)
Ronerge™ 0.072 (0.47)
R factor [%] 17.5

R free [%] 238

rms deviation in bond length [A] 0.021

rms deviation in bond angles [°] 1.835

chain A: 0.198 +0.037
chain B: 0.165 +0.026
chain C: 0.181 £ 0.040

esd of atom positions™ [A]

number of protein atoms 13650
number of water molecules 1079
average B-factor for all atoms chain A: 31.5
A% chain B: 26.4
chain C: 28.9

average B-factor for Neu5Ac2en monomer A: 22.9
[A%] monomer B: 27.9
monomer C: 22.8

[8] Rinerge =2 | I(K)— (I} | /31(k) where (k) is the kth measurement of the in-
tensity of a reflection, (/) is the mean value of the intensity of that reflec-
tion and the summation is overall measurements. Values in parentheses
relate to the highest resolution cell. [b] The standard radial uncertainty of
an atom with the average B-factor was estimated by using the diffraction
precision indicator method proposed by Cruickshank™ as implemented
in the program ESCET.?

ment statistics. Atomic coordinates have been deposited at
the Protein Databank with the accession code TWCQ. Superim-
position of the 1.8 A wild-type M. viridifaciens-DANA complex
(PDB ID: 1EUS) onto the three monomers of Y370F-DANA
shows that the active site makes no significant changes after
substitution of Tyr to Phe (Figure 3).

The root mean square (rms) deviations for 357 C, atoms of
the WT structure (1EUS) compared to monomers A, B and C
are 0.34, 0.36 and 0.31 A, respectively. The closest distance of
the Glu260 carboxylate group to the C2 of DANA, a neutral in-
hibitor, in the three monomers in Y370F was 4.37, 4.17 and
4.34 A; this compares with 4.56 A for the wild-type structure

ChemBioChem 2005, 6, 1999 — 2004
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Asp259

Arg276

FULL PAPERS

Figure 3. Superimposition of the active site (Tyr370 and Glu260) residues of the wild-type catalytic domain (PDB ID: 1EUS) and one of the three Y370F-DANA
monomer complexes. Wild-type residues are shown in blue, and mutant Y370F is shown in wheat. The hydrogen bonding interactions are drawn as green
dotted lines; the interaction between Glu260 and the C2 atom of DANA is shown in orange.

(Figure 3). A distance of this magnitude is too great for cova-
lent bond formation. However, one must consider that there
will be a significant electrostatic attraction between Glu260
and an oxacarbenium ion-like intermediate (or transition state).
Therefore, in the context of a flexible active site, covalent
bond formation during Y370F-catalyzed reactions cannot be
ruled out.

In bacterial sialidases the mean distance between the car-
boxyl oxygens of the general-acid catalyst and the nucleophilic
oxygen atom is in the range 6.9-7.6 A (PDB IDs: 1EUU, 1KIT
and 3SIL). Yet, the distance between the general-acid and nu-
cleophile in retaining glycosidases that utilize two carboxyl
groups is much shorter at 4.5-5.5 A;"*'¥ the corresponding
distance in inverting glycosidases is around 9.0-9.5 A" Inter-
estingly, the distance between the Glu introduced in Y370E
and the general acid (Asp92) still permits hydrolysis to occur
with retention of configuration. Yet, increasing this distance by
the removal of one methylene unit (Y370D) permits a water
molecule to be bound interstitially between the Asp and the
bound substrate, and to act as a nucleophile during catalysis.
Certainly, the catalytic machinery of M. viridifaciens sialidase is
more tolerant to drastic alterations than is the case for most
retaining glycosidases, in which a modest change to the nucle-
ophile (E—D) results in a precipitous drop in activity even with
activated substrates.!'”'®

In summary, three separate nucleophile mutants of the
M. viridifaciens sialidase that possess significant catalytic activi-
ty react by three different mechanisms: Y370D by S\1 inver-
sion,” Y370F by Sy2 retention and Y370F by Sy1 retention. This
finding has no precedent to date in the glycosidase literature.

ChemBioChem 2005, 6, 1999 — 2004
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Experimental Section

Materials: All restriction endonucleases and DNA modification en-
zymes were purchased from Gibco BRL or New England BiolLabs
(Beverly, MA, USA). All DNA manipulations were carried out accord-
ing to standard procedures.” All chemicals were of analytical
grade or better and were purchased from Sigma-Aldrich unless
otherwise noted. MUaNeu5Ac was purchased from Rose Scientific
(Edmonton, Canada). 3'SL was purchased from V-labs (Covington,
LA, USA). DANA was prepared according to literature proce-
dures,??" except for the following minor modifications: after sap-
onification of the methyl ester, the crude lithium salt of DANA was
purified by anion-exchange chromatography by using Dowex 1X8
200-400 (acetate counter ion) as adsorbent (2 mL). The compound
was eluted with water (20 mL) followed by an aqueous solution of
pyridinium acetate (50 mL, 50 mw). After lyophilization, a mixture
of DANA as the free acid and its corresponding pyridinium salt was
obtained.

Expression vector: The leader sequence from ompT was inserted
into the pET28a vector before the ligation of the sialidase gene.
Plasmid pJW280mp was made by inserting a 108 bp fragment
from an Xbal/BamHI digest of pET12a (Novagen) into the pET28a
vector. In the wild-type sialidase gene,” the initiation codon was
replaced with an EcoRl site (Eco* primer, 5-CCGGAATTCACTGC-
GAATCCGTACCTCCGC-3'). The reverse primer incorporated a Hindlll
site. Thereby the natural stop codon was replaced to allow read-
through for a C-terminal fusion construct that encoded Hiss-tag
(TerHin"  primer, 5-CCCAAGCTTGCGCTGGCCTTCCACCTC-3'). The
2 kb PCR product was digested at the newly incorporated sites
(EcoRl and Hindlll), then ligated into digested and dephosphorylat-
ed pJW280mp.

Mutagenesis: Site-directed mutagenesis was performed by using
degenerate primers that contained NNK in place of the Tyr370
codon as reported for earlier mutants.”! The forward mutagenic
primer was Y370X-F" (5'-GTCGNNKTCCACCCTGACCG-3'). The re-
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verse mutagenic primer was Y370X-R" (5-GGTGGAMNNCGACATC-
GAGCC-3'). The final mutant gene fragments were ligated into the
JW280mp vector. Plasmid DNA was isolated from single colonies
and sequenced to identify the mutations.

Expression and purification: Expression was performed as report-
ed previously.” At 40 h post-induction, culture supernatant (1 L)
was incubated overnight at RT and 100 rpm with agarose Ni-NTA
resin (25 mL, Qiagen) that was pre-equilibrated in binding buffer
(50 mm phosphate, 5 mm imidazole, 100 mm NaCl, pH 8.0). The sus-
pension was then packed in a 26 mm diameter column and run at
1 mLmin~". The column was washed with wash buffer (150 mL;
50 mm phosphate, 10 mm imidazole, 100 mm NaCl, pH 8.0) until
baseline was reached. Elution was achieved by increasing the imi-
dazole concentration to 100 mm. Fractions containing sialidase
were pooled and concentrated as before by using (NH,),SO, pre-
cipitation followed by exchange by dialysis into storage buffer
(10 mm Tris-HCI, 0.1m NaCl, pH 7.2).”) Purity of the sample was as-
sessed by SDS-PAGE and silver staining. Aliquots of the pure
enzyme were then stored at —80°C. Total protein concentrations
were determined with the Bradford assay by using bovine serum
albumin as protein standard. The pure protein produced from the
expression constructs were analyzed by N-terminal sequencing
(NAPS Unit, University of British Columbia, Canada).

Enzyme kinetics and product studies: Measurement of the kinetic
parameters for hydrolysis of the various activated and natural sub-
strates, as well as NMR-based product studies, were carried out ac-
cording to protocols described for the wild-type enzyme.® Product
studies with Y370N and Y370T were performed at an enzyme con-
centration of 0.14 and 0.07 mgmL™", respectively. Due to the lower
activity of mutants Y370E and Y370F, much more protein was re-
quired in the product studies (12 and 18 mgmL~', respectively) in
order to achieve a hydrolysis rate significantly greater than the rate
of mutarotation.”'® For Y370H mutarotation was faster than hy-
drolysis even at an enzyme concentration of 70 mgmL™".

In order to measure the binding affinity of DANA to the various sia-
lidase mutants, the rate of MUaNeu5Ac hydrolysis at a concentra-
tion well below K,, was monitored with varying DANA concentra-
tions. The data were then fitted to the competitive model for in-
hibition in order to obtain K; by using the GraFit program. NMR ex-
periments were performed with DANA (10 mm) in tartrate buffer
(10 mm, pD 5.3) at RT to determine whether the enzymes could hy-
drate DANA. The concentration of enzyme in these reactions was
one tenth of that used to determine the stereochemical outcome
of MUaNeu5Ac hydrolysis. The DANA-containing reactions were
monitored for at least 18 h. The maximal rate for hydration was
calculated by assuming that 10% hydration would have been
observed.

Crystallization and X-ray data collection: To examine the structur-
al consequences of Y370F, crystals were grown in conditions previ-
ously reported for the D92G mutant.™ Despite similar crystalliza-
tion conditions, the Y370F protein crystallized in a different space-
group, P3,21, with three monomers in the asymmetric unit. Crys-
tals were soaked in DANA (10 mm) for 30 min at RT, and then trans-
ferred to cryoprotectant (20% glycerol in 16% PEG 3350, 0.2m
ammonium citrate) for 1 min prior to flash freezing. Data were col-
lected at 100K to 2.1 A resolution on ESRF beamline ID14-2. Mo-
lecular replacement was used to locate the three monomers in the

G. Taylor, A. J. Bennet, et al.

asymmetric unit by using the wild-type structure (PDB ID: 1EUU)
and the program AMORE.”? The model was refined by using
REFMAC,"*® with DANA and water molecules being fitted into maxi-
mum likelihood/c,-weighted 2F,—F. and F,—F. difference Fourier
electron density maps.
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Synthesis and Biological Evaluation of Novel

Eg5 Inhibitors
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and Athanassios Giannis*

Human Eg5 is a mitotic kinesin that is essential for bipolar spin-
dle formation and maintenance during mitosis. Recently, the dis-
covery of compounds that inhibit Eg5 and cause mitotic arrest
has attracted great interest, due to their potential use as the next

Introduction

During mitosis, eukaryotic cells are organised into a very com-
plex and dynamic structure, the mitotic spindle, which facili-
tates and ensures the equal partitioning of the replicated chro-
mosomes. Inhibition of mitotic-spindle formation has been
identified as an interesting target in cancer chemotherapy.”
Antimitotic agents that have been used so far in cancer treat-
ment, such as for taxanes and vinca alkaloids, perturb tubulin
polymerisation/depolymerisation, cause mitotic arrest and sub-
sequent cell death.” However, these drugs produce serious
side effects, because microtubules also have essential intracel-
lular functions in nondividing cells.®) A new, alternative ap-
proach to attacking mitotic-spindle formation is the inhibition
of proteins, such as the mitotic motors (kinesins), that interact
with microtubules; this causes mitotic arrest.™ These proteins
are exclusively involved in the formation and function of the
mitotic spindle, and some of them are only expressed in prolif-
erating cells.” Their inhibition leads to cell-cycle arrest and ulti-
mately to apoptosis, without interfering with other microtu-
bule-dependent processes."” Human Eg5 kinesin or HsKSP, for
example, is a plus-end-directed mitotic motor that belongs to
the BimC kinesin super-family and is required for the formation
of bipolar spindles in vivo.” Failure of Eg5 function leads to
cell-cycle arrest in mitosis.

The first identified Eg5 inhibitor was monastrol (1), a small
cell-permeable compound that induces mitotic arrest, thus
giving a characteristic monoaster phenotype.” Other Eg5 in-
hibitors that have been reported are dihydropyrazoles (ICs,=
26 nm),”® terpendole E (ICs,=14.6 pm),””’ S-trityl-i-cysteine (ICso=
1.0 um),"™ HR22C16 (IC5,=0.8 um)™ and CK0106023 (IC,,=
12 nm)."? Recently, we reported dimethylenastron (2; ICy,=

OH OH O OH
0 0
o N N ‘ NH
N/J\S NAS NAS
H H H
1 2 3
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generation of antimitotics. Here, we present the synthesis and
biological investigation of 3,4-dihydrophenylquinazoline-2(1H)-
thiones as selective and potent Eg5 inhibitors.

200 nm) as a potent and cell-permeable Eg5 inhibitor."¥ We
have shown that cyclisation of the side chains of monastrol
leads to conformationally restricted bicyclic systems that have
strong inhibitory activity against Eg5. In continuation of these
studies and supported by data from the molecular-modelling
program MOLOC,"' we envisaged the synthesis and biologi-
cal investigation of 3,4-dihydrophenylquinazoline-2(1H)-thiones
of type 3.

Results and Discussion

The general synthetic strategy shown in Scheme 1 was em-
ployed for the preparation of the new 3,4-dihydrophenylquin-
azoline-2(1H)-thiones. A conceptually attractive approach to
these thioureas is through commercially available or synthes-
ised aminobenzophenones 7. As a first step, we synthesised
isatoic anhydrides 5 from anthranilic acids 4 by treatment with
trichloromethyl chloroformate."® Reaction of isatoic anhydrides
with N,O-dimethylhydroxylamine gave Weinreb amide precur-
sors 6 in good to excellent yields. Then we synthesised 2-ami-
nobenzophenones 7 by one-pot reaction of N-methoxy-N-
methylamides 6 and an arylbromide in the presence of
nBuLi."” Such a route proved to be efficient and gave access
to 2-aminobenzophenone derivatives with a different substitu-
tion pattern in both aromatic rings. Further reduction of the
carbonyl group in the presence of NaBH, generated the inter-
mediate alcohols, which, without isolation upon treatment
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Scheme 1. Reagents and conditions: a) CICOOCCI;, 1,4-dioxane,
reflux, 6 h; b) MeNHOMe. HCl, Et;N, EtOH, reflux, 2 h; ¢) m-
TBDMSOCH,Br (TBDM = tert-butyldimethylsilyl), nBuLi, THF;
—80°C, 30 min; d) NaBH,, EtOH, 65°C, 1.5 h; e) NH,SCN, H,0,
EtOH, HCl, 65°C, 2 h.

with ammonium thiocyanate and hydrochloric acid,
afforded the racemic thioureas VS (Table 1).'¥
Subsequently, the synthesised compounds were
screened for inhibition of Eg5 by using an in vitro
malachite green ATPase assay."” Nine of these com-
pounds were more potent inhibitors than monastrol,
and their inhibitory effects were quantified by meas-
uring their 1Cs, values (Figure 1). Compounds VS-1,
VS-43 and VS-46, gave inhibition values of 6, 38 and

Table 1. Precise structures of VS compounds and the inter-
mediates in their formation.

Compounds R R? R®

4a-7a 5-Cl H 3’-OTBDMS
4b-7b 3-OMe H 3’-OTBDMS
4c-7c¢ 4-F H 3’-OTBDMS
4d-7d 5-F H 3’-OTBDMS
4e-7e 6-F H 3’-OTBDMS
4f-7f 4-F 5-F 3’-OTBDMS
4g-79 3-Me H 3-OTBDMS
4h-7h 4-Me H 3’-OTBDMS
4i-7i 5-Me H 3’-OTBDMS
5j°, 6j,7j 5-Br H 3-OTBDMS
5k, 6k, 7k H H 3'-OTBDMS
719 5-Cl H H

7m? 5-Cl H 2'-F

7n® H H H

VS-42 6-Cl H 3-OH
VS-48 8-OMe H 3'-OH
VS-54 7-F H 3-OH
VS-77 6-F H 3-OH
Vs-83 5-F H 3'-OH
VS-87 6-F 7-F 3-OH
VS-38 8-Me H 3'-OH
VS-91 7-Me H 3'-OH
VS-94 6-Me H 3'-OH
VS-17 6-Br H 3-OH
VS-12 H H 3'-OH
VS-43 6-Cl H H

VS-46 6-Cl H 2'-F

VS-1 H H H

[a] Commercially available.
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o) 24%, respectively, at a concentration of 50 um. From these

N~ data, it appears that a hydroxyl group on the 3'-position of the

5 3,4-dihydro-4-phenylquinazoline-2(1H)-thione skeleton is im-
portant for inhibition. This observation is in accordance with
our previous results from a similar system for the development
of dimethylenastron."® Methyl substitution at position 7 in-
creases the inhibitory activity and is more favourable than hal-
ogen substitution. On the other hand, a methyl group at posi-
tion 9 dramatically decreases the activity. Fluorine groups at
positions 6 and 8 gave the most potent compounds, while the
7,8-difluoro derivative is slightly less active. Additionally, we as-
sessed the effect of these compounds on other human motor

/ O

NH;

100 - B
90 — N
80 /% T
70 A

S 604

Zg 1 monastrol

< 504 vS77

£ 4 VS91

® 40 varr

_ 1
30 VS42
) VS94
Vs87
2 | VS54
104 \Vs83
O EmmEE —_— — .
1000 10000 100000
concentration [nm]
25 4
B)

=

=

3

S)

monastrol VS-77  VS-12  VS-81 VS42 VS17 VS-87 VS-94 VS54 VS-83

Figure 1. A) VS compounds inhibit the in vitro ATPase activity of mitotic kinesin Eg5
more potently than monastrol does. A malachite green reaction was used to measure
the microtubule-stimulated ATPase activity of Eg5 in the presence of the indicated con-
centration of VS compounds or monastrol. The in vitro ATPase activity of Eg5 in the pres-
ence of the solvent control, DMSO, was set to 100% activity. B) Graph A was used to de-
termine the concentration of each compound at which the in vitro ATPase activity of
Eg5 was half maximal (IC, value).
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proteins including MKLP1, MKLP2, MPP1, KIF4, KIF5A, KIF5B,
CenpE and MCAK. We found that the induced inhibition was
specific for Eg5 (data not shown).

Flow cytometric analysis was used to examine the cell-cycle
distribution of compound-treated BSC-1 cells that were stained
with Hoechst dye to visualise the chromatin.”*® BSC-1 cells
synchronised in the S-phase were released into 10 um of each
inhibitor with 500 nm of nocodazole or DMSO as a solvent con-
trol, and the cell-cycle profiles of the treated cells were deter-
mined by using a laser-scanning microscope. Analyses of the
cell-cycle profile revealed that 500 nm nocodazole blocked cells
efficiently in G2/M phase. In line with the determined ICs,
values, compounds VS-94, VS-87, VS-54 and VS-83 induced a
block at G2/M phase more efficiently than equimolar concen-
trations of VS-12, VS-17, VS-42, VS-77 or monastrol (Figure 2,
Table 2).

To further confirm that the determined in vitro potencies of
the compounds correlate with their efficiency to induce a phe-
notype in vivo, we quantified the number of compound-treat-
ed mitotic cells displaying monoasters or bipolar spindles. BSC-
1 cells synchronised in the S-phase were released for 10 h into
the indicated concentrations of VS compounds or monastrol,
and the number of mitotic cells displaying monoasters was de-
termined. Based on the graph shown in Figure 3A, we deter-
mined for each compound the concentration at which 50% of
the mitotic cells showed monoasters (ECs,). As shown in Fig-
ure 3B, the ECg, values of the individual compounds exactly
correlate with the potencies of the compounds inhibiting Eg5
ATPase activity in vitro; this demonstrates that the VS com-
pounds are membrane-permeable inhibitors of Eg5 that cause
a mitotic arrest in vivo by inducing monoasters in treated cells.

Finally, we observed spindle morphologies in BSC-1 cells ar-
rested with 25 um VS-83 and 100 pum monastrol (Figure 4). VS-83
arrested cells in mitosis with monoastral microtubule arrays, a
phenotype identical to that induced by monastrol or micro-
injection of inhibitory-acting antibodies against Eg5.

Conclusion

Mitotic kinesin inhibitors offer a novel approach to inhibiting
proliferation of cancer cells">?" with fewer side-effects on non-
dividing cells compared to known antitubulin drugs.?? In this
work, we have developed an easy and efficient access to differ-
ent 3,4-dihydro-4-(3'-hydroxyphenyl)quinazoline-2(1H)-thiones,
which proved to be potent and specific molecules for Eg5 in-
hibition. These new antimitotics are promising drug candidates
for the treatment of cancer and other proliferative diseases.
For these Eg5 inhibitors we propose the name Vasastrol (VS).

Experimental Section

Chemistry. All materials were obtained from commercial suppliers
and used without further purification. Melting points were uncor-
rected and were determined on a Biichi Melting Point B-540 appa-
ratus. Flash chromatography was performed on Merck silica gel 60.
'H and *C NMR spectra were recorded on Varian VXR-200, Varian
VXR-300 NMR spectrometers at room temperature. High-resolution

ChemBioChem 2005, 6, 2005 -2013
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(HR) mass spectra were obtained with a 7 T APEX Il mass spectrom-
eter. Yields are not optimised.

General procedure for the synthesis of isatoic anhydrides 5a-k:
The anthranilic acid (1 equiv), trichloromethyl chloroformate
(4 equiv) and anhydrous 1,4-dioxane (3 mLmmol™') were mixed in
a three-necked, round-bottomed flask and heated at reflux under
Ar for 6 h. The reaction mixture was allowed to cool to RT, and the
flask was connected to a series of tree traps. The first and last
traps contained sulfuric acid and 10% potassium hydroxide, re-
spectively, and the middle trap was left empty. Then Ar was bub-
bled through the reaction mixture for 1 h. The solvent was re-
moved under reduced pressure, and the crude isatoic anhydrides
were used for the next step without further purification.

CAUTION! Trichloromethyl chloroformate is toxic.

General procedure for the synthesis of N-methoxy-N-methyla-
mides 6a-k: Triethylamine (1.5 equiv) was added to a solution of
N,O-dimethylhydroxylamine hydrochloride (1.5 equiv) in 90% aque-
ous ethanol (1.75 mLmmol™), and, after 10 min, isatoic anhydride
(1 equiv) was added in portions. The reaction mixture was heated
at reflux for 2 h, then poured into an equal volume of saturated
Na(COs;),. The ethanol was then removed, and the aqueous mixture
was extracted with ethyl acetate. The organic extracts were
washed with water and brine and dried over Na,SO,. The solution
was concentrated, and the residue was chromatographed on silica

gel.

General procedure for the synthesis of aminobenzophenones
7a-n: nBuli (2.5m, in hexane, 2 equiv) was added with vigorous
stirring to a mixture of aryloromide (1 equiv) and N-methoxy-N-
methylamide (1 equiv) in dry tetrahydrofuran (6 mLmmol™") at
—80°C under Ar. The temperature of the reaction mixture should
not be higher than —78°C. After 30 min, aqueous HCl (1w,
2 mLmmol™") was added, and the mixture was extracted with ethyl
acetate. The organic extracts were washed with water and brine,
dried over Na,SO, and concentrated. The residue was chromato-
graphed on silica gel.

General procedure for the synthesis of quinazoline-2(1H)-thi-
ones VS: NaBH, (0.5 equiv) was added portionwise at 65°C under
Ar to a solution of aminobenzophenone (1 equiv) in ethanol
(2.3 mLmmol™"). The mixture was heated at 65°C for 1.5 h, then it
was diluted with water (0.36 mLmmol™"), and a solution of ammo-
nium thiocyanate (1.1 equiv) in water (0.16 mLmmol~') was added
at 65°C. The reaction mixture was then treated with concentrated
HCl in water (0.14 mLmmol~', 0.26 mLmmol™") and stirred at 65°C
for 2 h. Solvents were removed under reduced pressure, and the
residue was chromatographed after preabsorption on silica gel.

2-Amino-5-chloro-N-methoxy-N-methylbenzamide (6a): Yield:
89% for two steps. M.p.=69-72°C; 'H NMR (200 MHz, CDCl,): 6 =
3.33 (s, 3H), 3.57 (s, 3H), 4.56 (br, 2H), 6.63 (d, J=8.6 Hz, 1H), 7.12
(dd, J=2.5, 8.6 Hz, 1H), 7.35 (d, J=2.5 Hz, 1H); ®CNMR (50 MHz,
CDCl,): 6=35.9, 63.3, 119.9, 120.2, 123.4, 130.7, 133.3, 147.4, 170.6;
ESI-HRMS m/z calcd for C4H;,CIN,O,: 215.05818 [M+H]*; found:
215.05835.

2-Amino-N,3-dimethoxy-N-methylbenzamide (6 b): Yield: 88% for
two steps. Oil. '"H NMR (300 MHz, CDCl;): 6=3.30 (s, 3H), 3.57 (s,
3H), 3.82 (s, 3H), 4.77 (br, 2H), 6.61 (t, J=79Hz, 1H), 6.77 (d, J=
7.7 Hz, 1H), 6.96 (d, J=7.9 Hz, 1H); *CNMR, 75 MHz (CDCl,): 6=
34.5, 55.7, 61.1, 111.4, 115.9, 117.0, 120.9, 137.4, 147.5, 170.0; ESI-
HRMS m/z caled for C,gH;sN,O5: 211.10772 [M+H]*; found:
211.10776.
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Figure 2. VS-compounds induce mitotic arrest in BSC-1 (African green monkey) cells more potently than monastrol does. BSC-1 cells were released from a
double thymidine block into 10 pum VS compounds, 10 pm monastrol or an equivalent volume of DMSO for 14 h. As a positive control, mitotic arrest was in-
duced by releasing thymidine-arrested cells into 500 nm of the tubulin poison nocodazole for 14 h. Treated cells were fixed and stained with Hoechst 33342
dye to visualise the chromatin. The intensity of the chromatin stain was used to determine the cell-cycle profile by laser-scanning microscopy.
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Table 2. IC,, and EC;, values of the more potent VS compounds.
Compounds ICso (ECso™) Compounds ICso (ECso™) Compounds 1Cs (EC5o™)
OH O OH G OH
o]
20.73£0.75 7.60+1.38 B 5.75+0.66
o % (58.74+2.60) O NH (22.5140.79) r O NH (24.4941.56)
NAS N/gs N/&S
H H H
monastrol VS-12 VS-17
O OH O OH O OH
5.77 +0.66 1.81+£0.15 8.04+1.71
cl O NH (20.60+0.55) O NH (8.5140.22) F O NH (28.39+2.74)
N/gs F N/&S N/gS
H H H
VS-42 VS-54 VSs-77
l OH i OH [ OH
F
1.17+0.31 2.74+0.17 7.59+2.26
O NH (7.2740.83) F O NH (8.9540.31) O NH (25.0940.94)
N/J*s F N/gs N/&S
H H H
VS-83 VsS-87 VS-91
O OH
2.73+0.51
O NH (12.9240.64)
N/gs
H
VS-94
[a] Concentration at which 50% of mitotic cells show monoasters.
2-Amino-4-fluoro-N-methoxy-N-methylbenzamide (6c): Yield: 17.8, 34.9, 61.3, 116.6, 117.1, 123.4, 127.2, 132.6, 145.1, 170.8; ESI-

97% for two steps. Oil. 'TH NMR (300 MHz, CDCly): 6=3.32 (s, 3H),
3.55 (s, 3H), 471 (br, 2H), 6.32-6.38 (m, 2H), 7.37-7.41 (m, TH);
ESI-HRMS m/z calcd for CoH;F N,O,Na: 221.06968 [M+Na]*; found:
221.06982.

2-Amino-5-fluoro-N-methoxy-N-methylbenzamide (6d): Yield:
90% for two steps. Oil. '"H NMR (200 MHz, CDCl,): 0=3.31 (s, 3H),
3.55 (s, 3H), 431 (br, 2H), 6.62 (dd, J=8.8, 4.8 Hz, 1H), 6.90 (m,
1H), 7.09 (dd, J=9.2, 29Hz 1H); ESI-HRMS m/z calcd for
CoH,,FN,0,: 199.08773 [M+H]™; found: 199.08777.

2-Amino-6-fluoro-N-methoxy-N-methylbenzamide (6e): Yield:
93% for two steps. Oil. '"H NMR (200 MHz, CDCly): 6=3.28 (s, 3H),
3.58 (s, 3H), 4.21 (br, 2H), 6.34-6.45 (m, 2H), 7.05 (dd, J=14.38,
7.7 Hz, 1H); ESI-HRMS m/z caled for CoH,,FN,O,: 199.08773 [M+H]*
; found: 199.08764.

2-Amino-4,5-difluoro-N-methoxy-N-methylbenzamide (6 f): Yield:
70% for two steps. Oil. '"H NMR (200 MHz, CDCl;): 6=3.32 (s, 3H),
3.54 (s, 3H), 4.66 (br, 2H), 6.47 (d, J=12.1, 6.9 Hz, 1H), 7.30 (dd, J=
11.1, 9.1 Hz, T1H); ES-HRMS m/z calcd for CoHy;F,N,0,: 217.07831
[M+H]*; found: 217.07834.

2-Amino-N-methoxy- N,3-dimethylbenzamide (69g): Yield: 73%
for two steps. Oil. '"H NMR (300 MHz, CDCl,): 6=2.1 (s, 3H), 3.32 (s,
3H), 3.57 (s, 3H), 4.60 (br, 2H), 6.60 (t, J=7.1 Hz, 1H), 7.06 (d, J=
7.1Hz, 1H), 7.2 (d, J=7.1Hz, 1H); *CNMR, 75 MHz (CDCl,): 6=

ChemBioChem 2005, 6, 2005 -2013
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HRMS m/z calcd for C,oH;4,N,O,Na: 217.09475 [M+Na]*; found:
217.09468.

2-Amino-N-methoxy-N,4-dimethylbenzamide (6 h): Yield: 80% for
two steps. Oil. '"H NMR (200 MHz, CDCly): 6=2.23 (s, 3H), 3.30 (s,
3H), 3.56 (3H,s), 4.59 (br, 2H), 6.45-6.49 (m, 2H), 7.25 (d, J=7.7 Hz,
TH); *CNMR (50 MHz, CDCl,): 6=21.5, 34.6, 61.1, 114.3, 117.2,
117.9, 129.4, 1419, 1472, 170.4; ESI-HRMS m/z calcd for
CioH14N,0,: 195.11280 [M4-H]™; found: 195.11281.

2-Amino-N-methoxy-N,5-dimethylbenzamide (6i): Yield: 90% for
two steps. Oil. '"H NMR (200 MHz, CDCl,): 6=2.23 (s, 3H), 3.33 (s,
3H), 3.60 (s, 3H), 4.32 (br, 2H), 6.62 (d, J=8.1 Hz, 1H), 6.99 (dd, J=
8.1, 1.1 Hz, 1H), 7.13 (d, J=1.1 Hz, 1H); *CNMR (50 MHz, CDCl,):
0=204, 345, 61.2, 116.9, 118.0, 126.3, 129.2, 132.2, 144.0, 170.2;
ESI-HRMS m/z caled for CoHi,N,O,: 195.11280 [M+H]*; found:
195.11292.

2-Amino-5-bromo-N-methoxy-N-methylbenzamide (6j): Yield:
97% for two steps as a solid. M.p.=72-74°C; "H NMR (200 MHz,
CDCly): 6=3.33 (s, 3H), 3.58 (s, 3H), 4.68 (br, 2H), 6.61 (d, J=
8.8 Hz, 1H), 7.25 (dd, /=26, 8.8 Hz, 1H), 749 (d, /=2.6 Hz, TH);
3CNMR (50 MHz, CDCly): 6=34.0, 61.4, 108.3, 118.3, 118.7, 131.7,
134.2, 146.0, 168.6 ESI-HRMS m/z calcd for CgH;;BrN,NaO,:
280.98961 [M+Na]™; found: 280.98980.
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B) Figure 4. Immunofluorescence images of mitotic BSC-1 cell treat-
7 ed with A) VS-83 or B) monastrol. BSC-1 cells were released from
604 T a double thymidine block into 25 pm VS-83 or 100 uv monastrol
for 10 h. Treated cells were fixed and immunostained for the mi-
1 crotubule cytoskeleton and chromatin. Images were taken on a
50 Nikon TE-200 microscope equipped with a 100x lens and de-
convolved by using Applied Precision Software.
= 404
3.
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@ 304 . , .
w (2-Amino-3-methoxyphenyl) (3'-tert-butyldimethyloxy-
. phenyl)methanone (7b): Yield: 65%. Oil. 'HNMR
204 (200 MHz, CDCl,): 6=0.23 (s, 6H), 1.00 (s, 9H), 3.90 (s,
3H), 6.37 (br, 2H), 6.50-6.62 (m, 2H), 6.82-6.90 (t, J=
1 8.1 Hz, 1H), 6.98-7.02 (m, 1H), 7.09-7.12 (m, 1H), 7.20-
10 4 741 (m, 2H); ®CNMR (50 MHz, CDCly): 6=-4.3, 183,

04

VS-91
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Figure 3. A) VS compounds induce the formation of monoasters in BSC-1 cells. BSC-1
cells were released from a double thymidine block into the indicated concentrations of
VS compounds or monastrol for 10 h. Treated cells were fixed and immunostained for
the microtubule cytoskeleton and chromatin. For each concentration of the tested com-
pounds, the spindle structures of about 400 mitotic cells were determined. B) Graph A
was used to determine the concentration of each compound at which 50% of the mitot-

ic cells display a monoaster (ECs, value).

2-Amino-N-methoxy-N-methylbenzamide (6 k): Physical and spec-
troscopic data are in agreement with previously published data."”

(2-Amino-5-chlorophenyl) (3'-tert-butyldimethylsilyloxyphenyl)-
methanone (7a): Yield: 75%. Oil. '"H NMR (300 MHz, CDCly): 0=
0.23 (s, 6H), 0.99 (s, 9H), 6.04 (br, 2H), 6.67 (d, J=8.8 Hz, 1H), 7.01-
7.04 (m, 1H), 7.07-7.09 (m, 1H), 7.19-7.26 (m, 2H), 7.33 (t, J=
7.7 Hz, 1H), 7.44 (d, J=2.5Hz, TH); *CNMR, 75 MHz (CDCl,): 6 =
—4.1, 185, 259, 1187, 119.0, 120.2, 120.8, 122.4, 123.7, 1297,
133.5, 134.5, 140.9, 149.6, 155.8, 197.9; ESI-HRMS m/z calcd for
C1oH,5CINO,Si: 362.13376 [M+H]*; found: 362.13381.
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25.8, 55.9, 113.8, 114.0, 117.5, 120.6, 122.2, 122.7, 122.8,
126.1, 129.1, 141.8, 147.4, 155.4, 198.7; ESI-HRMS m/z
caled for CyH,,NO,Si: 358.18330 [M+H]™; found:
358.18324.

(2-Amino-4-fluorophenyl) (3'-tert-butyldimethylsilylox-
yphenyl)methanone (7c): Yield: 88%. Oil. 'HNMR
(300 MHz, CDCl,): 6=0.21 (s, 6H), 0.98 (s, 9H), 6.26-6.32
(m, 3H), 6.36 (d, /=25, 10.9 Hz, 1H), 6.98-7.05 (m, 2H),
717 (d, J=7.4Hz, 1H), 7.26-7.33 (m, 1H), 7.47 (dd, J=
6.6, 8.8 Hz, 1H); ESI-HRMS m/z calcd for CiqH,sF NO,Si:
346.16331 [M+H]t; found: 346.16336.

(2-Amino-5-fluorophenyl) (3'-tert-butyldimethylsilyloxyphenyl)-
methanone (7d): Yield: 93%. Oil. 'HNMR (200 MHz, CDCl,): 6=
0.21 (s, 6H), 0.98 (s, 9H), 5.64 (br, 2H), 6.69 (dd, /=8.9, 4.4 Hz, 1H),
7.02-7.36 (m, 6H); ESI-HRMS m/z calcd for C,oH,sFNO,Si: 346.16331
[M+H]t; found: 346.163009.

(2-Amino-6-fluorophenyl) (3'-tert-butyldimethylsilyloxyphenyl)-
methanone (7 e): Yield 85%. Oil. '"H NMR (200 MHz, CDCl,): 6=0.19
(s, 6H), 0.97 (s, 9H), 4.72 (br, 2H), 6.37 (dd as t, J/=8.4 Hz, 1H), 6.52
(d, J=84Hz, 1H), 7.02 (d, J=7.3 Hz, 1H), 7.14-7.32 (m, 4H); ESI-
HRMS m/z caled for C,gH,sFNO,Si: 346.16331 [M+H]*; found:
346.16332.
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(2-Amino-4,5-difluorophenyl) (3'-tert-butyldimethylsilyloxyphe-
nyl)methanone (7 f): Yield: 93%. Oil. '"H NMR (200 MHz, CDCl,): 6 =
0.21 (s, 6H), 0.99 (s, 9H), 6.06 (br, 2H), 6.50 (dd, /=11.8, 6.6 Hz,
1H), 7.00-7.18 (m, 3H), 7.27-7.35 (m, 2H); ESI-HRMS m/z calcd for
CyoH,4F,NO,Si: 364.15389 [M+H]*; found: 364.15378.

(2-Amino-3-methylphenyl) (3'-tert-butyl-dimethylsilyloxyphenyl)-
methanone (7g): Yield: 57%. Oil. '"H NMR (300 MHz, CDCl,): 6=
0.22 (s, 6H), 1.00 (s, 9H), 2.22 (s, 3H), 6.21 (br, 2H), 6.55 (dd as t,
J=7.7 Hz, 1H), 6.99-7.02 (m, 1H), 7.11 (m, 1H), 7.21-7.33 (m, 3H),
738 (d, J=7.4Hz, 1H); *CNMR, 75 MHz (CDCl): 6=—4.1, 17.6,
18.5, 26.0, 115.1, 117.8, 120.9, 122.5, 123.0, 123.5, 129.4, 133.1,
1354, 1421, 149.7, 1556, 199.5; ESI-HRMS m/z calcd for
CooHsNO,Si: 342.18838 [M+H]™; found: 342.18854.

(2-Amino-4-methylphenyl) (3'-tert-butyl-dimethylsilyloxyphenyl)-
methanone (7h): Yield: 70%. Oil. 'HNMR (300 MHz, CDCl,): 6=
0.21 (s, 6H), 0.98 (s, 9H), 2.29 (s, 3H), 6.15 (br, 2H), 6.43 (d, J=
8.0Hz, 1H), 6.56 (brs, 1H), 6.97-7.20 (m, 3H), 7.27-7.37 (m, 2H);
BCNMR (50 MHz, CDCly): §=—4.3, 183, 21.9, 258, 112.7, 116.0,
117.2, 120.6, 122.1, 122.7, 129.2, 134.9, 141.9, 145.5, 151.2, 1554,
198.4; ESI-HRMS m/z calcd for CyH,sNO,Si: 342.18838 [M+HI1t;
found: 342.18836.

(2-Amino-5-methylphenyl) (3'-tert-butyl-dimethylsilyloxyphenyl)-
methanone (7i): Yield: 92%. Oil. "H NMR (200 MHz, CDCl,): 6 =0.21
(s, 6H), 0.98 (s, 9H), 2.17 (s, 3H), 5.60 (br, 2H), 6.67 (d, /=8.4 Hz,
1H), 6.98-7.14 (m, 3H), 7.20-7.35 (m, 3H); *CNMR (50 MHz,
CDCly): 6=-4.2, 184, 20.5, 25.9, 117.4, 118.4, 120.8, 122.4, 123.1,
124.9, 129.5, 134.3, 135.7, 141.7, 148.9. 155.5, 198.9; ESI-HRMS m/z
calcd for C,oH,sNO,Si: 364.18838 [M+H]™; found: 342.18835.

(2-Amino-5-bromophenyl) (3'-tert-butyldimethylsilyloxyphenyl)-
methanone (7j): Yield: 82%. Oil. 'H NMR (300 MHz, CDCl,): 6=0.24
(s, 6H), 0.99 (s, 9H), 6.10 (br, 2H), 6.63 (d, J=8.5 Hz, 1H), 7.01-7.07
(m, 2H), 7.19-7.36 (m, 3H), 7.57 (brs, 1H); "CNMR (75 MHz,
CDCly): 6=-4.3, 18.2, 25.7, 106.5, 118.8, 119.3, 120.5, 122.1, 123.4,
129.4, 136.2, 136.8, 140.5, 149.7, 155.5, 197.5; ESI-HRMS m/z calcd
for C;oH,sBrNO,Si: 406.08324 [M+H]*; found: 406.08343.

(2-Aminophenyl) (3'-tert-butyldimethylsilyloxyphenyl)metha-
none (7k): Yield: 66%: Oil. '"H NMR (200 MHz, CDCl,): 6=0.22 (s,
6H), 0.99 (s, 9H), 6.11 (br, 2H), 6.57-6.65 (m, 1H), 6.74 (d, /=84,
1H), 7.01 (m, 1H), 7.10 (m, 1H), 7.19-7.36 (m, 3H), 7.47 (dd, J=1.5,
8.1 Hz, 1H); *CNMR (50 MHz, CDCl,): 6=—4.2, 18.4, 25.8, 115.6,
117.1, 118.3, 120.7, 122.3, 123.0, 129.3, 134.4, 134.8, 141.6, 151.1,
155.5, 198.9; ESI-HRMS m/z calcd for C,gH,(NO,Si: 328.17273
[M+H]T; found: 328.17280.

3,4-Dihydro-4-phenylquinazoline-2(1H)-thione (VS-1): Physical
and spectroscopic data are in agreement with previously published
data."®

3,4-Dihydro-4-(3'-hydroxyphenyl)quinazoline-2(1H)-thione  (VS-
12): Yield: 74%. M.p.=217-219°C; 'H NMR (200 MHz, DMSO): 6 =
5.52 (, THd, J=3.0 Hz), 6.64-6.75 (m, 3H), 6.97-7.00 (m, 2H), 7.03-
7.20 (m, 3H), 9.19 (br, 1H), 9.50 (s, 1H), 10.65 (br, 1H); *CNMR
(50 MHz, DMSO): 6=56.6, 113.1, 114.2, 114.5, 116.8, 121.2, 123.0,
126.9, 128.1, 129.5, 134.1, 145.7, 157.5, 174.4; ESI-HRMS m/z calcd
for C,4H,5N,0S [M+H]*+ 257.07431; found: 257.07419.

6-Bromo-3,4-dihydro-4-(3’-hydroxyphenyl)quinazoline-2(1H)-

thione (VS-17): Yield: 90%. M.p.=115-117°C; "H NMR (300 MHz,
DMSO): 6=5.55 (d, J/=3.0 Hz, 1H), 6.67-6.69 (m, 2H), 6.74 (d, J=
7.7 Hz, 1H), 6.98 (d, /=8.5Hz, 1H), 7.13-7.16 (m, 1H), 7.37-7.41
(m, 2H), 9.31 (br, TH), 9.55 (s, TH), 10.78 (br, TH); *C NMR, 75 MHz
(DMSO): 6=56.7, 113.7, 115.0, 115.5, 117.0, 117.5, 124.4, 130.1,
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130.5, 131.7, 134.2, 146.0, 1584, 175.3; ESI-HRMS m/z calcd for
C,H,,BrN,OS: 334.98482 [M+H]*; found: 334.98416.

3,4-Dihydro-4-(3'-hydroxyphenyl)-8-methylquinazoline-2(1H)-
thione (VS-38): Yield: 83%. M.p.=25-256°C; '"H NMR (300 MHz,
DMSO0): 6=2.31 (s, 3H), 5.49 (d, J=3.3 Hz, 1H), 6.66-6.68 (m, 2H),
6.74 (d, J/=7.7 Hz, 1H), 6.93 (dd as t, J/=7.4 Hz, TH), 7.03-7.16 (m,
3H), 933 (br, TH), 9.49 (s, 1H), 9.52 (br, TH); *CNMR, 75 MHz
(DMSO): 6=17.8, 57.4, 113.9, 115.2, 117.5, 122.6, 123.4, 123.8, 125.5,
130.2, 130.6, 133.1, 146.1, 158.2, 176.0. EI-HRMS m/z calcd for
Cy5H,,N,0S: 270.08268 [M]*; found: 270.08101.

6-Chloro-3,4-dihydro-4-(3’-hydroxyphenyl)quinazoline-2(1H)-
thione (VS-42): Yield: 70%. M.p.=108-110°C; 'H NMR (300 MHz,
DMSO0): 6 =5.55 (d, J=3.3 Hz, 1H), 6.68-6.69 (m, 2H), 6.75 (d, J=
7.5Hz, 1H), 7.04 (d, J=9.0Hz, 1H), 7.14-7.19 (m, 1H), 7.26-7.29
(m, 2H), 9.30 (br, 1H), 9.56 (s, TH), 10.79 (br, 1H); *C NMR (50 MHz,
DMSO): 6=56.1, 113.0, 114.7, 115.9, 116.7, 123.3, 126.4, 126.5,
128.1, 129.7, 133.1, 145.2, 157.6, 174.5; ESI-HRMS m/z calcd for
C,4H,,CIN,05: 291.03534 [M+H]™; found: 291.03518.

6-Chloro-3,4-dihydro-4-phenylquinazoline-2(1H)-thione (VS-43):
Yield: 97%. M.p.=225-227°C; 'H NMR (300 MHz, DMSQ), 6 =5.66
(d, J=3.3, 1H), 7.05 (d, /=84 Hz, 1H), 7.26-7.41 (m, 6H), 9.36 (s,
TH), 10.8 (s, TH); ®CNMR (75 MHz, DMSO): 6=56.9, 116.7, 124.0,
126.9, 127.3, 128.5, 129.0, 129.5, 133.9, 144.5, 175.4; ESI-HRMS m/z
calcd for C;4,H;,CIN,S [M+H]T 275.04042; found: 275.04086.

6-Chloro-4-(2’-fluorophenyl)-3,4-dihydroquinazoline-2(1H)-
thione (VS-46): Yield: 94%. M.p.=279-281°C; 'H NMR (300 MHz,
DMSO): 6=5.92 (d, J=2.8 Hz, TH), 7.03-7.07 (m, 2H), 7.22-7.43 (m,
5H), 9.23 (br, 1H), 10.88 (br, 1H); ESI-HRMS m/z calcd for
C,,Hy;,CIFN,0S: 293.03100 [M-+H]*; found: 293.03101.

3,4-Dihydro-4-(3'-hydroxyphenyl)-8-methoxyquinazoline-2(1H)-
thione (VS-48): Yield: 84%. M.p.=254-256°C; 'H NMR (300 MHz,
DMSO): 6=3.86 (s, 3H), 5.52 (d, J=3.0 Hz, 1H), 6.67-6.78 (m, 4H),
6.93-7.02 (m, 2H), 7.11-7.16 (m, 1H), 8.83 (br, 1H), 9.38 (br, 1H),
9.51 (s, TH); ®C NMR (50 MHz, DMSO): 6 =56.6, 55.9, 110.1, 113.1,
114.5, 116.8, 118.6, 121.8, 123.0, 123.5, 129.5, 144.7, 145.1, 157.5,
174.2; ESI-HRMS m/z calcd for C;sH,,N,0,SNa: 309.06682 [M+Na]*;
found: 309.06711.

7-Fluoro-3,4-dihydro-4-(3’-hydroxyphenyl)quinazoline-2(1H)-
thione (VS-54): Yield: 89%. M.p.=85-87°C; 'HNMR (300 MHz,
DMSO0): 6 =5.53 (d, J=3.0 Hz, 1H), 6.66-6.84 (m, 5H), 7.12-7.20 (m,
2H), 9.34 (br, 1H), 9.51 (s, 1H), 10.74 (br, 1H); ESI-HRMS m/z calcd
for C,,Hy;F N,OSK: 313.02077 [M+K]*; found: 313.02087.

6-Fluoro-3,4-dihydro-4-(3’-hydroxyphenyl)quinazoline-2(1H)-
thione (VS-77): Yield 84%. M.p.=166-168°C; 'H NMR (200 MHz,
DMSO): 6 =5.51 (d, J/=3.0 Hz, 1H), 6.64-6.74 (m, 3H), 7.03-7.16 (m,
4H), 9.2 (br, 1H), 9.51 (s, TH), 10.70 (br, TH); ESI-HRMS m/z calcd
for C,,H,,FN,OS: 275.06489 [M+H]*; found: 275.06478.

5-Fluoro-3,4-dihydro-4-(3’-hydroxyphenyl)quinazoline-2(1H)-
thione (VS-83): Yield: 89%. M.p.=215-217°C; "H NMR (200 MHz,
DMSO0): 6 =5.54 (d, J=2.2 Hz, 1H), 6.60-6.66 (m, 3H), 6.74-6.88 (m,
2H), 7.08-7.30 (m, 2H), 9.34 (br, 1H), 9.51 (s, TH), 10.85 (br, TH);
ESI-HRMS m/z calcd for C,,H,FN,0OSNa: 297.04683 [M+Na]™; found:
297.04664.

6,7-Difluoro-3,4-dihydro-4-(3'-hydroxyphenyl)quinazoline-2(1H)-
thione (VS-87): Yield: 90%. M.p.=237-240°C; 'H NMR (300 MHz,
DMSO): 6=5.49 (d, J=2.4 Hz, 1H), 6.68-6.76 (m, 3H), 6.98 (dd, /=
11.3, 7.1 Hz, 1H), 7.14 (dd as t, J=7.7 Hz, TH), 7.30 (dd, /J=8.5 Hz,
1H), 9.33 (br, 1H), 9.52 (s, 1H), 10.73 (br, 1H); ESI-HRMS m/z calcd
for C,H,,F,N,0S: 293.05547 [M+H]*; found: 293.05535.
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3,4-Dihydro-4-(3-hydroxyphenyl)-7-methylquinazoline-2(1H)-
thione (VS-91): Yield: 83%. M.p.=231-233°C; "H NMR (200 MHz,
DMSO): 6=2.20 (s, 3H), 5.44 (d, J=2.9 Hz, 1H), 6.61-6.79 (m, 5H),
6.96-7.15 (m, 2H), 9.09 (br, 1H), 9.44 (s, 1H), 10.55 (br, 1H);
3C NMR (50 MHz, DMSO): 6 =20.8, 56.5, 113.1, 114.4, 116.8, 116.9,
118.4, 123.8, 126.8, 129.5, 134.0, 137.5, 1459, 1575, 174.4; ESI-
HRMS m/z calcd for CisH,sN,0S: 271.08996 [M+H]*; found:
271.09006.

3,4-Dihydro-4-(3-hydroxyphenyl)-6-methylquinazoline-2(1H)-
thione (VS-94): Yield: 80%. M.p.=249-252°C; 'H NMR (200 MHz,
DMSO): 6=2.14 (s, 3H), 5.40 (d, J=3.0 Hz, 1H), 6.62-6.85 (m, 3H),
6.88-7.14 (m, 4H), 9.05 (br, 1H), 9.45 (s, 1H), 10.54 (br, 1H);
3C NMR (50 MHz, DMSO): 6=21.1, 57.4, 113.8, 114.9, 115.2, 117.6,
121.8, 127.8, 129.4, 130.3, 132.5, 132.7, 146.6, 158.2, 174.7; ESI-
HRMS m/z calcd for CisH.,N,OSNa: 293.07190 [M+Nal*; found:
293.07197.

Cell culture and immunofluorescence: BSC-1 (African green
monkey) cells were cultured in DMEM media (Invitrogen/Gibco),
supplemented with 10% foetal calf serum and penicillin/strepto-
mycin (1 U, Gibco, Germany) at 37°C and under 5% CO,. To deter-
mine the number of mitotic cells with monoasters and for cell-
cycle profile analyses, cells were synchronised using a double thy-
midine block. In brief, cells were plated on cover slips (Marienfeld)
and cultured in the presence of 2 mm thymidine (Sigma) for 18 h.
Six hours after the first release from the thymidine block, cells
were treated again with 2 mm thymidine for 18 h. After the second
release cover slips were transferred to a 24 well plate, containing
300 pL culture media, supplemented with chemical compounds or
equivalent volume of DMSO (1% final concentration) as a solvent
control. Plates were returned to the incubator and at the indicated
time points cover slips were processed for further analyses.

To prepare cells for immunofluorescence, the medium was re-
placed by permeabilisation buffer (100 mm K-Pipes, 1 mm ethylene-
glycol bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), 1 mm
MgCl,, 0.2% Triton-X 100). After 10 min of incubation, cells were
washed with TBS-TX buffer (10 mm Tris, pH 7.5, 100 mm NaCl, 0.1 %
Triton-X 100) followed by 1 h of incubation in antibody dilution
buffer (AbDil.: TBS-TX, 2% BSA). Cells were then incubated for 1 h
in antitubulin (1 gmL~", Sigma) in AbDil. After being washed with
TBS-TX, cells were incubated for 10 min with Hoechst 33342
(1 wugmL™"), washed again and embedded in mounting media
(20 mm Tris-HCI pH 8.8; 0.5% phenylenediamine; 90% glycerol).

Microscopic analyses: Microscopic analyses of cells immuno-
stained for microtubules and chromatin were performed on an up-
right microscope (Zeiss, Axioskope2) equipped with a 40x lens.
Mitotic cells were identified on the basis of condensed chromo-
somes. To determine the number of mitotic cells with monoasters,
the morphology of the spindle was analysed for 400 mitotic cells
per compound concentration. To determine the cell-cycle profile,
cells stained for chromatin were analysed on a light-scanning mi-
croscope (CompuCyte) equipped with a 20x lens as described pre-
viously.?” High-quality images of compound-treated cells were
acquired on an inverse Nikon TE-200 microscope equipped with a
100x lens and images were deconvoluted by using the Applied
Precision deconvolution software.”

Enzymatic assays: The kinesin motor domain of Eg5 was cloned
by a PCR from a testis cDNA library (Invitrogene) by using the fol-
lowing primers: 5: ATGGCGTCGCAGCCAAATT, 3": AGTTTCTGATT-
CACTTCAGGCT. PCR constructs were cloned into pQE80 expression
vector with an N-terminal His-tag. Recombinant protein was ex-
pressed in E. coli strain JM109™ purified over a NiTA (Qiagen)

2012

www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. U. Mayer, A. Giannis, et al.

column, dialysed against storage buffer (25 mm Tris, pH 7,4 150 mm
NaCl, 10 mm mercaptoethanol and 10% glycerol) and stored at
—80°C.

Tubulin was purified from pig brain as described before®® and

stored at —80°C in BRB80 (80 mm K-Pipes, pH 6,8, T mm EGTA, 1 mm
MgCl,). Microtubules were polymerised as described previously.”*!

The ATPase activity of the Eg5 motor domain was measured by
using the malachite green assay as described." The reactions
were performed in reaction buffer (80 mm Pipes, pH6,8; 1 mm
EGTA, 1 mm MgCl,, 0,1 mgmL™" BSA, 1um taxol) supplemented
with the Eg5 (48 nm) fusion protein and microtubules (200 nwm).
10 min after compound addition, reactions were started by the ad-
dition of ATP (50 pwm) and incubated at RT for 7 min. The reactions
were stopped by adding perchloric acid (444 mwm, Fluka), and the
colour reaction was started by adding the developer solution (1m
HCI (Sigma), 33 um malachite green (Sigma), 775 um ammonium
molybdate tetrahydrate (Sigma)). After 20 min, the absorbance at
610 nm was measured by using a plate reader (Victor2, Perkin-
Elmer). The ICs, values were determined in three independent du-
plicate experiments.
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Microsomal cytochrome P450 monooxygenases of groups 1-3
are mainly expressed in the liver and play a crucial role in
phase 1 reactions of xenobiotic metabolism. The cDNAs encoding
human CYP2D6 and human NADPH-P450 oxidoreductase (CPR)
were transformed into the methylotrophic yeast Pichia pastoris
and expressed with control of the methanol-inducible AOX1 pro-
moter. The determined molecular weights of the recombinant
CYP2D6 and CPR closely matched the calculated values of 55.8
and 76.6 kDa. CPR activity was detected by conversion of cyto-
chrome ¢ by using isolated microsomes. Nearly all of the re-
combinant CYP was composed of the active holoenzyme, as con-
firmed by reduced CO difference spectra, which showed a single
peak at 450 nm. Only by coexpression of human CPR and CYP

Introduction

Mammalian cytochrome P450 monooxygenases (CYP; E.C.
1.14.14.1) are ubiquitous proteins that are involved in the oxi-
dation of several endogenous compounds, such as steroids,
prostaglandins and fatty acids. Group 1, 2 and 3 CYPs also play
a key role in the metabolism of xenobiotics, which consists of
two phases. In phase 1, called functionalisation, CYPs are re-
sponsible for the addition of functional groups to foreign com-
pounds by hydroxylation, dealkylation, deamination etc. In
phase 2, known as conjugation, transferases use those groups
to couple charged molecules or groups making the modified
compound more water soluble, which allow their efficient ex-
cretion.

Although the CYPs are expressed at different levels in many
tissues, the liver contains 90% of those CYPs relevant for de-
toxification. In contrast to procaryotic CYPs, the respective eu-
caryotic proteins are membrane bound and are mainly found
on the cytosolic side of the endoplasmatic reticulum. The ac-
tivity of the CYPs depends greatly on electron transfer from
NADPH to the heme group of the CYPs by accessory proteins
like NADPH cytochrome P450 reductase (CPR; EC 1.6.2.4) and
cytochrome b5 (Cyb5).

Broad substrate specificities, with individually different phe-
notypes due to polymorphisms, duplications and different
expression levels are characteristic of those microsomal CYPs.
Thus, they play a crucial role in drug interactions and are
therefore highly important to the pharmaceutical industry.
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was CYP2D6 activity obtained. Microsomes containing human
CPR and CYP2D6 converted different substrates, such as 3-cyano-
7-ethoxycoumarin, parathion and dextrometorphan. The kinetic
parameters of dextrometorphan conversion closely matched
those of CYP2D6 from other recombinant expression systems and
human microsomes. The endogenous NADPH-P450 oxidoreduc-
tase of Pichia pastoris seems to be incompatible with human
CYP2D6, as expression of CYP2D6 without human CPR did not
result in any CYP activity. These recombinant strains provide a
novel, easy-to-handle and cheap source for the biochemical char-
acterisation of single microsomal cytochromes, as well as their
allelic variants.

Within the last 15 years, in vivo experiments on animal models
have been replaced by in vitro studies on human enzymes
from different sources."™® Microsomal preparations or cellular
systems, such as liver slices and human hepatocytes, are used
and these provide the advantage of a maintained cellular in-
tegrity in relation to other enzymes, cofactors, transporters
etc., contributing to the activity, as well. Whereas all those sys-
tems contain a complete set of enzymes, recombinant expres-
sion systems allow the production of single enzymes for specif-
ic applications, such as drug metabolism. In contrast to the
human sources, the availability of recombinant enzymes is not
limited. Currently, several recombinant expression systems are
under investigation: mammalian systems that provide transient
(COS, HepG2) and permanent (V79) expression of individual
human CYPs are complicated and expensive to handle and
often exhibit low levels of functional enzyme.*”® However,
some of them are commercially available. Among the simpler
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systems, mainly baculovirus-infected insect cells are currently
used to purify microsomes containing individual mammalian
CYPs and accessory proteins (CPR and Cyb5) at reasonable
levels.”) Drawbacks of the insect-cell-based systems are the
complicated cultivation of the insect cells and the expensive
media containing heme or heme precursors, which make scal-
ing-up difficult. Due to the cheap cultivation procedures and
media required and ease of handling, E. coli was also used as
the host for the expression of a couple of CYPs.'">'? However,
a truncation or at least modification of the N-terminal mem-
brane anchor sequence was required.'® For the expression of
some, but not all CYPs in E. coli, the addition of heme or its
precursors is needed. The yeast Saccharomyces cerevisiae com-
bines the ease of handling of prokaryotic systems with the fea-
tures of eukaryotic systems, such as post-translational process-
ing. Whereas initial experiments did not provide reasonable cy-
tochrome P450 expression levels, Pompon'’s group was able to
improve the S. cerevisiae system substantially by coexpression
of Cyb5, CPR™™ and, later, also potentially required phase 2
enzymes, such as epoxide hydrolase.”'® Meanwhile, a couple
of mammalian microsomal CYPs have been expressed in S. cer-
evisiae.'”" Moreover, some unconventional yeasts, such as
Schizosaccharomyces pombe or Yarrowia lipolytica, have been
used for the expression of human cytochromes P450.2%2

Due to the high expression yields of soluble proteins ob-
tained by intracellular and secreted expression and ease of
handling, in recent years the methylotrophic yeast Pichia pas-
toris has gained in popularity as an expression system. A
couple of proteins have been expressed in very high yields (up
to 10 gL™").>% Despite additional advantages of Pichia over
the common baker’s yeast, such as a glycosilation pattern that
is closer to the human one than that of S. cerevisiae, only three
eukaryotic CYPs from spiny dodfish shark, spiny lobster and
cassava have been expressed so far;**2% none of them is of
human origin.

Here, we present the establishment of Pichia pastoris as an
expression system for the production and characterisation of
human microsomal CYPs. CYP2D6, the model enzyme that we
chose, is a polymorphically expressed microsomal cytochrome
P450,%" which almost exclusively catalyses the conversion of
more than 50 relevant drugs, including cardiovascular drugs,
B-adrenergic blocking agents, tricyclic antidepressants and
opioid derivatives.?*? Overall, at least 72 different CYP2D6 al-
leles exist: splice variants, frame-shift mutations, deletions and
premature stop codons result in a complete defect of the
enzyme. 5-10% of the Caucasian population carry this pheno-
type.t” Other genotypes show significant phenotype altera-
tions due to shifted kinetic properties or varied expression
levels.”" People lacking CYP2D6 activity accumulate metabo-
lites that cannot be metabolised by other CYP varients. In
order to allow the analysis of the relevant CYPs and their var-
iants separately, a simple and fast recombinant expression
system is needed.
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Results

Cloning and Expression of CYP2D6 and CPR

The genes encoding CYP2D6 and CPR were cloned and ligated
separately into the vector pPICZA under control of the AOX1
promoter, as described in the Experimental Section. Upon line-
arisation, both vectors pPICZ-2D6 and pPICZ-CPR (Figure 1)
were transformed into Pichia pastoris X-33, and chromosomal
integration of the heterologous expression cassettes was con-
firmed by PCR with genomic DNA as the template and gene-
specific primers (data not shown). Since expression levels in re-
combinant Pichia clones tend to show clonal variation, five
transformants of each construct were investigated for heterolo-
gous protein expression: microsomes were isolated from sam-
ples taken 90 h after induction, and the protein content was
determined. Aliquots containing ~20 ug microsomal protein
were analysed by Western blotting. Bands of the correct size
of ~50 kDa (CYP2D6) and ~77 kDa were detected in the lanes
of all investigated samples. The band corresponding to
CYP2D6 is shown in lane 1 of Figure 2A and is exemplary for
the CYP2D6-expressing clones (P. pastoris X33/pPICZ-2D6).

Reductase activity (conversion of cytochrome c) was detect-
ed in microsomal fractions of all clones harbouring the CPR
gene (Figure 6, below). Nontransformed Pichia strains or strains
transformed with pPICZ-2D6 or pPICZA (both without a heter-
ologous reductase gene) did not show any reductase activity,
although P. pastoris contains its own endogenous oxidoreduc-
tase.

In order to determine CYP2D6 activity qualitatively, a modi-
fied Ellman’s assay based on the inhibition of acetylcholine es-
terase by paraoxon (an insecticide) was established. Paraoxon
is generated in a CYPD6-catalysed reaction by oxidation of par-

CPR

pPICZ-CPR-CYPZD6

8214 bps s

AOX TT

\ cvP206
BamHI

EcoRI ™y 5:A0X1

Balll

Figure 1. Map of the coexpression vector pPICZ-CPR-CYP2D6. 5" AOX1: alco-
hol oxidase 1 promoter region allows methanol-inducible expression in

P. pastoris, Sh ble: zeocin resistance gene derived from Streptoalloteichus hin-
dustanus, AOX1 TT region: native transcription termination and polyadenyla-
tion signal from AOX1 gene permits mRNA processing, CPR: sequence en-
coding human oxidoreductase, CYP2D6: sequence encoding CYP2D6. The
expression cassette of CYP2D6 is shown in grey, that of CPR in white. The
origin of replication functional in E. coli and the transcription termination
region from S. cerevisiae that allows processing of Sh ble mRNA are not
marked the figure.
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Figure 2. Western blot analysis of microsomes taken 90 h after induction
from cultures of P. pastoris X-33 transformed with pPICZ-CYP2D6 and pPICZ-
CPR-CYP2D6, respectively. Proteins were detected with A) anti-CYP2D6- and
B) anti-CPR-antibodies. Lane 1: clone 2D6-8%; lane 2: negative control X-33/
pPICZA; lanes 3-6: microsomes of coexpression clones C1-C4; lane 7: pre-
stained protein standard (Invitrogen); lane 8: unstained protein standard
(BioRad); lanes 9 and 10: commercial preparation of CYP2D6 and oxidore-
ductase recombinantly expressed in E. coli as positive controls (New England
Biolabs): 1:10 dilution and undiluted, respectively.
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Figure 3. Ellman test for the detection of CYP2D6 activity by inhibition of recombinant acetylcholine esterase. Mi-
crosomes were isolated 90 h after induction. RA: acetylcholine esterase residual activity; C1-C4: microsomes of co-
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athion. In parallel, a fluorescence assay based on the de-ethyla-
tion of 3-cyano-7-ethoxycoumarin was used for the direct de-
termination of CYP2D6 activity. All clones expressing only
CYP2D6 showed ~95% residual acetylcholine esterase activity.
Thus, no significant CYP2D6 activity could be measured
(Figure 3, 2D6-1, -2, -3 and -4). Moreover, de-ethylation of 3-
cyano-7-ethoxycoumarin (Figure 4) was not obtained when
using microsomes of these strains. Even a mixture of recombi-
nant Pichia microsomes containing human CYP2D6 and
human CPR did not result in any activity (Figures 3 and 4) to-
wards either of the two substrates.

Human liver microsomes, as well as commercially available
E. coli membrane fractions containing truncated CYP2D6 var-
iants and human oxidoreductase, served as positive controls
and showed activity with both assays (data not shown).

Because mixtures of microsomes containing properly folded
CYP2D6 (as confirmed by CO difference spectrum, data not
shown) and microsomes containing active CPR did not yield
any CYP activity, the limiting factor seemed to be the electron
transfer.

Coexpression of CYP2D6 and CPR

In order to improve the electron-transfer system, clones co-
expressing human CPR and CYP2D6 were generated: the com-
plete expression cassettes of both enzymes—each including
promoter and terminator—were combined within one vector
by using a cloning strategy that was recently used for the co-
expression of heavy and light chains to produce functional,
active Fab fragments.?? After transformation of the resulting
vector pPICZ-CPR-CYP2D6 into P pastoris X33, the chromoso-
mal integration of both expres-
sion cassettes was confirmed for
all tested transformants by PCR
by using CPR- and CYP2D6-spe-
cific primers. All tested clones
contained both genes (Figure 5).

The microsomal expression of
CYP2D6 and oxidoreductase, as
well as the activity of the en-
zymes, was tested as described
for the separate expression of
both genes.

Protein bands corresponding
to the correct size of CYP2D6
and CPR were detected by West-
ern blot analysis in the microso-
mal fractions of all four investi-

o

N AT b B gated clones (Figure 2). Whereas
¢ & & & i
¢ & 5 & a single strong band of ~50 kDa
" 3 was detected by probing the
g

P
,@h blot with anti-CYP2D6 antibody
(Figure 2A, lanes 3-6) a strong
band of ~77 kDa and a weaker
one of ~58 kDa were detected

expression clones C1-C4; 2D6-1-2D6-4: microsomes of clones expressing CYP2D6; CPR-1 and CPR-2: microsomes

of clones expressing CPR, pPICZ A: microsomes of P. pastoris X-33 harbouring pPICZA (negative controls are grey),
2D6+CPR: mixtures of microsomes from clones containing pPICZ-CPR or pPICZ-CYP2D6.
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when probing the blot with
CPR-specific  antibodies  (Fig-
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Figure 4. De-ethylation of 3-cyano-7-ethoxycoumarin was measured by using a fluorescence assay (excitation at
405 nm, emission at 460 nm). Microsomes of recombinant Pichia strains were isolated after 90 h of induction. F:
fluorescence; C1-C4 microsomes of coexpression clones; 2D6-1 and 2D6-2 microsomes of clones expressing
CYP2D6; CPR: microsomes of clones expressing CPR, pPICZA microsomes of a clone transformed with pPICZA
(negative control), 2D6+CPR mixtures of microsomes of clones expressing CYP2D6 and CPR.

CYP2D6
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3054
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Figure 5. Confirmation of genomic integration of expression cassettes en-
coding CYP2D6 and CPR by PCR by using gene-specific primers. Lane 1: 1 kb
ladder, lanes 2-5: PCR with genomic DNA of clones C1-C4 with primers spe-
cific for CYP2D6, lanes 6-9: PCR with genomic DNA of clones C1-C4 with
primers specific for CPR.

12 q
ure 2B, lanes 3-6). All four clones coexpressing 104
CYP2D6 and oxidoreductase showed strong CPR ac-
tivity as shown in Figure 6 (lanes C1-C4). 8 1
When using the modified Ellman test, microsomes
of the four investigated coexpression clones showed 61
significant CYP2D6 activity: the residual acetylcholine I 4
esterase activities obtained were between 55 and
40% (Figure 3, C1-C4), in contrast to 95% obtained Aluml! J
with samples from clones expressing CYP2D6 only
(Figure 3, 2D6-1-2D6-4). As expected, no acetylcho- 0

line esterase inhibition was obtained with micro-
somes from clones expressing the oxidoreductase
only and clones containing the vector pPICZA (both
serving as negative controls; Figure 3, CPR-1 and -2;
pPICZ A). These results were confirmed by two assays
based on the conversion of two typical substrates of
CYP2D6, 3-cyano-7-ethoxycoumarin Figure 4 and
dextrometorphan Figure 7. Only microsomes of the
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coexpression clones catalysed
the de-ethylation of 3-cyano-7-
ethoxycoumarin as shown in a
fluorescent assay (Figure 4, C1-
C4), whereas microsomes from
all other clones, including those
of the negative controls, those
expressing CYP2D6 only and
mixtures of those expressing
CYP2D6 or CPR, did not lead to
any substrate conversion. Similar
results were obtained for the hy-
droxylation of dextrometorphan,
as  determined by  HPLC
(Figure 7). Only microsomes of
clones expressing both CYP2D6
and CPR showed conversion of
dextrometorphan (retention
time ~19 min) to dextrorphan
(DP, retention time ~8.7 min).
Microsomes of clones expressing
CYP2D6 only or negative controls did not show any product
peak.

In order to quantify the CYP expression, reduced CO differ-
ence spectra, total protein concentrations and activities of the
microsomal fractions from clones coexpressing CYP2D6 and
CPR were measured. The CO difference spectrum in Figure 8
clearly shows a peak at 450 nm corresponding to the holo
enzyme containing the heme group. As there is no peak at
420 nm, all the CYP protein seems to be correctly folded. The
450 nm peak revealed a CYP2D6 content in the microsomal
fraction of ~2.7 nmolmL™" or 0.12 nmolmg™' total protein.
The specific activity of the demethylation of dextrometorphan
resulted in ~5 pmol DP per pmol CYP per min, as determined
by LC/MS. The kinetic parameters concerning the conversion
of dextrometophan (V,,,,=~8.8 pmolmin~' per pmol enzyme,
Ky ~1.9 um, V,../Ky ~2.5 uL per pmol enzyme per min) are in

é‘cﬂ"é”c?‘éd'“'iag"f'v,;@
g § § & &

samples —

-E”a-
g
g

Figure 6. Oxidoreductase activity of recombinant human CPR was determined by con-
version of cytochrome c. A: activity; C1-C4 microsomes of different coexpression clones
(CYP2D6/CPR); 2D6-1-2D6-2 microsomes of different clones expressing CYP2D6; CPR
microsomes of clones expressing CPR, 2D6+CPR mixtures of microsomes expressing
CYP2D6 and CPR, pPICZ A microsomes of clones containing the empty vector (negative
controls are grey).
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to their low efficiency, the
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Figure 7. The demethylation of 5 uv dextrometorphan by CYP2D6 containing microsomes isolated from a P. pas-
toris X-33 harbouring pPICZ-CPR-CYP2D6 90 h after induction was measured by HPLC. The output of the fluores-
cence signal (FS) is in volts due to a potential transformer integrated into the system.
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Figure 8. The CO difference spectrum of recombinant CYP2D6 clearly shows
only one peak at 450 nm corresponding to the correctly folded holo-
enzyme.

the same range as those measured with CYP2D6 from other
recombinant expression systems, as shown in Table 1.

Discussion

As already outlined in the Introduction, microsomal cyto-
chromes P450 play a crucial role in the phase 1 reactions of
xenobiotic metabolism. The human ones especially are needed
by many pharmaceutical companies to test drug candidates
for adverse drug interactions and thus are of great economic
interest.

In this study, we have shown the coexpression of functional
human CYP2D6 and CPR in the methylotrophic yeast P. pas-
toris. Strains coexpressing CPR and CYP2D6 each under the
control of the methanol inducible AOX1 promoter were gener-
ated by a strategy previously used for the coexpression of
heavy and light chains of a Fab fragment.?

Besides zeocin, there is no other suitable antibiotic as a se-
lection marker for P. pastoris commonly in use. Several auxotro-
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both expression cassettes. All
colonies screened after transfor-
mation with this coexpression
vector integrated both expres-
sion cassettes into the genome,
as shown by PCR. Those strains
expressing both human CPR and
CYP2D6 exhibited activity, as
shown by the conversion of different typical CYP2D6 sub-
strates (dextrometorphan, 3-cyano-7-ethoxycoumarin), but also
uncommon substrates such as parathion.

The presented assay, based on the oxidation of parathion
followed by the inhibition of the acetylcholine esterase, pro-
vides a fast and easy-to-handle photometric assay for the de-
tection of CYP activity. It does not require any pretreatments,
such as extractions, and there is no need for complicated and
expensive devices such as HPLC, GC/MS or LC/MS. The sub-
strate parathion is much cheaper than most of the fluorimetric
substrates, such as coumarin derivatives. In addition to the de-
tection of CYP activity, the assay can be used for monitoring
phosphorothionate pesticides, as we have recently shown.?

A comparison of the kinetic parameters of CYP2D6 from dif-
ferent recombinant expression systems (COS7, Baculovirus,
E. coli, yeast) is provided in Table 1. It shows that the enzyme
we expressed in P. pastoris has similar properties in relation to
the conversion of dextrometorphan. The expression level in
P. pastoris (120 pmol CYP2D6 per mg protein) is in the same
range as that obtained in Baculovirus-transformed insect cells
and E. coli, but significantly higher than HepG2 and other
mammalian systems. However, these comparisons lack signifi-
cance, due to the different and imprecise methods (Western
blotting, reduced CO difference spectra) used for the determi-
nation of microsomal CYPs in the different reports. When using
the same protocol for the demethylation of dextromethor-
phan, microsomes from recombinant P. pastoris showed five-
fold higher substrate conversion rates (4.8 pmol per min per
pmol protein) than microsomes from Baculovirus-transformed
insect cells purchased commercially from BD Gentest (1 pmol
per min per pmol protein), as determined by LC/MS.

Expression of CYP2D6 without the coexpression of human
CPR was also possible, as shown by Western blotting, but did
not yield any activity. This was unexpected, as a couple of en-
dogenous electron-transfer systems are encoded in the
genome of P pastoris: the endogenous genes encoding a
NADPH-cytochrome P450 reductase, a NADH-cytochrome b5
reductase and a cytochrome b5, have to be especially men-
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Table 1. Concentration and kinetic parameters of CYP2D6 from P. pastoris compared with CYP2D6 from other expression systems and human liver micro-
somes.
Host system Purification Concentration Ky Viax' Vinax/ KM Ref.
[pmol per mg protein] [um] [pmol pmol~'min~] [uLpmol"min~"]
P. pastoris micros. 120 1.9 4.8 25 -
S. cerevisiae micros. 51 n.d. n.d. n.d. [19]
S. cerevisiae micros. 12 n.d. n.d. n.d. [18]
S. cerevisiae micros. 250 8.5 10 1.2 [17]
E. coli micros. 306 1.1 2.7 25 [42]
baculovirus micros. n.d. 1.0 24 24 [31]
baculovirus pur. CYP nd. 1.9-3 8.5-9.0 n.d. [43]
baculovirus pur. CYP n.d. 37 1.9 32 [44]
COS 7 cells micros. 17-30 pmol per transfection 5.4 0.68 0.13 [31]
HepG2 micros. 35-45 n.d. n.d. n.d. [45]
lysate 15-25
lymphoblasts 160 n.d. n.d. n.d. [46]
human liver micros. n.d. 2.7 8 3 [42]
human liver micros. 5 n.d. n.d. n.d. [47]
human liver micros. 8-115 nd n.d. n.d. [48]
(38 samples)
human liver micros. nd. 2.6-15 22-500 pmolmg~"'min™" nd. [49]
(16 samples)
n.d.: values either not determined or not provided by the authors

tioned in this context. These results are in contrast to other
studies, which reported that endogenous electron-transfer sys-
tems in other yeasts are fully compatible with human CYPs:
Bureik and colleagues reported that the inner mitochondrial
electron-transfer system of S. pombe sufficiently transferred
electrons to recombinantly expressed CYP11B1.%

Even a mixture of Pichia microsomes containing recombi-
nant human oxidoreductase with microsomes containing re-
combinant human CYP2D6 did not result in any activity. How-
ever, this is probably due to a lack of fusion of the microsomes
and might be overcome by improvement of the protocol.

Various soluble proteins have been expressed, both secreted
and not secreted in P. pastoris, in the grams per litre range. Al-
though some CYPs from spiny lobster, spiny dogfish shark and
cassava have been expressed in P, pastoris ,**2% this is the first
report of a mammalian, microsomal CYP expressed in a meth-
ylotrophic yeast. Additionally, it is one of only few reports de-
scribing the coexpression of different proteins in one P. pastoris
Strain.[22'32'34]

The chosen cloning strategy allows the generation of clones
expressing additional proteins. For example, coexpression of
enzymes of the phase 2 reactions with respective CYPs are of
relevance when simulating complete degradation pathways of
certain xenobiotics, as occur in mammalian cells or tissues.
However, simulating the in vivo system in hepatocytes requires
the adjustment of the correct expression-level ratios of the re-
spective enzymes. This can be achieved by coexpression of
CYP and CPR under different controllable promoters or after
single expression of the enzymes by mixing the desired
amounts of microsomes as described above.

The yeast Pichia pastoris provides an easier-to-handle and
much cheaper alternative to the mammalian or viral expression
systems that are currently used, in most cases for the produc-
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tion of recombinant mammalian CYPs (see Table 1). Due to its
simple handling, it allows the fast generation of allelic variants
and genotypes of single microsomal cytochromes and their
biochemical characterisation.

Furthermore, preliminary results show that recombinant
Pichia coexpressing human CYP and CPR are suitable for bio-
transformations of hydrophobic, pharmacologically relevant
substrates with whole cells, thus avoiding the isolation of mi-
crosomes, which is currently the limiting step (data nnot
shown). Currently, this is done with recombinant E. coli but, as
described above, only with N-terminally modified CYP var-
iants.""'? Thus, such biotransformations with Pichia strains co-
expressing phase 1 and 2 enzymes would raise the possibility
of a biotechnological production of metabolites on a larger
scale and might serve as an alternative to chemical synthesis.

The high substrate conversion rates combined with ease of
handling, including transformation, cultivation and scaling-up
make Pichia superior to other systems, such as CHO-cells, hep-
atocytes, baculovirus-transformed insect cells, but also yeast
systems like S. pombe and S. cerevisiae.

Experimental Section

Chemicals: Unless stated otherwise, all chemicals were purchased
from Sigma-Aldrich Chemie (Steinheim, Germany), Fluka (Buchs,
Germany), Merck (Darmstadt, Germany) or Riedel de Haen (Seelze,
Germany), at the highest purity available. 3-Cyano-7-ethoxycou-
marin and 3-cyano-7-hydroxycoumarin were obtained from Molec-
ular Probes (Mo Bi Tec, Gottingen, Germany). Oligonucleotides
were purchased from Sigma ARK GmbH (Darmstadt, Germany).

Microorgansims, plasmids and growth conditions: E. coli DH5a
[F~ endA1 hsdR17(rk~, mk") supE44 thi-1 A~ gyrA96 relA1 A(argF-
laczya)U169] was used for the cloning steps and propagation of all
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expression vectors. Cells were cultivated in LBy, .., (5 gL' yeast ex-
tract, 10gL™" peptone, 5gL™"' NaCl) supplemented, if required,
with zeocin (25 mgL™'; Duchefa Biochemie B.V., Haarlem, The
Netherlands) at 37°C and 200 rpm.

Pichia pastoris X-33 (Invitrogen) was used for the expression of re-
combinant CYP2D6 and CPR. The following media were employed
in the cultivation of Pichia cells under different conditions: YPD
medium (yeast extract (1%), peptone (2%) and glucose (2%));
YPDS medium (YPD medium supplemented with sorbitol (1wm));
BMGY medium (yeast extract (1%)), peptone (2%), potassium
phosphate buffer (100 mm, pH 6.0), yeast nitrogen base (1.34%),
biotin (4x10™*gL™") and glycerol (1%)); BMMY (BMGY but using
methanol (0.5 %) instead of glycerol). The media were supplement-
ed with zeocin (100 mgL™"). Cells were cultivated in baffled flasks
at 30°C and 225 rpm.

The expression vector pPICZA (Invitrogen) was used for the initial
cloning steps and for expression of CYP2D6 and CPR under control
of the alcohol oxidase (AOX1) promoter in P. pastoris. Plasmids har-
bouring genes encoding CYP2D6 (SK+2D6(374V)) and human
NADPH-oxidoreductase (hOR-PAK9), were kindly provided by Dr. U.
Zanger (Institute of Clinical Pharmacology IKP, Stuttgart, Germany).

Acetylcholinesterase from Nippostrongilus brasiliensis expressed in
P. pastoris was a gift from Dr. H. Schulze (ITB, Stuttgart, Germany).

Recombinant DNA technologies: Standard DNA technologies
were used unless stated otherwise.* The Genelute Plasmid Mini-
Prep Kit (Sigma), the QIAPrep Midi Plasmid preparation kit (Qiagen,
Hilden Germany), and the NucleoSpin Extract Kit (Machery & Nagel,
Duren, Germany) were used for plasmid DNA and DNA gel extrac-
tions, respectively. Restriction enzymes and other DNA-modifying
enzymes were used as specified by the supplier (MBI Fermentas
(St. Leon-Rot, Germany)). DNA-sequencing reactions were carried
out on both strands of double-stranded templates by using the
BigDye Terminator Cycle Sequencing Kit RR-100 (Applied Biosys-
tems, Weiterstadt, Germany). The sequencing products were ana-
lysed on a ABI Prism 377 DNA Sequencer (Perkin—-Elmer, Shelton,
USA). Standard protocols were used for the preparation and trans-
formation of competent E. coli cells.? Transformation of P. pastoris
was carried out according to the Invitrogen electroporation
method (Invitrogen). The integration of the Pmel linearised vectors
into the genome of P. pastoris clones was confirmed by using gene
specific primers and genomic DNA as template. Genomic DNA was
prepared according to the Invitrogen manual (Invitrogen).

Construction of expression vectors: The genes encoding CYP2D6
and CPR were amplified by PCR from plasmids SK+2D6(374V) and
hOR-PAK9, respectively, by using two gene-specific primers for
each gene (forward primer CYP2D6: 5-AACCGGAATTCATGGGGCTA-
GAAGCACTGG-3, initial codon underlined, EcoRI site italicised; re-
verse primer CYP2D6: 5-AACCGCTCGAGCTAGCGGGGCACAGCA-
CAAAG-3, stop codon underlined, Xhol site italicised; forward
primer CPR 5-AACCGGAATTCATGATCAACATGGGAGACTC-3', initial
codon underlined, EcoRl site italicised; reverse primer CPR (5'-
AACCGCTCGAGCTAGCTCCACACGTCCAG-3', stop codon underlined,
Xhol site italicised.

Both PCR products were double digested with EcoRI and Xhol, gel
purified and each ligated into the respective sites of the P. pastoris
expression vectors pPICZ A (Invitrogen) and pPICZA-APme generat-
ing the vectors pPICZ-2D6, pPICZ-CPR, pPICZ-2D6-APme and
pPICZ-CPR-APme. pPICZ-APme was previously obtained by site-
directed mutagenesis by using the Quik Change Mutagenesis Kit
(Stratagene, La Jolla, USA) and the primers A (5-CCAAAACTGA-
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CAGTTTAGACGCTGTCTTGGAACC-3') and B (5-GGTTCCAAGACAG-
CGTCTAAACTGTCAG TGG-3'; altered nucleotides underlined) ac-
cording to the Kit manual.

To combine both expression cassettes into a single vector, a strat-
egy based on the specificity of the BamHI and Bglll restriction en-
zymes recognising different sequences, but producing compatible
sticky ends was used.'” The expression cassette of CYP2D6 in
pPICZ-2D6 was isolated by double digestion with BamHI and Bglll
followed by gel extraction and ligated into pPICZ-CPRAPme linear-
ised either with BamHI or Bglll, respectively, to give the vector
pPICZ-2D6-CPR.

Expression of recombinant proteins in P. pastoris: Recombinant
clones selected on zeocin plates were picked and grown in BMGY
medium (10 mL) to an ODg,, of 5-10. The cells of this preculture
were then collected by centrifugation (5 min, 3000g, room temper-
ature) and used to inoculate BMMY medium (50 mL) in a baffled
flask (500 mL) to an ODgy of ~1. Induction of the recombinant
protein expression in the main culture was performed and main-
tained by daily addition of methanol (0.5%). After 90 h, cells were
harvested by centrifugation (3000g, 10 min, 4°C).

Preparation of membrane fractions of P. pastoris: Cells were
washed in homogenisation buffer (potassium phosphate (50 mm,
pH 7.9), EDTA (1 mwm), glycerol (5%), DTT (2 mm), phenylmethylsul-
fonyl fluoride (1 mm)) and resuspended to an ODgy, of 130. The cell
suspension was mixed with an equal volume of acid-washed glass
beads (0.5-0.75 mm in diameter). Disruption and isolation of mi-
crosomes was carried out similarly to the procedure previously de-
scribed.” Cells were disrupted by vortexing (8x30 s at 4°C with
cooling on ice for 30 s between the cycles). The lysate was separat-
ed from cell debris and glass beads by centrifugation (12000g,
10 min, 4°C). The supernatant was ultracentrifuged (100000g, 1 h,
4°C), the microsomal pellet was then resuspended in homogenisa-
tion buffer and stored at —80°C.

Quantification of cytochrome P 450: Protein concentrations were
determined by using the BC Assay (Uptima Interchim, Montlucon,
France), according to the supplier's recommendation. BSA was
used as a standard.

CYP2D6 concentrations in the isolated membranes were deter-
mined by reduced carbon monoxide spectra as follows:*® micro-
somes (100 ulL, 15-30 ug protein per pl) in sodium phospate
buffer (0.1m, pH 7.4) containing glycerol (10%) and Triton X 100
(0.5%) were incubated on ice for 10 min. Some sodium dithionite
was added, and insoluble particles were removed by centrifugation
(3 min, 14000 rpm) using a microcentrifuge. The supernatant was
transferred into UV cuvettes, and a reference spectrum was record-
ed from 400 to 500 nm (Ultrospec 3000 UV/Visible spectrophotom-
eter, Pharmacia Biotech). The solution was then aerated with
carbon monoxide for 30 s, and the spectrum was measured again.

The cytochrome P450 concentration was calculated with an extinc-
tion coefficient of £450-4900m=91 MM 'cm~' (pmoluL™" cytochrome
P450 = AMOD ;54_400,m X dilution factorxe™'x 1 cm).

SDS-PAGE/Western blotting: The microsomal fraction (10 uL) was
separated by SDS-PAGE by using polyacrylamide gels (12.5%) with
a stacking gel (4%) under reducing conditions.®” Specific detection
of the heterologous proteins was achieved by Western blotting
with CPR- and CYP2Dé6-specific antibodies purchased from BD
Gentest (catalogue numbers 458246 and 299247): After equilibra-
tion of gel, Biotrace NT nitrocellulose membrane (Pall GmbH,
Dreieich, Germany) and filter sheets in transfer buffer (Tris (25 mm),
glycine (142 mw), methanol (20%)), the protein bands were electro-
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blotted onto the nitrocellulose membrane (Pall GmbH) at 15V for
24-30 min. After the membrane had been washed twice in TBS
buffer (Tris/HCI (50 mm, pH 7.5), NaCl (150 mw)), it was blocked 2 x
30 min in blocking solution (TBS buffer supplemented with BSA
(3%) or skimmed-milk powder (5 %), respectively).

After this blocking step, the membrane was washed for 2x 10 min
in TBST buffer (TBS supplemented with Tween 20 (0.1%)), then
10 min in TBS buffer and probed with the primary antibody (anti-
CYP2D6 or anti-CPR) for 1 h at RT. After being washed as described,
the membrane was probed for 1 h at RT with the secondary anti-
body conjugated with alkaline phosphatase (anti-mouse-lgG-AP or
anti-rabbit-lgG-AP, respectively; Sigma) diluted 1:1000 in TBS
buffer. Bound antibodies were detected on the washed membrane
(4x with TBST buffer) by incubation in substrate solution ((10 mL),
MgCl, (5 mm), NaCl (100 mwm), Tris/HCI (100 mm, pH 9.5) mixed with
NBT stock solution (66 pL, NBT (5% (m/v)) in dimethyl formamide
(DMF, 70%)) and BCIP stock solution (33 pL, BCIP (5% (m/v)) in
DMF). The substrate reaction was stopped by incubation in ddH,0,
then the mixture was dried and scanned.

CYP2D6 activity tests

De-ethylation of 3-cyano-7-ethoxycoumarin: The de-ethylation of 3-
cyano-7-ethoxycoumarin was measured according to Favreau with
modifications,®® substrate solution (100 uL, 3-cyano-7-ethoxycou-
marin (100 uv) in potassium phosphate buffer (100 mm, pH 7.4),
NADPH (3 mw), Pluronic F-68 (0.02%)) was preincubated in a micro-
titerplate well at 37°C for 5 min and mixed with microsomal pro-
tein (300 ug) in potassium phosphate buffer (100 mwm, pH 7.4). Sam-
ples were excited at 405 nm, and emission at 460 nm was detected
and recorded every 10 min for a total of 160 min on a FluoStar
Fluorimeter (BMG Lab Technologies, Offenburg, Germany).

Coupled acetylcholine esterase—-CYP2D6 assay: The assay is based on
the inhibition of the acetylcholine esterase by paraoxon, as de-
scribed by Sams.”? Initially parathion is activated in a CYP2D6-cata-
lysed reaction to paraoxon. Therefore, a solution of parathion
(25 uL, 20 ugmL™") in potassium phosphate buffer (50 mm, pH 7.5)
was mixed with microsomal proteins (300 ug) and made up to
75 uL with phosphate buffer. After 6 min of incubation, aqueous
NADPH (25 uL, 5 mgmL™") was added, followed by 40 min of incu-
bation. Potassium phosphate buffer (690 uL, 50 mm, pH 7.4), DNTB
(100 uL, 7.8 mm in potassium phosphate buffer) and acetylcholine
esterase solution (100 uL) were added to the inhibition mixture.
After 30 min of incubation, the enzyme reaction was started by the
addition of acetylthiocholine iodide (10 pL, 100 mm). Acetylcholine
esterase activity was recorded and expressed as a percentage of
the control activity measured without paraoxon (residual activity),
as reported by Ellman."” The absorption at 412 nm was detected
by using a UV/Vis ultrospec 3000 photometer (Pharmacia Biotec,
Freiburg, Germany).

Dextromethorphan O-demethylation analysis by HPLC and LC/
MS

HPLC: Microsomal protein solution (25 puL, 120 pg in potassium
phosphate buffer (50 mwm), EDTA (1 mm, pH 7.9), glycerine (5 %)) was
preincubated for 5min at 37°C with potassium phosphate
(100 mm), EDTA (55uL, 1mm, pH7.4) and dextromethorphan
(10 pL, 50 pm in methanol (0.0025%)). The reaction was started by
the addition of NADPH (10 uL, 10 mm) and incubated for 60 min at
37°C. The reaction was stopped by the addition of HCI (10 pL, 2m)
and cooled on ice for 5-10 min.

The product was extracted by addition of water-saturated ethyl
acetate (660 pL) and vortex mixing (2 min). The organic layer was
collected after centrifugation (5 min, 1000g), and the ethyl acetate
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was removed under a nitrogen stream. The dried product was dis-
solved in acetonitrile/water/acetic acid/triethylamine (100 pL,
35:65:1:0.02, v/v/v/v).

Samples were analysed by high-performance liquid chromatogra-
phy (HPLC) on a C8 column (4.6x250 mm) in a Shimadzu device
with acetonitrile/water/acetic acid/triethylamin (35:65:1:0.02, v/v/v/
v) as the mobile phase (1 mLmin™"). Dextromethorphan and its
metabolites were detected by using a fluorescence detector at
excitation and emission wavelengths of 235 nm and 310 nm, re-
spectively.

LC-MS/MS in brief: Dextromethorphan-O-demethylase activity was
measured with CYP2D6 (5.5 pmol) in sodium phosphate buffer
(final volume of 0.25mlL, 0.1m, pH7.4) and dextromethorphan
(0.1-20 pm) as substrate. After the reaction mixture had reached
equilibrium (37°C, 3 min), enzyme reactions were initiated by the
addition of an NADPH-regenerating system (MgCl, (5 mwm), glucose
6-phosphate (4 mm), NADP™ (0.5 mm) and glucose 6-phosphate de-
hydrogenase (4 UmL™")). The reaction was stopped by the addition
of HCl (50 pL, 1m).

After addition of the internal standard [D;]dextrorphan (100 pmol),
the samples were mixed and centrifuged (16000g, 5 min). The su-
pernatant was directly injected into the HPLC system. The metabo-
lite dextrorphan was separated and detected by HPLC-MS/MS
spectrometry by using a HPLC system (HP 1100, Agilent Technol-
ogies, Waldbronn, Germany) equipped with a Omnispher-C18
column (1503 mm, 5 um particle size, Varian, Darmstadt, Germa-
ny) and an ion-trap mass spectrometer (HCT plus, Bruker Daltron-
ics, Bremen, Germany). Elution was performed with a gradient of
15% acetic acid (1%)/water and 85% acetic acid (1%)/acetonitrile
to 50%/50% over 9.5 min. All incubations were performed in dupli-
cate and in the linear range with respect to microsomal protein
and incubation time. Control experiments were carried out in par-
allel by using denaturated microsomes.

Data were processed by using the software Quant Analysis (Bruker
Daltronics). Enzyme kinetic data were analysed by using the pro-
gram GraphPadPrism v3.0 (GraphPad Software Inc., San Diego, CA).

Reductase activity: The reductase-catalysed reduction of bovine
heart cytochrome ¢ at 550 nm was measured essentially as de-
scribed.™” A solution of cytochrome c (100 uL, 6.5 mgmL™") in po-
tassium phosphate buffer (50 mm, pH 7.5) was mixed with microso-
mal protein (120 ug) and made up with potassium phosphate
buffer to 950 pL. Reactions were started by adding aqueous
NADPH (50 ul, 9 mgmL™). Activities were measured by using a
UV/Vis ultrospec 3000 photometer (Pharmacia Biotec, Freiburg,
Germany) and calculated by using an extinction coefficient of
21 mm~' cm™. Kinetic data were analysed by using the swift pro-

gram (Pharmacia). One unit is defined as 1 p,molmin”.
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The volatiles released by agar plate cultures of two strains of the
myxobacterium Stigmatella aurantiaca (strains Sg al5 and DW4/
3-1) were collected in a closed-loop stripping apparatus (CLSA)
and analyzed by GC-MS. Large numbers of substances from dif-
ferent compound classes (ketones, esters, lactones, terpenes, and
sulfur and nitrogen compounds) were identified; several of them
are reported from natural sources for the first time. The volatiles
2-methyltridecan-4-one (17), its isomer 3-methyltridecan-4-one
(20), and the higher homologue 2-methyltetradecan-4-one (18)
were identified in the extracts of both strains and were synthe-
sized. In addition, strain Sg al5 produced 2,12-dimethyltridecan-
4-one (19), 2-methyltridec-2-en-4-one (23), and a series of phenyl

Introduction

In recent studies we have reported on the profiles of volatiles
released by different bacteria such as the myxobacteria Chon-
dromyces crocatus and Myxococcus xanthus? bacteria of the
Roseobacter clade,” Flavobacteriaceae” and Streptomyces sp.”!
by use of a modified closed-loop stripping apparatus (CLSA). In
this study, the volatiles emitted by two strains of the myxobac-
terium Stigmatella aurantiaca (strains Sg al5 and DW4/3-1)
were investigated. Myxobacteria are of special interest, be-
cause the cells aggregate under starvation conditions to form
fruiting bodies. A pheromone mediating this process in S. aur-
antiaca DW4/3-1 was identified as the volatile stigmolone.’®”
Our investigations have focused on the vegetative growth
phase in order to provide better understanding of volatile for-
mation in myxobacteria.

Results
Major volatiles

The cultures were grown on agar plates, and headspace sam-
ples were collected by the CLSA method on charcoal filters,
which were extracted with dichloromethane as reported earli-
er? The extracts were immediately analyzed by GC-MS. The re-
sults of the analyses are summarized in Table 1 and total ion
chromatograms are shown in Figure 1. Three to four analyses
of each strain were performed in order to check the reproduci-
bility of the emitted profiles. Some differences were observed

ChemBioChem 2005, 6, 2023 - 2033
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ketones, among them 1-phenyldecan-1-one (14) and 9-methyl-1-
phenyldecan-1-one (16), whereas strain DW4/3-1 emitted traces
of 10-methylundecan-2-one (21). The biosynthesis of 14 and 16
was examined in feeding experiments with deuterated precursors
carried out on agar plate cultures. The leucine-derived starter
unit isovalerate was shown to be incorporated into 16, as was
phenylalanine-derived benzoic acid into both 14 and 16. The re-
sults point to formation both of the phenyl ketones and of the
structurally related aliphatic ketones through an unusual head-
to-head coupling between a starter unit such as benzoyl-CoA
and a fatty acyl-CoA, followed by decarboxylation.

in the number of compounds and in the total amounts present
in the extracts. One experiment with strain Sgal5 (experi-
ment 1) and one experiment with strain DW4/3-1 (experi-
ment 5) yielded significantly higher numbers of volatiles. Most
of the compounds emitted by the bacteria were readily identi-
fied by their GC retention indices and mass spectra, through
reference to spectral databases. Both strains of S. aurantiaca
turned out to be producers of methyl benzoate (1) as a major
compound, whereas 2-phenylethanol (2) and acetophenone
(3) were present in only some samples of both strains
(Scheme 1). Furthermore, the extracts were also characterized
by terpenoids, two of which—(—)-geosmin (4) and (1(10)E,5E)-
germacradien-11-ol (5)—were present in all samples as major
components, while (—)-germacrene D (6) was produced in
smaller amounts. The absolute configurations of 4 and 6 were
determined by GC on a chiral stationary phase by use of enan-
tiomerically enriched samples. The stereochemistry of 5 re-
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Table 1. Compounds identified in the headspace extracts of two different strains of Stigmatella aurantiaca (strains Sg a15 and DW4/3-1).)

GC Compound / Identification Sg al5 DW4/3-1
1. 2. 3. 4. 5. 6. 7.
butyl acetate syn
5-methylhexan-3-one ms, inc X XX
methyl 3-methylcrotonate ms X
a methyl 2-methylcrotonate ms X XXX X
3-methylbutyric acid ms
2-methylbutyric acid ms
butyl propionate 920 syn X X
b 2-acetylfuran 930 ms XX XX XX
butan-4-olide 938 syn X
unknown (B: 56, M: 140) 960 XX
C pentan-4-olide 976 syn X XX XX
benzaldehyde 982 syn XX XX
dimethyl trisulfide 983 ms X X
methyl 5-methylhexanoate 993 syn XX
6-methylhept-5-en-2-one 999 syn X X
N-isopentylidene isopentylamine (10) 1147 ms X
benzyl alcohol 1051 syn X XX X XX
d pent-2-en-4-olide 1063 ms XX X XX
e acetophenone (3) 1080 syn XX XX XX X X
S-methyl methanethiosulfonate 1081 ms X
f methyl benzoate (1) 1104 syn XX XXX XXX XX XX XXX XXX
N-isopentylformamide (11) 1112 ms X X
g 2-phenylethanol (2) 1125 syn X X
unknown (B: 71, M: 169) 1147 XX
N-isopentylacetamide (12) 1150 ms X X
menthol 1188 ms
p-menth-1-en-3-ol 1201 ms XX
a-terpineol 1206 ms XX X X
methyl salicylate 1208 syn X
unknown (B: 149, M: 164) 1239 X X XX
i 6,10-dimethylbicyclo[4.4.0]dec-1-ene 1241 syn X X X
unknown (B: 149, M: 164) 1259 X
unknown (B: 108, M: 164) 1263 X X
j unknown (B: 43, M: 134) 1277 X
k undecan-2-one 1302 syn X X X
undecan-2-ol 1310 syn X
| 10-methylundecan-2-one (21) 1363 syn X
10-methylundecan-2-ol (22) 1373 syn X
unknown (B: 81, M: 182) 1375 X
m methyl 9-methyldecanoate (8) 1393 syn, inc X XX XX XX
dodecan-3-one 1396 syn X X
4-methylquinoline 1396 syn X
n N-(2-phenylethylidene)isopentylamine (9) 1396 ms XX XX XX
dodecan-3-ol 1407 syn X X
B-ylangene (lit: /=1420) 1425 ms X
o (—)-geosmin (4) 1430 syn, chgc XXX XXX XXX XX XX XX XX
B-copaene (lit: /=1430) 1437 ms X X
unknown (B: 82, M: 204) 1445 X
isogermacrene D (lit: /=1445) 1452 ms X
unknown (B: 191, M: 204) 1453 X
p geranylacetone (7) 1457 syn X X XXX X
6,10-dimethylundeca-5,9-dien-2-ol 1459 ms X
unknown (B: 149, M: 182) 1459 X
q (—)-germacrene D (6) 1490 syn, chcg X X X X
unknown (B: 107, M: 204) 1507 X X X
unknown (B: 151, M: 222) 1509
guaioxide 1521 ms X X X
unknown (B: 149, M: 222) 1523 X
r 2-methyltridecan-4-one (17) 1527 syn, inc XX X
3-methyltridecan-4-one (20) 1532 syn, inc
unknown (B: 149, M: 222) 1536 X X
unknown (B: 237, M: 250) 1543 X
dihydroactinidiolide 1554 ms X
nerolidol (lit: /=1553) 1567 ms X
2-methoxy-1,1"-biphenyl 1574 ms X
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Table 1. (Continued)
GC Compound / Identification Sg al5 DW4/3-1

unknown (B: 183, M: 183) 1575 X X
s 2,12-dimethyltridecan-4-one (19) 1589 syn, inc X

2-methyltridec-2-en-4-one (23) 1593 syn X

rosifoliol (lit: /=1599) 1602 ms X X

unknown (B: 159, M: 201) 1612 X

unknown (B: 82, M: 222) 1624 X

2-methyltetradecan-4-one (18) 1628 syn, inc X

unknown (B: 281, M: 294) 1635 X

B-eudesmol (lit: I=1641) 1637 ms X X X

valerianol (lit: /=1655) 1650 ms X
t (1(10)E,5E)-germacradien-11-ol (5) 1656 syn XXX XX XXX XXX XXX XX XXX
u tetradecan-1-ol (24) 1687 syn XX X

(E,E)-farnesol (lit: I=1722) 1726 syn X
v 13-methyltetradecan-1-ol (27) 1750 syn XX

pentadecan-1-ol (25) 1787 syn X

1-phenylnonan-1-one (13) 1794 ms X

hexahydrofarnesylacetone 1847 syn, inc X

unknown (B: 197, M: 212) 1864 X

hexadecan-1-ol (26) 1892 syn X
w 1-phenyldecan-1-one (14) 1903 ms, inc XXX XXX XXX

tetradecan-4-olide 1912 ms, inc X X
X 9-methyl-1-phenyldecan-1-one (16) 1966 syn XX X X

1-phenylundecan-1-one (15) 2005 syn X XX X
z nonadecan-10-one (54) 2082 ms X
[a] For unidentified compounds the base peaks (B) and molecular ions (M) occurring in the El mass spectra are given. Artifacts originating from the
medium are not mentioned. GC: marker in TIC (Figure 1), I: retention index, 1.-7.: different experiments with the strains Sg a15 or DW4/3-1, ms: mass spec-
trum, inc: retention index increment system, syn: synthetic sample, chgc: GC on chiral stationary phase. The relative amounts of the compounds are
noted. x: trace compound (0-2 %), xx: minor compound (2-8 %), xxx: main compound (> 8% of total area in GC).

w pounds can be assumed.® In addition, this stereo-
chemistry has been reported for 6 isolated from
Streptomyces citreus.” Geranylacetone (7) was found
in only some of the samples, but in large amounts in
one experiment with strain DW4/3-1. This combina-
tion of terpenoid compounds has also been identi-
fied in the headspaces of other myxobacteria investi-
gated by us (M.xanthus and C. crocatus (without
7))'[1,2]

Some nitrogen-containing compounds were also
released by both strains, among them the amides N-
isopentylformamide (11) and N-isopentylacetamide
(12), as well as the imines N-isopentylideneisopentyl-
amine (10) and N-(2-phenylethylidene)isopentylamine
(9), which was emitted in substantial amounts only
by strain Sg a15.

Identification of fatty acid derivatives

* ** .

bl .l L e, Strain DW4/3-1 emitted a compound that showed

30 35 min . .
the fragmentation pattern typical of methyl esters
_ [10,11] H _
Figure 1. Total ion chromatograms of two extracts of Stigmatella aurantiaca, strain (m/z=74 and 87). The molecular ion at m/z=
Sg al5 (A, experiment 1 in Table 1) and strain DW4/3-1 (B, experiment 5). Letters refer to 200 corresponds to the formula C,,H,,0,, but its gas
compounds in Table 1. Artifacts are indicated by asterisks. chromatographic retention index of /=1393 did not

match that of methyl undecanoate (/=1432) and the
mains unknown, due to the lack of an enantioenriched sample, mass spectra also showed slight differences, so the ester
but the absolute configuration shown in Scheme 1 seems to  seemed to be methyl-branched. As reported previously, the re-
be most likely since a common biosynthesis of these com-  tention indices of methyl-branched compounds can be calcu-

ChemBioChem 2005, 6, 2023 - 2033 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2025
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14 (R=El) 18 (R1=iBu, R2=Pr)
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26 (R=Pr)
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Scheme 1. Volatiles released by Stigmatella aurantiaca. The relative configu-
ration of 5 is given.

lated by an empirical numerical model.*' The functional
group increment for methyl esters is FG(ME) =332, which, to-
gether with 1000 for the C,, chain and Me_;,=60, sums up
to a calculated value of I.=1392 for methyl 9-methyldeca-
noate (8). This assignment was made because the difference
(Al) between unbranched and the corresponding iso com-
pounds is 40.%'?

To test this proposal, a synthesis starting with the alkyl bro-
mide 28 was carried out (Scheme 2). Copper-catalyzed Michael
addition of its Grignard reagent to methyl acrylate furnished
29.'% Standard reduction with LiAIH, and bromination of the
alcohol 30 gave the bromide 31, which was transformed
into 8 by further alkylation of methyl acrylate. This ester
proved to be identical with the corresponding volatile compo-
nent of strain DW4/3-1.

2026
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: i )\/\/\/
)\/\Br — )\/\/\[ro\ — OH
28 29 O 30

c a 0 b
—_— Br —> O/ —_—
31 8

/l\/\/\/\)O\H _)d )\/\/\/\/l?\
R R
22 (R=Me) 16 (R=Ph)
34 (R=/Bu) 19 (R=iBu)
35 (R=Ph) 21 (R=Me)

Scheme 2. Synthesis of ester 8, alcohol 22, and ketones 16, 19, and 21.
a) 1. Mg, 2. Cul, Me,S, DMAP, methyl acrylate, TMSCI, 81-85 %. b) LiAlH,,
90-94%. c) Br,, PPh;, 88%. d) PCC, 74-99 %. ) RMgBr, 84-86 %.

Strain Sg a15 consistently emitted a series of phenyl ketones,
with 1-phenyldecan-1-one (14) as a major compound, together
with 1-phenylundecan-1-one (15) and occasionally 1-phenyl-
nonan-1-one (13). These ketones were readily identified by
their mass spectra. The latest eluting phenone 15 (/=2005)
was identical to a commercially available sample. One isomeric
phenyl ketone eluted slightly earlier than 15 (I=1966, Al=39),
and was suggested to be an ®w—1 methyl-branched com-
pound: 9-methyl-1-phenyldecan-1-one (16). This ketone was
then synthesized from 8, which was transformed into the cor-
responding aldehyde 33 by LiAlH, reduction and PCC oxida-
tion (Scheme 2).">'® Addition of phenylmagnesium bromide
and oxidation with PCC provided 16 in high yield, confirming
the identity of the volatile.

Further ketones were present in one sample of strain
Sg al15. Their mass spectra showed strong fragment ions at m/
z=285 and m/z=100, pointing to a butyl, isobutyl, or sec-butyl
ketone. Furthermore, the molecular ion of the first eluting
compound of this class at m/z=212 was consistent with the
molecular formula C;,H,50, but the retention index of tetrade-
can-5-one (/=1581) did not match that of the unknown vola-
tile (/I=1527). Because of strong similarities with the mass
spectrum of 2-methyldecan-4-one the unknown compound
was assumed to be the isobutyl ketone 2-methyltridecan-4-
one (17). The synthesis of 17 was carried out, starting with
nonyl bromide (Scheme 3). The corresponding Grignard re-
agent was added to 36 to give 2-methyltridecan-4-ol (37). Sub-
sequent PCC oxidation afforded 17, identical to the natural
compound. Its homologue 2-methyltetradecan-4-one (18) was
also released by the bacteria and its structure was verified by
synthesis. Furthermore, an isomer of 18 with a retention index
of /I=1589 was also emitted by this strain. Again, the decrease
in the retention index (A/=39) pointed to a second methyl
branch in the chain at the w—1 position. The aldehyde 33 was

ChemBioChem 2005, 6, 2023 - 2033



www.chembiochem.org



Volatiles Released by Stigmatella aurantiaca
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38 (R=Me)
c
b Q )\/\/\/\/\/\/ —_—> )\/\/\/\/\/\/\
- )\/u\/\/\/\/\/R o
41 27
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18 (R=Me)

Scheme 4. Synthesis of 27. a) PPh;, imidazole, I,, 86 %. b) iBuMgBr, Li,[CuCl,], 98 %. c) 9-

BBN, NaOH, H,0,, 91%.

Scheme 3. Synthesis of the ketones 17 and 18. a) Nonyl/decyl-
magnesium bromide, 83-89%. b) PCC, 82-90 %.

used for a synthesis of 19 by the route described above
(Scheme 2), establishing the presence of 2,12-dimethyltride-
can-4-one (19) in the bacteria. Interestingly, the different ali-
phatic chains found in the phenyl ketones are the same as in
the isobutyl ketones, pointing to a related biosynthesis (see
below).

Another unknown volatile eluted slightly later than 17 (/=
1532). The mass spectrum suggested a very similar structure,
because of the same molecular ion at m/z=212 and major
fragment ions at m/z=57, 85, and 155. This compound was
proposed to be the sec-butyl ketone 20. A synthesis through a
Grignard reaction with decanal and sec-butylmagnesium bro-
mide and PCC oxidation confirmed this suggestion.

Furthermore, a related compound, also eluting slightly later
then 17 and showing strong fragment ions at m/z=83 and 98
with a molecular ion at m/z=210, was also present. Conclu-
sively, this volatile seemed to be an o,f3-unsaturated counter-
part of 17. A synthesis through a Grignard reaction with nonyl-
magnesium bromide and 3-methylcrotonaldehyde, followed by
oxidation with PCC, confirmed this compound as 2-methyltri-
dec-2-en-4-one (23).

Additional ketones were detected in one extract of strain
DW4/3-1. The first was characterized by a mass spectrum with
major fragment ions at m/z=43 and 58, as is expected for
methyl ketones, and a molecular ion at m/z=184. From reten-
tion index calculations the presence of an w—1 methyl branch
was suggested (FG(2-one)=200)." Furthermore, the corre-
sponding methyl carbinol was also present, eluting slightly
later than the methyl ketone (FG(2-ol)=210)"". Its mass spec-
trum showed a strong fragment ion at m/z=45, whereas the
molecular ion was not detected. Both compounds were syn-
thesized by addition of methylmagnesium bromide to the al-
dehyde 33 to furnish 10-methylundecan-2-ol (22), which was
converted into the corresponding methyl ketone 21 by PCC
oxidation (Scheme 2). The synthetic compounds were identical
to the bacterial volatiles.

In addition, a series of 1-alcohols was present in the extracts
of strain Sg a15. The unbranched compounds tetradecan-1-ol
(24), pentadecan-1-ol (25), and hexadecan-1-ol (26) were readi-
ly identified by comparison with authentic standards. Another
alcohol eluting shortly earlier than 25 (AI=37) was thus sug-
gested to be 13-methyltetradecan-1-ol (27). This was therefore
synthesized from undec-10-en-1-ol (39) (Scheme 4), with trans-
formation into the corresponding iodide 40"”'® and alkylation

ChemBioChem 2005, 6, 2023 - 2033
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with isobutylmagnesium bromide in the presence of Li,[CuCl,]
(Kochi's catalyst) affording 41.1'" Highly regioselective hydrobo-
ration with 9-borabicyclo[3.3.1]nonane (9-BBN)*” and oxidative
workup then gave 27, which proved to be identical to the vol-
atile emitted by S. aurantiaca.

Biosynthesis

We recently showed that investigations on the biosynthesis of
volatiles emitted by bacteria can be carried out easily by feed-
ing labeled precursors to cultures grown on agar plates,”” thus
avoiding the lavish extraction and workup procedures normally
performed with liquid cultures. We applied this method to in-
vestigation of the unknown biosynthetic pathway(s) to the
phenyl ketones. The double methyl branching in 19 suggested
that two isovaleryl-CoA (IV-CoA) units might be involved in the
biosynthesis of this compound. Similarly, we assumed that the
phenyl analogue 16 might arise from one benzoyl-CoA unit
and one IV-CoA unit. Chain-extension of IV-CoA with three ace-
tate-derived malonyl-CoA units (or degradation of an iso-odd
fatty acid such as iso-17:0) would generate 9-methyldecanoyl-
CoA. Head-to-head fusion either with benzoyl-CoA or with IV-
CoA should then produce branched (-keto thio esters, subse-
quent decarboxylation of the free acids finally affording 16
and 19, respectively. The volatiles 13-15, 17, and 18 could sim-
ilarly be derived from unbranched acids and a head-to-head
fusion-decarboxylation process.

To elucidate whether the proposed biosynthetic pathways
were indeed operative in S. aurantiaca, [*Hs]benzoic acid ([*H]-
42) was fed to strain Sg a15 and the profile of the released vol-
atiles was analyzed (Scheme 5). Deuterium-labeled compounds
elute earlier than their unlabeled counterparts from the GC
column (retention indices decrease about one unit per deuteri-
um atom),” so pure mass spectra of labeled compounds were
obtained even in the event of low incorporation rates. These
rates were determined from the corresponding peak areas in
the total ion chromatogram. Labeled [*Hs]-42 was incorporated
into 16 (90% incorporation) as indicated by a shift of the mo-
lecular ion from m/z=246 to 251 (Figure 2A and B). Further-
more, the fragment ions at m/z=77, 105, 120, and 133 were
shifted to m/z=82, 110, 125, and 138, respectively, which is in
accordance with the labeling of five deuteriums present in the
phenyl ring. The incorporation of [*Hs]-42 was also found for
14 and 15 (89% and 90%, respectively). Benzoic acid itself
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Figure 2. Mass spectra of labeled and unlabeled 9-methyl-1-phenyldecan-1-one (16), 1-phenyldecan-1-one (14), methyl benzoate (1), and acetophenone (3)

obtained in experiments with strain Sg a15: 16 (A), [*H;]-16 after feeding of [*Hs]benzoate (B), [*C]-16 after feeding of ['*Cl-benzoate (C), [*Hy]-16 after feeding
of [?H,clleucine (D), [*H,]-16 after feeding of [*H,]-15-methylhexadecanoate (E), coeluting [*H;,]-14 and [’H,¢]-14 after feeding of [*H;,]lhexadecanoate (F), 1 (G),
[?H:]-1 after feeding of [*Hs]benzoate (H), ['*C]-1 after feeding of ['*C]-benzoate (1), 3 (J), [*Hs]-3 after feeding of [*H.]benzoate (K), ['*C]-3 after feeding of ['*C]-

benzoate (L).

might be derived from phenylalanine through degradation cat-
alyzed by phenylalanine ammonium lyase. Feeding of [Hi]cin-
namic acid ([*Hs]-43), which is formed through the ammonium
lyase reaction,”?""?? also resulted in labeled 16 (Scheme 5, 11%
incorporation).

The carbonyl function in the phenyl ketones was assumed
to arise from benzoate, but the position of this oxygenated
carbon would also be explainable (although unlikely) by the in-
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corporation of 9-methyldecanoyl-CoA and transfer of the
phenyl group from benzoate. Therefore, ['*C]-42 was fed to
strain Sg a15 (Scheme 5). The resulting '*C labeling is not asso-
ciated with any significant decrease in retention times relative
to the unlabeled counterpart, so the mass spectra of labeled
and unlabeled volatiles are superimposed.”? The incorporation
of ["*Clbenzoic acid into 16 (89 % incorporation rate) clearly in-
dicated that the carbonyl carbon is derived from this precursor

ChemBioChem 2005, 6, 2023 - 2033
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Figure 2. (Continued).

(Figure 2C). The molecular ion increased from m/z=246 to
247, and the fragment ions at m/z=105, 120, and 133 were
shifted to m/z=106, 121, and 134, whereas the fragment ion
at m/z=77 originating solely from the unlabeled phenyl group
did not increase. Corresponding results were obtained for 14
(90%) and 15 (91 %).

Furthermore, the incorporation of both [*Hs]-42 and ['°C]-42
into 1 and 3 (Figure 2G, H, J, and K) was observed. Incorpora-
tion rates between 72% and 88% were found, elucidated
through the use of the ions at m/z=105 and 120, respectively,
as references.

ChemBioChem 2005, 6, 2023 - 2033
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In a following experiment, [*H,,lleucine ([*H,,]-44) was fed to
strain Sg al5 (Scheme 5). Because leucine is transformed by
transamination and oxidative decarboxylation into IV-CoA and
one deuterium is lost in the transamination step, incorporation
of [?H,,]-44 into 16 (17 %) was indicated by a shift of the mo-
lecular ion from m/z=246 to 255 (Figure 2D), reflecting the in-
corporation of nine deuterium atoms. The fragment ions at
m/z=77, 105, 120, and 133 did not change, but m/z=50
showed that the isopropyl group was completely deuterium-la-
beled.

The remaining carbons of 16 were believed to originate
from the well known elongation of the IV-CoA starting unit
with three malonyl-CoA building blocks to form the fatty acid
9-methyldecanoic acid or its CoA-thioester. In experiments on
the biosynthetic pathways to iso fatty acids in S. aurantiaca,””
synthetic [*H,]-15-methylhexadecanoic acid ([°H,]-45), with a
completely labeled isopropyl moiety, was fed to this myxobac-
terium (Scheme 5). The fatty acid extracts also contained trace
amounts of 16 and [*H,]-16 (62% incorporation rate), showing
that the remaining carbon atoms must indeed be derived from
malonyl-CoA. The mass spectrum of [*H,]-16 (Figure 2E) is
characterized by a molecular ion of m/z=253, consistently
with the presence of seven deuterium atoms. The fragment
ion at m/z=50 points to a labeled isopropyl moiety. Obviously,
15-methylhexadecanoic acid can be degraded to 9-methylde-
canoyl-CoA, the putative precursor of the phenyl ketones. The
fatty acid 15-methylhexadecanoic acid plays a central role in
the fatty acid metabolism of S. aurantiaca and is a precursor of
shorter acids derived by a- or B-oxidation.”

In order to obtain insight into whether the medium-chain
fatty acyl precursors—9-methyldecanoyl-CoA in the case of 16
or decanoyl-CoA for 14—are activated by carboxylation to
give (7-methyloctyl)malonyl-CoA or octylmalonyl-CoA, respec-
tively, [°H;,]Jhexadecanoic acid ([*H;;]-46) was fed to S. auran-
tiaca (Scheme 5). The incorporation of 18 deuterium atoms
was indicated by a shift of the molecular ion to m/z=250,
whilst the incorporation of only 17 deuterium atoms also oc-
curred, as indicated by m/z=249 (Figure 2F). Additionally,
major fragment ions were found at m/z=105 and 121/122, in-
dicating that the deuterium labeling is located in the alkyl
chain. A completely deuterated alkyl chain, however, would re-
quire m/z=123, corresponding to 19 deuterium atoms. These
data therefore reveal single or double loss of deuterium in the
position a to the carbonyl group. In other feeding experiments
performed with the myxobacterium Myxococcus xanthus to
probe the biosynthesis of fatty acids, [*H;;]-46 was fed to that
species. In these experiments the fatty acid extracts were
methanolyzed under acidic conditions and the obtained
methyl esters were analyzed by GC-MS. Under these conditions
the fatty acids derived from 46 were predominately composed
of acids with no deuterium loss at C-2 (e.g., 82%), together
with minor amounts of acids with one deuterium loss (e.g.,
17 %) and only traces of acids lacking both o deuterium atoms
(e.g., 2%). This indicates that almost no H/D exchange had
taken place. It can be assumed that H/D exchange o to the
carbonyl group under physiological conditions should be even
lower. These data therefore strongly suggest the activation of
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acids® or of acetyl-CoA to malonyl-CoA.* This acti-

vation by carboxylation at the o-position is corrobo-
rated by one feeding experiment with [*H;;]-46,
which is first degraded to [°H,s]ldecanoyl-CoA accord-
ing to the degradation of 45 to 49. Carboxylation re-
sults in the formation of [*H,gloctylmalonyl-CoA,
which can lose another deuterium because of the
C,H-acidity. Accordingly, the incorporation of 17 or 18
deuterium atoms is observed. The condensation step
with 50 proceeds with decarboxylation, similarly to
the elongation of a fatty acyl-CoA by malonyl-CoA,
resulting in a B-keto acyl-CoA. Decarboxylation of the
corresponding free (-keto acid 52 then gives 16. In
essence, the coupling step consists of the addition of

[2Hg-43 [Hg-16 an alkylmalonyl-CoA to an activated ester, followed
by reductive loss of the carboxylic acid carbon of the

. . o * free P-keto acid. In mycolic acid biosynthesis, the
)\/"Tz Sg_af )\)(i . second decarboxylation step is omitted.”?” To the
* * COH * XX TSCoA 7% pest of our knowledge, such a head-to-head conden-
[2Hql-44 [2Hg]-16 sation process has only rarely been described in the
biosynthesis of secondary metabolites. A similar

. o * mechanism seems to be involved in the biosynthesis
)\/\/\/\/\/\/\)OL Sgals of some bacterial hydrocarbons.”*® Unbranched
e oH T W* fatty acids are used in this head-to-head coupling
12H7]-45 [2H7]-16 process for the unbranched phenyl ketones 13-15.
Structural diversity in the biosynthesis of fatty acids is

o often achieved by use of different starter units, in

* * * * *x * * Q 39_31: * X * N this case IV-CoA. With the pathway described here

*» XY ¥ ¥ ¥ ¥ ¥ ¥ ©OH WD * Kk K further diversity can be achieved in the end group, in

[2H31]-46

Scheme 5. Feeding experiments with Stigmatella aurantiaca strain Sg al15.

decanoyl-CoA by carboxylation, resulting in octylmalonyl-CoA
with increased C,H-acidity. Accordingly, 9-methyldecanoyl-CoA
might be activated as (7-methyloctyl)malonyl-CoA prior to its
incorporation into 16.

Discussion

A biosynthetic pathway to the S. aurantiaca phenyl ketone 16,
based on the feeding experiments described above, is postu-
lated (Scheme 6). The starting IV-CoA unit (48) is derived from
leucine (44). The CoA-thioester 48 can be elongated by three
malonyl-CoA units to form the key derivative 9-methyldecano-
yl-CoA (49) directly. Alternatively, 49 may be derived from deg-
radation of a fatty acid such as 15-methylhexadecanoic acid
(45), itself derived from standard fatty acid biosynthesis. The
latter route may be preferred, because incorporation rates of
[*H,]-45 are markedly higher than those of leucine. The w—1
methyl-branched fatty acid thioester 49 is then condensed
with benzoyl-CoA (50), originating from phenylalanine (47) via
cinnamic acid (43). It is most likely that 49 is activated by a
carboxylase prior to the condensation, forming (7-methyloctyl)-
malonyl-CoA (51), similarly to the cases of activation of fatty
acyl-ACP by carboxylation in the biosynthesis of mycolic
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this case the coupling partner 50.

This principle can explain the formation of several
other ketones found in S. aurantiaca (Scheme 7). In
the biosynthesis of the isobutyl ketones 17-19, a
fatty acid derivative such as 51 or 53 is again cou-
pled with isovaleryl-CoA (48) instead of 50. Other ketones
could be formed similarly, by condensation of a fatty acyl-CoA
precursor and isoleucine-derived 2-methylbutyryl-CoA (20), leu-
cine-derived dimethylacryl-CoA (23), acetyl-CoA (21), or even
decanoyl-CoA in the case of nonadecan-10-one (54). Interest-
ingly, the formation of 21 by this pathway would be an alter-
native pathway to methyl ketones, normally believed to be
produced by decarboxylation of the 3-oxoacyl intermediates of
fatty acid biosynthesis.” Unfortunately, incorporation of
[*H,clleucine or [*H,]-15-methylhexadecanoic acid into these
ketones could not be observed, because only trace amounts
were present in the headspace extracts.

Interestingly, the key fatty acid 9-methyldecanoic acid was
found in the form of its methyl ester 8 in the analyses of strain
DW4/3-1, while no other fatty acid methyl ester was detected.
The methyl ester of the second building block in the head-to-
head fusion process to phenyl ketones, methyl benzoate (1),
was also produced by both strains of Stigmatella aurantiaca, al-
though phenyl ketones such as 16 were only produced by
strain Sg a15. Other acids or their corresponding CoA esters
that can substitute benzoyl-CoA in the head-to-head coupling
have been found in trace amounts. The acids 3-methylbutyric
acid and 2-methylbutyric acid were identified in one sample of

ChemBioChem 2005, 6, 2023 - 2033
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strain DW4/3-1. The related ke-
tones 20 (derived from IV-CoA)
and 17 (2-methylbutyryl-CoA)
were released by both strains.
Methyl 3-methylcrotonate was
present in one sample of strain
Sg al5, and the same sample of
this strain  contained trace
amounts of 23. Methyl 2-methyl-
crotonate was produced by both
strains, whereas no derived
ketone (e.g., 3-methyltridec-2-
en-4-one) was found. In summa-
ry, the pattern of the building
block methyl esters and fatty
acids is correlated to the pattern
of the constructed ketones.

The phenyl ketones 13 and 16
have not previously been report-
ed in nature. Both 14 and 15
have been reported from the es-
sential oils of the plants Baccha-
ris dracunculifolia® and Artabo-
trys odoratissimus,"" but the
latter report at least seems to be
doubtful with respect to the fact
that several well known contami-
nants are declared as natural
products in that article. Addi-
tionally, such phenyl ketones
have been described as oxida-
tion products of petroleum in
sea air and water.??

The aliphatic ketones 17-20
and 23 and the alcohol 22 have
not previously been reported
from nature, whereas the ketone
21 occurs in the essential oil of
Ruta angustifolia.®® The amide
12 has been identified in
wines® and is also known as an
alarm pheromone of cockroach-
es®™ and wasps®®=® and a as
volatile constituent of Nicotiana
tabacum, which also contains
9.5% The imine 10 is emitted by
Bacillus popillae.*® Both 10 and
11 are characteristic odor con-
stituents of roasted seafood,”"*?
but 11 has not been reported
from natural sources.

The bouquets emitted by the
two S.aurantiaca strains are
complex, with more than 80
components. They are different
from those of Myxococcus xan-
thus® and Chondromyces croca-
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tus," which were investigated by identical methods. M. xanthus
also produces ketones as characteristic components, but these
are formed by a different biosynthetic pathway.” S. aurantiaca
also forms imines and amides not present in the other bacte-
ria. Common to all three species is the co-occurrence of the
sesquiterpenoids (—)-geosmin (4) and (1(10)E,5E)-germacra-
dien-11-ol (5), the biosyntheses of which have been addressed
recently.®

In summary, the complex volatile bouquet emitted by the
myxobacterium Stigmatella aurantiaca has been delineated,
and several compound classes not previously known from
myxobacteria were found. The biosynthesis of phenyl ketones
was shown to proceed through an unusual “head-to-head”
condensation process of a fatty acid precursor and benzoic
acid. The biological function(s) of the volatiles and their rela-
tion to physiological changes in the life cycle of the bacteria
are the subject of ongoing studies.

Experimental Section

Strains, culture conditions, and feeding experiments: The strains
Stigmatella aurantiaca DW4/3-1 and Sg a15 and their cultivation
were described previously.#4

Feeding experiments were performed as described.” All com-
pounds were dissolved in methanol or water and applied to TS-
agar plates to a final concentration of 1 mm. After evaporation of
the solvent under sterile conditions, the cell suspension (300 uL)
was spread onto these plates as described previously” and also al-
lowed to dry prior to incubation at 30°C for four days.

Sampling: Volatile organic compounds emitted by cell cultures of
Stigmatella aurantiaca were collected by the CLSA technique as de-
scribed previously.”

GC-MS: GC-MS analyses were carried out on a HP 6890 Series GC
system connected to a HP 5973 mass selective detector (Hewlett—
Packard, Wilmington, USA) fitted with a BPX5 fused-silica capillary
column (25 m x 0.22 mm i.d., 0.25 pm film, SGE, Melbourne, Aus-
tralia). Conditions were as follows: inlet pressure: 77.1 kPa, He
23.3 mLmin~"; injection volume: 1 uL; transfer line: 300 °C; electron
energy: 70 eV. The GC was programmed as follows: 5 min at 50°C,
increasing at 5°Cmin~' to 320°C, and operated in splitless mode
(60 s valve time). The carrier gas was He at 1 mLmin™". Retention
indices | were determined from a homologous series of n-alkanes
(Cg-Csg). Identification of compounds was performed by compari-
son of mass spectra against the Wiley 7 Library and the Essential
QOils Library (Massfinder) and by comparison with synthetic stand-
ards (see Table 1 for details).

Synthesis. General synthetic methods, synthetic procedures, and
physical and spectroscopic data for the synthesized compounds
can be found in the Supporting Information.
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Titanium Implant Materials with Improved
Biocompatibility through Coating with
Phosphonate-Anchored Cyclic RGD Peptides

Jérg Auernheimer,”

Anja Enderle,” Simon L. Goodman,"

One key point for improving osseous integration of implants is to
render them osteopromotive by specifically favoring the adhesion
of osteoblasts. Mimicking the physiological adhesion process of
osteoblasts to the extracellular matrix improves cell adhesion in
vitro and results in improved and earlier osseous integration of

Introduction

Osteointegration of implants is known to be a biological pro-
cess that occurs when new peri-implant bone forms in direct
contact with the implant surface. This process is osteocon-
ductive, and numerous experimental studies have shown that
surface modifications can enhance bone-implant contact in
terms of both speed and intensity of bone formation. Acceler-
ated and increased bone contact with the implant surface can
be achieved by surface modifications, such as coating the im-
plant with hydroxylapatite.”. However, more advanced im-
provements of surfaces can be achieved by using RGD pep-
tides for coating (for polymer coating see review by U. Hersel
et al.”¥). Cellular binding sites for RGD peptides have been re-
ported to play a major role in mediating cell adhesion through
integrin receptors,”® thereby transducing information to the
nucleus through cytoplasmic signaling pathways. In this study,
we used tailor-made cyclic-RGD peptides”® with the general
structure cyclo(-RGDfX-). X represents Lys or Glu, which can
allow coupling of the peptide to anchors that were developed
for the improvement of implant integration by biofunctionali-
zation. These cyclic peptides specifically bind to avf3 and
avP5 integrins.” Both integrin receptors are known to adhere
to vitronectin, but are differentially distributed on the cell sur-
face. Only the avp3 integrin is found in focal contacts and
leads to the spreading and migration of cells onto vitronec-
tin."®™ Adhesion studies have elucidated the binding specifici-
ties of the cyclic-RGD peptides towards osteoprogenitor cells
and osteoblasts from different species. In vitro proliferation of
osteoblasts on polymethylacrylate (PMMA) discs was achieved
with cyclo(-RGDfK-) peptides (f=b-Phe) by using an acrylamide
anchor." In vivo effects of the same modified cyclo(-RGDfK-)
peptides were investigated by implantation of peptide-coated
PMMA granulate cylinders into the patella groove of rabbits.
The newly formed bone stayed in direct contact with the
modified implant; no fibrous layer between implant and bone
was seen. Hence, coating the implants with the av-specific
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implants in vivo. Our approach involves coating titanium im-
plants with a tailor-made cyclic-RGD peptide, thus allowing them
to bind to specific integrin receptors on the cell surface through
multimeric phosphonates. The advantages of this very stable,
new type of anchoring for practical application are presented.

RGD peptide accelerated their osteointegration compared with
uncoated granulate cylinders.">'

Enhanced cell attachment on Ti surfaces that have been
modified with linear-RGD peptides has been achieved in
vivo.'"> ¥ Ferris et al."”! demonstrated significant improvement
in bone formation in rats by using gold-covered Ti rods that
were coated with linear RGD through the application of gold-
thiol chemistry.

Schliephake etal. have coated titanium-implant surfaces
with collagen type | and covalently bound cyclo(-RGDfK[mer-
captopropionyl]-) onto the collagen. Three months after im-
plantation into the alveola crest of beagle dogs, these implants
displayed a bone contact rate that was twice as high as that
observed with implants coated only with collagen."® Similar
results were obtained when the thiol function of the peptide
was immobilized directly onto the Ti surface. Fibrous tissue
growth was only observed on two implants in the RGD group
compared with five in the control (uncoated) implants. In the
0-100 um zone from the interface, a significantly higher bone-
volume percentage was found for the RGD-coated implants.
There was also a moderate increase in the mechanical fixa-
tion." Moreover, the potential of the peptide described here
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to improve osseous integration of Ti6Al4V implants has been
shown in vivo in a sheep implant.?”

The aim of this experimental study was to develop an easy
and practical coating for Ti implants with the av-specific cyclic-
RGD peptide by using a new anchor system. It has already
been shown that phosphonic acid groups bind strongly over a
large pH range (pH 1-9) to TiO, and are then distributed on
the Ti surface.”” To improve binding to the Ti surface by the
multimer effect, we synthesized an anchor block that consisted
of four phosphonopropionic acids linked together by a branch-
ing unit that was made up of three Lys residues. The use of
highly activated phosphonoacetic acid instead of the phospho-
nopropionic acid resulted in the formation of many by-prod-

Y\“W o

Scheme 1. Structure of the cyclic-RGD peptide with phosphonic acid
anchors that was used for cell adhesion and coating of implants.

b}, c)
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ucts. The anchor blocks were conjugated with the cyclo
(-RGDfK-) peptide.” They were bridged by a spacer that con-
sisted of three aminohexanoic acids that provided sufficient
distance between the peptide and the surface during integrin
recognition. This conjugate (Scheme 1) allows a simple one-
step coating of the Ti surface with the peptide.

Results and Discussion

The cyclic RGD peptides cyclo(-RGDfX-), which bind to avf33
and avp5 integrin receptors were developed by our group pre-
viously.”® These cyclic RGD pentapeptides, in which p-amino
acids follow Asp, have a conformation that is best recognized
by av integrins and have a much reduced affinity to the plate-
let receptor, allbf3. Additionally, a hydrophobic residue in this
position, such as Phe, contributes to activity and selectivity.”?
Anchor and spacer structures were optimized in adhesion
assays with osteoblast and osteoprogenitor cells.!>'?
Phosphonate groups were chosen for anchoring in order to
overcome the need to conduct excessive chemistry on the sur-

o 0 by
Br/\)J\CI Br/\)]\OBn
et § oet
Et0.S
Eto\ﬁ/\)J\OBn IFI,/\)]\OH
) )

Scheme 2. Synthesis of Deppa. a) BhOH (1 equiv), CH,Cl,, 24 h; b) P(OEt);
(1.7 equiv), 4 h; c) H,, Pd/C, tBuOH.

B), c)
Fmo-c—Ahx—Ath —

Fmoc..

Fmoc— Y8,
_~Lys— Ahx—Ahx—Ahx —O
FI'HDC"-\LYS

Fmoc™
0

” EtO- /\,,J-L\i"/N ﬁ \./‘\_/‘\,JLDH

EtO- pf’\JL ’\/\i

HO. Q
'?'

OH

Q

Scheme 3. Synthesis of the anchor-spacer unit. a) TCP-resin, DIEA (2.5 equiv), CH,Cl,; b) 20% piperidine in NMP; c¢) Fmoc-Ahx-OH (2 equiv), TBTU (2 equiv),
HOBt (2 equiv), DIEA (5.6 equiv), NMP; d) Fmoc-Lys(Fmoc)-OH (2 equiv), TBTU (2 equiv), HOBt (2 equiv), DIEA (5.6 equiv), NMP; e) Fmoc-Lys(Fmoc)-OH
(4 equiv), TBTU (4 equiv), HOBt (4 equiv), DIEA (11.2 equiv), NMP; f) 3-(diethoxy-phosphoryl)propionic acid (Deppa; 4 equiv), TBTU (4 equiv), HOBt (4 equiv),

DIEA (11.2 equiv), NMP; g) CH,CL,/HOAC/TFE (3:1:1).
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face as with other coating procedures.”™ A Lys branching unit
was used because its four phosphonate groups give the bene-
fit of the multimeric effect (Schemes 2 and 3). o-Lys can also be
used to avoid enzymatic degradation. Inhibition assays on the
isolated integrin receptors showed that the peptide that con-
tained the linker and anchor (Scheme 1) inhibited avf3 slightly
less than the reference peptide, cyclo(-RGDfV-). However, the
IC5, was still in the low nanomolar range (Table 1). Hence, the

Table 1. Inhibitory characteristics of cyclic RGD peptides with phosphonic
acid anchors against soluble integrins.

Peptide ICso [nM]® (inhibition at ligand
concentration [nm])
avB3  avPp5 allbp3
cyclo(-RGDfV-)E" 25 320 8x10°
cyclo(-RGDfK-)®32 4.2 n.m.®! 1.8x10°
cyclo(-RGDfK[Ahx-Ahx-Ahx-K{K(3-phos- 89 660 n.m.®

phonopropionyl),},]-)

[a] The data shown represent the mean of at least two independent ICs,
determinations. Typically, variation in such receptor-ligand inhibition
measurements is routinely in the order of the measured value itself, as
previously documented.?” [b] not measured.

addition of the linker and the phosphonic acids only had a
minor effect on the apparent affinity.

The peptide was attached to Ti surfaces in PBS or acetate
buffer. Coated surfaces were washed several times with PBS
before incubation with cells. Titanium surfaces coated with the
peptide bound MC3T3-E1 mouse osteoblasts very efficiently
(Figure 1). These cells express the avp3 and avf5 integrins; as
shown by FACS analysis and real-time PCR.** The cell adhesion
could be enhanced from 16% (uncoated Ti) to about 62%
(100 pm peptide in coating solution). This represents the maxi-
mum binding that was achieved with 10 um peptide solutions.
Higher concentrations did not provide further improvement.

| 70 o :
601 @ m ]
50- ]

404

cell adhesion | %

0 0.1 1 10 100 1000
peptide concentration in coating solution / pm
C——IMC3T3-E1 on RGD
= MC3T3-E1 on RDG

I MC3T3-E1 on RGD + cyclo(-RGDMV-)
I NIH/3T3 on RGD

Figure 1. Adhesion of MC3T3-E1 mouse osteoblasts and NIH/3T3 mouse fi-
broblasts on RGD and RDG (as negative control) coated Ti discs (see text for
details). To prove the specificity, in one experiment the cells were pretreated
with the soluble peptide cyclo(-RGDfV-).
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No cell adhesion was observed on surfaces that were coated
with a scrambled-sequence control peptide (RDG). This indi-
cates that the specificity of the enhanced cell adhesion is prob-
ably due to the integrin-RGD interaction. Another proof for
the specificity is the reduction of cell adhesion from 62 to 34%
after incubating the cells with soluble cyclo(-RGDfV-) peptides
(250 pm in media). Experiments with NIH/3T3 mouse fibroblasts
showed that twice as many osteoblasts as fibroblasts adhered
to the modified discs at a given concentration. As these experi-
ments were performed in serum-free media, we also examined
the effect of coating in the presence of fetal bovine serum
(FBS). In medical applications other proteins will always be in
contact with the implant surface. Figure 2 shows that cell ad-
hesion onto uncoated Ti increases in the presence of 10% FBS.
However, RGD coating further enhances cell adhesion by 27 %
compared with uncoated Ti in the presence of FBS. The coat-
ing was also monitored by a RGD-specific ELISA (Figure 3). The
RGD-specific ELISA showed more immobilized peptide in the
presence of a phosphonic acid anchor (0.95+0.09 AU) com-

1007 m—Iwithout FBS
gp- NN with 10 % FBS

cell adhesion { %

10+

0 100
peptide concentration in coating solution / pm

Figure 2. Adhesion of MC3T3-E1 mouse osteoblasts on RGD coated Ti discs.
The media were supplied with and without 10% FBS.

f10-
E
[=
o 08-
w3
=
® 06
[ =
s
o 0.4-
[=}
oy
0
w 0.2 4
0.0

0 0.1 1 10 100
peptide concentration in coating solution [ pm

1000

Figure 3. Detection of surface immobilized peptide on Ti after coating with
RGD at various concentrations. The amount of attached peptide was quanti-
fied by a RGD-specific ELISA.
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pared with the thiol functionalized peptide cyclo(-RGDfK
[3-mercaptopropionyl]-) also known as EMD 73450 (0.71+
0.26 AU),"™ which can be directly immobilized on Ti.

The amount of attached peptide is assumed to be in the
pmolcm™ range asn PMMA and a silicon (unpublished data).
This estimation was supported by a coating experiment in
which the same solutions (10 or 100 uv) were used for the se-
quential coating of eight Ti discs; each disc was coated for
24 h followed by the next one. The amount of bound peptide
was so low that even on the eighth disc no decrease in the
signal intensity of a RGD-specific ELISA could be detected
(Figure 4). The same coating solution could be used for the
biofunctionalization of multiple Ti discs.

In order to determine the amount of surface-bound peptide
accurately, radiolabeling was performed with a peptide ana-
logue in which p-Phe was replaced by o-Tyr. The '®I-labeled
peptide was mixed with unlabeled peptide that contained b-3-
iodo-Tyr, in a ratio of 83:17 (unlabeled/labeled) due to the lim-
ited metering range of the y counter. Titanium discs were
coated with a solution of this mixture in different concentra-
tions in the same way as the RGD peptide. After coating and
washing, the activity of the discs was measured and the
amount of surface-bound peptide was calculated (Figure 5).
The amount of bound peptide was 0.3-1.3% of the total
amount of peptide in the coating solution on each disc.

For application of coated Ti as an implant material in vivo, it
is necessary that the coating exhibits a strong stability against
sterilization, thermal influences, and washing. To test the ef-
fects of sterilization, coated and uncoated Ti discs were ¥y irra-
diated with different doses and the cell-adhesion rate was
compared with that on nonirradiated, coated and uncoated
discs. Figure 6 shows that cell adhesion does not decrease
after vy irradiation of the cyclo(-RGDfK-) peptide-coated discs
even with the very high dose of 40 kGy. Hence, y radiation
does not affect the peptides or their attachment to the Ti sur-
face. Further proof for the stability of the coating is provided
in Figures 7 and 8. Application of dry heat at 70°C for 7 days
did not decrease cell adhesion relative to control samples
stored at 18°C (ANOVA analysis). The RGD coating even with-
stood a standard repassivation regime with subsequent exten-

1.4 4 I no peptide
| B 10 pm peptide
1.2 4 1100 pm peptide
1.0 4
0.8 4
0.6 4

0.4

absorption at 450 nm

0.2 4

0.0 -

d1 d2 d3 d6 d7 d8

Figure 4. Consecutive coating of eight Ti discs with the same coating solu-
tion (10 or 100 uwm) at RT; each disc was coated for 24 h. The amount of at-
tached peptide was estimated by a RGD-specific ELISA; d =days.
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Figure 5. Detection of the amount of surface-bound peptide by radiolabel-
ing of cyclo(-RGDyK-) with I (where y=p-Tyr). It has previously been
shown that after substitution of f by y and iodination, the peptide cyclo-
(-RGDyV-) still has considerable, although slightly reduced affinity for avf33
integrine binding.®” Hence, we assume that attachment to the surface by
Lys will not change this property.
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Figure 6. Testing the stability of cell adhesion against sterilization proce-
dures. Adhesion of MC3T3-E1 mouse osteoblasts on RGD coated Ti discs.
The discs were sterilized by vy irradiation after coating. The peptide concen-
tration in the coating solution was 100 um.
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Figure 7. Testing the thermal stability of coated Ti surfaces. Adhesion of
MC3T3-E1 mouse osteoblasts on RGD-coated Ti discs. The discs were stored
at 70°C for different lengths of times. The peptide concentration in the coat-
ing solution was 100 pm; d =days.
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Figure 8. Testing the effect of repassivation on RGD-bound Ti surfaces. Re-
sults of a RGD-specific ELISA and cell-adhesion assay after repassivation of
RGD-coated Ti discs are compared with freshly-coated specimens. The re-
passivation and cleaning protocols had no influence on either ELISA or cell
adhesion of uncoated control samples (data not shown).

sive detergent and ultrasonic treatment (Figure 8). Neither the
RGD-specific ELISA nor cell adhesion was significantly impaired
in comparison to freshly coated samples.

Conclusion

A simple but efficient method for biofunctionalization of Ti has
been developed. This technique can find application in the de-
velopment of modern implants. In contrast to other techniques
in which surfaces are coated with whole proteins, nonselective
or enzymatically easy-to-cleave linear peptides, we used a
small highly active and avf33 selective cyclic-RGD peptide. The
cyclic pentapeptide is completely stable against enzymatic
degradation and as it is obtained by chemical synthesis it
bears no risk of disease transmission. The chosen peptide ex-
hibits high affinity for avp33 and avp5 integrins. Due to its very
low affinity to the allbp3 integrin an enhanced risk of throm-
bus formation as a result of platelet activation is not expected.
The peptide was bound to Ti surfaces through branched phos-
phonic acid anchors. These anchors expose four groups to the
implant surface, which then provide extremely tight binding;
but, in comparison to a thiol anchor, the amount of immobi-
lized peptide is higher. It is evident that the same coating com-
pound can also be used to stimulate cell attachment to apatite
or other potassium phosphates. Osteoblasts selectively bind to
this peptide and consequently to the implant surface by their
integrin receptors. These results demonstrate an attractive
strategy for the development of cell-free and bioactive im-
plants that carry the biological information for the selective ac-
tivation of the target cells that are needed for selective bone
regeneration.

Experimental Section

General: Amino acids and coupling reagents were purchased from
Novabiochem (Schwalbach), and solid-phase resins from Pepchem
(Tubingen). All other chemicals were purchased from Aldrich,
Sigma, or Fluka. Semi-preparative HPLC was performed on a Beck-
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mann instrument (system gold, solvent delivery module 126, UV
detector 166) by using a YMC ODS 120-5C18 column (5 mm, 20 X%
250 mm), with a flow rate of 6 mLmin~". The eluent was 0.1% TFA
in various acetonitrile £ water gradients. HPLC-MS analyses were
performed on a Hewlett Packard Series HP 1100. A YMC ODS-A
120-3C18 column (3 mm, 2x125mm) with a flow rate of
0.3 mLmin~' was used. The eluent was 0.1% formic acid in an
acetonitrile +=water gradient (10-50% acetonitrile in water over
15 min). ESI-MS measurements were performed on a Finnigan LCQ
instrument. NMR spectra were recorded with a Bruker AC250 spec-
trometer.

Deppa synthesis: 3-Bromopropionyl chloride and benzylic alcohol
(1 equiv) were stirred in dry CH,Cl, (1.7 mLmmol™") for 24 h. The
reaction mixture was diluted with CHCl; and extracted with satu-
rated NaHCO; solution. The solvent was removed under reduced
pressure after drying with MgSO,. The resulting product was treat-
ed with triethylphosphite (1.7 equiv) at 140°C under Ar without
further purification. The resulting bromoethane was continuously
distilled out of the reaction mixture. For cleavage of the benzyl
ester, the product and Pd/C were suspended in tBuOH and stirred
under hydrogen atmosphere at RT. After 2 h the catalyst was re-
moved by filtration and the solvent was evaporated to yield the
desired product as colorless oil (70.6%). '"H NMR (250 MHz, CDCl,):
6=4.09 (m, 4H, CH,0), 2.61 (m, 2H, CH,P), 2.07 (m, 2H, CH,CO),
131 (t, J=7.1Hz, 6H, CH,); P NMR (101.26 MHz, CDCl,): 6=29.5
(s, 1P); ESI-MS m/z 443.2 [2M+Na]*, 459.1 [2M+K]*.

N-Fmoc-p-3-iodo-tyrosine (Fmoc-y{l}-OH): was synthesized as de-
scribed in the literature.”> "TH NMR (250 MHz, DMSO): 6 =10.11 (s,
1H), 7.90 (d, 2H), 7.74-7.57 (m, 4H), 7.46-7.24 (m, 4H), 7.10 (dd,
1H), 6.78 (d, 1H), 4.20 (m, 3H), 4.10 (m, 1H), 2.94 (dd, 1H), 2.72
(dd, 1H); ESI-MS m/z 308.0 [M+H]™.

Peptide synthesis: The RGD peptide cyclo(-RGDfK[Ahx-Ahx-Ahx-
K{K(3-phosphonopropionyl)2}2]-) was synthesized by derivatization
of the peptide cyclo(-R(Pbf)GD(OtBu)fK-) as described before.'"!
The other cyclic peptides cyclo(-R(Pbf)GD(OtBu)y(tBu)K-) and cyclo-
(-R(Pbf)GD(OtBu)y{l}K-) were synthesized in a similar manner. The
iodine-containing peptide was cyclized with PyBOP instead of di-
phenylphosphorylazide and the Lys side chain was protected with
1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidine, which was removed
with 2% hydrazine hydrate in DMF after cyclization.

The anchor-spacer unit was synthesized by SPPS by using TCP
resin®® and application of the Fmoc strategy™® starting from N-
Fmoc-6-aminohexanoic acid. Then two N-Fmoc-6-aminohexanoic
acids followed by N-o,e-di-Fmoc-i-Lys were coupled under stan-
dard peptide-coupling conditions with TBTU/HOBt/DIEA in NMP.
After Fmoc-deprotection, two N-o,e-di-Fmoc-.-Lys were coupled
followed by four 3-(diethoxy-phosphoryl)propionic acids. Cleavage
from the resin was accomplished with CH,Cl,/acetic acid/TFE
(3:1:1).

Fragment coupling of the anchor construct with the partially pro-
tected peptides was carried out in dry DMF by using HATU/HOAt/
collidine as coupling reagents. For deprotection the peptides were
dissolved in a mixture of 95% TFA in H,0 and after 3 h the solvent
was removed under reduced pressure and the residue was sus-
pended in dry CHCl; and trimethylsilyloromide (10:1). After 3 h the
solvent was removed under reduced pressure and the residue was
lyophilized out of tBuOH/H,O. RP-HPLC purification followed by
lyophilization yielded a white hygroscopic powder.
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For radiolabeling, peptide (300 pg), lodoGen® (150 ug) and Na'*|
(750 uCi) were dissolved in PBS buffer (350 uL). After 30 min, the
labeled peptide was isolated by RP-HPLC purification.

cyclo(-RGDfK[Ahx-Ahx-Ahx-K{K(3-phosphonopropionyl)2}2]-):

'H NMR (500 MHz, DMSO): 6 =8.37-8.10 (m, 1H; H"-Gly), 8,16-8,04
(m, 5H; HN-Asp, 4 H"-Lys), 8.03-7.87 (m, 5H; H"-0-Phe, 4 H™"-Lys),
7.87-7.69 (m, 4H; 3 H"-Ahx, H"-Arg), 7.68-7.61 (m, 1H, H"-Arg),
7.29-7.10 (m, 5H; """CH), 4.62 (dd, J=8.0/6.0 Hz, 1H; H*Asp),
4.49-4.40 (m, 1H; H%0-Phe), 420-4.11 (m, 1H; H*Arg), 4.11-3.98
(M, 4H; H*Gly, 3 H*Lysspacer)s 3.98-3.85 (m, 1H; H*Lys), 3.24 (d, J=
15.0 Hz, 1H; H*Gly), 3.15-2.87 (m 17H; 6 H:-Ahx, H'->-Phe, 8 H'-
Ahx, 2 H*-Arg), 2.79 (dd, J=13.5/6.0 Hz, 1H; H*-0-Phe), 2.71 (dd, J=
16.5/8.5 Hz, 1H; HP-Asp), 2.47-2.18 (m, 7H; H-Asp, 6 H*-Ahx), 2.10-
1.93 (m, 8H; 8 CH,CH,P), 1.82-0.96 (m, 46H; 8 CH,CH,P, 2 H*-Arg, 8
HP-Lys, 6 HP-Ahx, 2 H'-Arg, 6 H*-Ahx, 8 H'-lys, 6 H'™-Ahx, 8 H-Lys);
P NMR (101.26 MHz, DMSO): 6=29.57 (s, 1P), 29.51 (s, 2P),
29.33 ppm (s, 1P); ESI-MS m/z 934.5 [(M—2H)/2]~, 1869.9 [M—H]",
1891.9 [M—2H+Nal".

cyclo(-RGDyK[Ahx-Ahx-Ahx-K{K(3-phosphonopropionyl)2}2]-):
ESI-MS m/z 9429 [M—2H)/2]", 954.8 [(M—3H+Na)/2]", 18859
[M—H]~, 1909.9 [M—2H+Na]".

cyclo(-RGDy{I}K[Ahx-Ahx-Ahx-K{K(3-phosphonopropionyl)2}2]-):
ESI-MS m/z 1005.6 [(M—2H)/2]".

Surface modification: Coatings with peptide solutions (100-
0.1 um) were performed in PBS (pH 7.4) or acetate buffer (pH 4). Ti-
tanium discs (Ti6Al4V) of 10 mm in diameter were placed in 48-
well plates, coating solution (250 uL) was added to each well and
the peptide was allowed to immobilize at RT, overnight. After
washing three times with PBS, the discs were transferred to a new
48-well plate and blocked with 5% bovine serum albumin (BSA) in
PBS for 2 h. Subsequently, the discs were tested for cell adhesion
or submitted to a customized RGD-specific ELISA with colorimetric
detection at 450 nm, measured with a microplate reader (SLT Rain-
bow).

Cell-adhesion assay: The cell-adhesion assays were performed as
described by Landegren.”® MC3T3-E1 mouse osteoblasts or NIH/
3T3 mouse fibroblasts were suspended in Dulbecco’s minimal
medium (DMEM) containing BSA (1%, w/v). Cells were then seeded
on the substrate at a density of 50000 cells per well. The cells
were allowed to adhere for 1 h under standard tissue culture con-
ditions (37°C, 5% CO,). The wells were washed three times with
PBS (pH 7.4) to remove nonadherent cells. Attached cells were
quantified by a colorimetric test that detects the activity of the ly-
sosomal enzyme hexosaminidase. p-Nitrophenol-N-acetyl-f3-p-glu-
cosaminide was cleaved by the enzyme and the amount of colored
p-nitrophenol was measured with a microplate reader at 405 nm.
To generate a calibration curve by linear regression, MC3T3-E1 cells
were seeded at different concentrations in standard cell culture 48-
well plates and treated similarly. Results are given as the percent-
age of the total number of cells seeded (considered as 100% of
cell adhesion) and thus the cell adhesion rate defined. In all experi-
ments, each data point given in the figures is the mean value of at
least three identical but independent in vitro experiments; the
error bars represent standard deviations. To test the effect of
serum on the cell-adhesion assay BSA was replaced by different
concentrations of FBS.

Sterilization: For sterilization coated and uncoated specimens
were sealed into Tyvek bags (Dupont, Wilmington, DE, USA) and
subjected to various doses of y radiation (Willy Rusch, Germany).
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Repassivation: Repassivation of Ti specimens was performed in ac-
cordance with ASTM F86. Coated discs were subjected to nitric
acid treatment (specific-gravity limits 1.1197-1.2527 gmL™") for
30 min at RT. Subsequently, discs were agitated briefly in dH,O and
soaked two times for 7 min in fresh dH,0. Additionally, specimens
were cleaned by ultrasonic treatment in common household deter-
gent (Priel) solution for 30 min at 60°C. To remove any residual de-
tergent, the Ti discs were thoroughly rinsed three times with dH,0,
subjected to acetone treatment (two times 15 min in an ultrasonic
bath, RT), rinsed with dH,0, washed in ethanol (two times 15 min
in an ultrasonic bath, RT), and finally dried in a drying cabinet.

IC;, values: The ability of the peptides to inhibit ligand binding to
immolilized purified integrins was measured as described previous-
|y.[29]

Abbreviations:

Ahx: 6-aminohexanoic acid
AU: absorption unit

Deppa: 3-(diethoxy-phosphoryl)propionic acid

dH,0: deionised water

DIEA: N,N-diisopropylethylamine

DMF: N,N-dimethyl formamide

Fmoc: 9-fluorenylmethoxycarbonyl

HATU: O-(7-azabenzotriazole-1-yl)-N,N,N’,N"-tetramethyluro-
nium hexafluorophosphate

HOAt: 1-hydroxy-7-azabenzotriazole

HOBt: N-hydroxybenzotriazole

NMP: N-methyl-2-pyrrolidinone

Pbf: 2,2,4,6,7-pentamethyldihydro-benzofuran-5-sulfonyl

PyBOP:  (benzotriazol-1-yloxy)-tris(pyrrolidino)phosphonium
hexafluorophosphate

SPPS: solid-phase peptide synthesis

TBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate

TCP: tritylchloride polystyrene

TFA: triflouroacetic acid

TFE: 2,2,2-trifluoroethanol
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Stochasticity of Manganese Superoxide
Dismutase mRNA Expression in Breast
Carcinoma Cells by Molecular Beacon Imaging

Timothy J. Drake,” Colin D. Medley,” Arup Sen,” Richard J. Rogers,'” and

Weihong Tan*™

Visual and quantitative monitoring of cell-to-cell variation in the
expression of manganese superoxide dismutase (MnSOD) mRNA
by using novel ratiometric imaging with molecular beacons (MB)
reveals a distinct change in patterns following induction of
human breast-carcinoma cells with lipopolysaccharide. Interest-
ingly, the pattern of cell-to-cell variation in a cell line stably
transfected with a plasmid bearing a cDNA clone of MnSOD and
overproducing the enzyme is significantly different from the pat-
tern associated with MnSOD induction. The levels and the pat-

Introduction

There is a growing realization that an “average” cell, as defined
by cell population analysis,"? might not exist and that sto-
chastic effects in gene expression can play crucial roles in bio-
logical processes and cellular fates.®™ In situ hybridization on
fixed cells might not accurately depict these events in living
cells.” Similarly, single-cell reverse-transcriptase-PCR” suffers
from variations in amplification between various mRNAs. Mo-
lecular beacons (MB), on the other hand, are a novel class of
fluorescent biosensors for sensitive, nonradioactive monitoring
of the structure and activity of genes in vitro and intracellularly
(www.molecular-beacons.org).®’ MBs can be introduced into
living cells and used for target detection without the need for
separating the hybridized material or additional signal amplifi-
cation. The use of MBs in intracellular analyses has been
mostly limited to visualization and not quantitation, since the
results based on single fluorescence measurements are compli-
cated by signal changes from light scattering by the sample,
excitation source fluctuations, and variability in the intracellular
delivery and trafficking of MB molecules.®® Ratiometric deter-
minations''®' compensate for the variability by taking the
ratio of the signal intensity from the specific probe for a target
over the signal produced by a control unrelated probe that
serves as the reference.

Real-time visualization and quantitation of changes in cyto-
plasmic mRNA levels of genes that are involved in pathways
implicated in tumorigenesis and the identification of shift in
cell subpopulations should provide valuable insights into un-
derstanding the impact of intracellular changes associated
with the progression of cancer. We used MBs in a novel ratio-
metric fluorescence-imaging method to monitor cytoplasmic
MRNA levels of manganese superoxide dismutase (MnSOD), an
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terns of cell-population heterogeneity for (-actin mRNA expres-
sion do not show distinct changes either following induction or
in stably transfected cells. These results are significant in light of
the reported relationship between this enzyme and malignant
phenotype of breast-carcinoma cells. Use of MBs in ratiometric
image analyses for cytoplasmic mRNAs represents a novel means
of directly examining the stochasticity of transcription of MnSOD
and other genes implicated in cellular phenotype regulation.

enzyme that regulates cellular levels of reactive oxygen species
(ROS) and is implicated in malignant the phenotype of tumor
cells.'™™ The tumor-suppressive effects of MnSOD, including a
polymorphic variant of the enzyme with a higher specific activ-
ity in suppressing the invasiveness of tumors, have been re-
ported."” Monitoring cell-to-cell variation in populations of dif-
ferent breast-carcinoma cell lines could yield important infor-
mation on the potential effects of the stochasticity of MnSOD
transcription on variations in the levels of ROS and the malig-
nant phenotype of breast-cancer cells. Our ratiometric-image
analyses were performed on the cytoplasm following microin-
jection of a gene-specific MB admixed with an excess of a het-
erologous DNA labeled with a matching fluorophore that had
the same emission but a different excitation spectrum. This
method showed significantly less inherent experimental varia-
tion than those reported for other fluorescence-imaging ap-
proaches with DNA probes. We observed both an increase and
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changes in the profile of cell-to-cell variation in MnSOD mRNA
expression in an MDA-MB-231 breast-carcinoma cell line within
4 h after lipopolysaccharide (LPS) treatment to induce the
MnSOD enzyme; this is consistent with previous LPS-induction
experiments." An MCF-7 breast-carcinoma cell line that is
stably transfected with an MnSOD cDNA clone, and thus over-
expresses the MnSOD enzyme, showed a different pattern of
cell-to-cell variation in cytoplasmic MnSOD mRNA than the
pattern associated with LPS-induced overproduction. The basal
profile of cell-to-cell variation observed with a MB for (-actin
mRNA was distinct from that of MnSOD in each cell line and
did not detectably change following LPS treatment. The use of
MBs to visualize and monitor changes in profiles of cell-to-cell
variation of cytoplasmic mRNA in cell lines provides new infor-
mation on the effects of MnSOD mRNA expression on the phe-
notypes of breast-carcinoma cells.

Results and Discussion

A major issue with using MBs for intracellular mRNA
measurements is the inherent experimental variability
associated with the delivery of extremely small vol-
umes of MB solutions into cells. As a result, observed
differences between individual cells do not reflect
actual cell-to-cell variation of the targets being moni-
tored,” especially since minimal variations in the in-
jected volumes result in large deviations in the mea-
sured fluorescence intensity. We, therefore, utilized a
mixture of the gene-specific MB with a fluorophore-
matched reference DNA as described below.

Development and validation of the ratiometric
imaging with MBs in breast-carcinoma cells in
culture

We first evaluated the robustness of our novel ratio-
metric method using a test target sequence (5'-
GCGACCATAGCGATTTAGA-3') introduced into a MDA-

ratio —»

W.-h. Tan et al.

is intact) states of the MB. We microinjected solutions of
“closed” and “open” MB (created by adding an excess of test
target to an MB solution) mixed with the reference RuBpy-
labeled heterologous DNA, and determined that the ratio en-
hancement was ~2.6-fold intracellularly. This ratiometric en-
hancement value was very consistent from cell-to-cell.

In order to mimic the practical intracellular conditions under
which the MB loop would recognize its complementary target
sequence embedded in a longer sequence, we microinjected a
140-mer DNA, designated DNA-140T and which contained the
test target, and a 154-mer of unrelated DNA, designated DNA-
154C, without the test target sequence, in MDA-MB-231 cells.
Subsequent microinjection of the MB-scrambled DNA mixture
produced a ratiometric response of approximately 0.62 in cells
that received DNA-140T, while the DNA-154C control and the
blank (i.e. buffer injection) produced no detectable change
(R=0.27 and 0.23, respectively, Figure 1A).
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MB-231 breast-carcinoma cell line by microinjection, 0o
followed by the application of the test MB-1 and

scramble sequence mixture (1 um MB-1 and 10 pm 0.5 1
RuBpy-labeled scrambled DNA; MB-1: 5'-CCTAGCTC- T
TAAATCGCTATGGTCGCGCTAGG-3; scrambled DNA: o 0.4 4
5'-TCGCGTGCGTGACACATCGACATCTCGTGTA-3'). Our g
choice of Texas Red and RuBpy as the matching fluo-

rophores for the MBs and the heterologous DNA, re- 0.3
spectively, was based on the fact that the fluores-

cence excitation of RuBpy does not overlap with the 02 4

excitation of Texas Red. Also, their emissions are simi-
lar due to the large Stokes shift of RuBpy. This allows
us to utilize a high-speed monochromator-based
imaging system without the need to switch emission
filters.

The predicted theoretical ratio enhancement in re-
sponse to an MB is the ratio of specific signals be-
tween the “open” (when the target hybridizes to the
MB loop) and the “closed” (when the stem of the MB
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Figure 1. Ratiometric values for A) long synthetic DNA-140T (o) and DNA-154C (m), and
the blank microinjection buffer (A). B) Various amounts of DNA-140T injected in human
breast-carcinoma cells by changing the sample injection pressure: (¢) 100 hPa, (e)

75 hPa, () 50 hPa, (m) 25 hPa, and (¥) control. Dual microinjections were performed as
described in the Experimental Section. Ratiometric image collection and data analysis
were performed as described above. The inset shows the ratiometric response versus the
sample injection pressure. A clear dose dependence is observed, with saturation occur-
ring at 75-100 hPa.
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We next tested the ability of microinjected MB to distinguish
between different levels of expression inside the cells. To simu-
late varying concentrations of intracellular targets, a 1 um DNA-
140T solution was first injection into the cell at varying pres-
sures by using the microinjector’s injection-pressure controls
(Figure 1B). As a result of varying the pressure, different vol-
umes of solution were delivered to the cell and, consequently,
varying amounts of the target. Once the target had been
injected, a probe solution containing T um MB-1 and 10 um
RuBpy-labeled scramble DNA was microinjected at 50 hPa.
Based on the averages of the ratiometric values between 10
and 15 min, a clear concentration-dependent response was ob-
served (Figure 1B inset). Although our results show that the ra-
tiometric values are clearly proportional to the levels of mMRNA,
technical difficulty in delivering precisely measured amounts of
the test target limits our ability to determine the absolute
amount of a target from the ratiometric value.

Monitoring cytoplasmic MnSOD mRNA in breast-carcinoma
cells in culture

The MDA-MB-231 human cell line used in this report expresses
reasonable levels of the mRNA, and the levels of expression of
this mRNA are known to be regulated in response to certain
mediators of cellular inflammatory response."*'! A number of
MBs were designed to recognize different portions of the
human MnSOD mRNA sequence (GenBank Accession No. NM-
000636) and tested in the in vitro fluorescent enhancement
assay (as described in the Experimental Section) with synthetic
target DNAs that are complementary to the loop sequences of
the MBs. A single injection of 1 um MB-2 (5-CCGAGCCAGTTA-
CATTCTCCCAGTTGATTGCTCGG-3) and 10 um RuBpy-labeled
scramble DNA was performed in individual cells. Unlike the
test system described above for microinjected exogenous
target, MnSOD mRNA is present in the cell cytoplasm at the
time of injection. As a result, the ratiometric response does not
start at a closed ratiometric value and this is observed due to
the amount of time that elapses between performing the in-
jection and starting the acquisition of images. Figure 2A de-
picts a typical ratiometric image response from individual cells.
In Figure 2B, MB-1 intracellular responses are constant and
stable throughout the time course of the experiment. The re-
sults of ratiometric values shown in Figure 2A and images
shown in C clearly indicate cell-to-cell variation in endogenous
levels of the message. Our observation was consistent with
other findings from fixed cells in which the expression profiles
of genes vary significantly from cell to cell in a population.®™

Ratiometric imaging of cell-to-cell variation profiles of
MnSOD mRNA expression in breast-carcinoma cells in
culture before and after LPS induction

Perhaps the most remarkable characteristic of MnSOD is its
ability to up-regulate in response to a variety of inflammatory
stimuli and cellular stress. Expression of MnSOD also causes
significant alterations in the malignant phenotype as well as
inhibition of tumor growth in vivo.'®" Here, MDA-MB-231

ChemBioChem 2005, 6, 2041 - 2047
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Figure 2. Ratiometric values for MDA-MB-231 cells A) with MB-2 for human

MnSOD mRNA, and B) with control molecular beacon MB-1 for Test Target.

C) Ratiometric images of MDA-MB-231 cells at 10 min after the injection of

MB-2. R values indicate the average ratiometric value of the cytoplasm after
analysis as described in the Experimental Section.

cells were used to determine profiles of cell-to-cell variation in
MnSOD mRNA expression before and after treatment with LPS.
These cells express easily detectable levels of the MnSOD
mRNA as shown by Northern analysis (Figure 3A). Based on
the ability of these cells to produce a noticeable change in
mRNA expression after 4h of incubation with 0.5 pugmL™'
LPS,™ single-cell expression profiles were determined by mi-
croinjecting 1 um MB-2- and 10 um RuBpy-labeled scramble
DNA. For a MB probe control, 1 um MB-1- and 10 um RuBpy-la-
beled scramble DNA was microinjected to determine if there
was any nonspecific opening of the MB in LPS-induced cells.
As a biological control, an MB (designated MB-3; 5'-
CCGTCGAGGAAGGAAGGCTGGAAGAGCGACGG-3') for the de-
tection of human (-actin mRNA was microinjected with the
scramble DNA. In all cases, ratiometric images were acquired
for 15 minutes at intervals of 1 minute. As was done for the
calibration curve, frames 10-15 were averaged together to pro-
duce the response from each individual cell. Figure 3B shows
that when the control MB-1 is used, there is only modest cell-
to-cell variation, and LPS induction shows little or no change
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Figure 3. Analysis of LPS-induced MDA-MB-231 cells. A) Northern analysis of LPS-induced cells. B) Histograms showing the distribution of ratiometric respons-
es for control and LPS-induced cells with control MB-1 for the test target, MB-2 for MnSOD and MB-3 for (3-actin.

in the histogram of cell distribution (preinduction: average
ratiometric value=0.3140.05, skew=-0.17; postinduction:
average ratiometric value =0.27 +0.04, skew =0.60). For the f3-
actin control, again no shift was observed (preinduction: aver-
age ratiometric value=0.36£0.1, skew=0.61; postinduction:
average ratiometric value=0.324+0.1, skew=0.77). However,
the histogram for MnSOD expression levels obtained with MB-
2 shows a very different cell-to-cell variation even prior to any
treatment with LPS. A peak ratiometric value from the histo-
gram occurred in the bin for 0.40 to 0.55. The average expres-
sion level corresponds to 0.57 +0.17 with a skew of 0.9. At ap-
proximately 4 hours after LPS induction, the histogram shows
that the peak ratiometric value shifted to bin 0.55 to 0.70. The
average expression level corresponds to 0.66+0.18 with a
skew of 0.3. This shift is consistent with the increase in mRNA
determined by Northern analysis. We also observed a signifi-
cant rise in cells that overexpress MnSOD mRNA after 4 h of
LPS induction, as indicated by a near doubling of the number
of cells in the bin 0.70-1.0. This is the first description of living
single-cell expression analysis of MnSOD mRNA in breast-carci-
noma cells that clearly show a general shift to the right, consis-
tent with increased expression, while also detecting a small
fraction of cells that show very high expression levels following
LPS induction. The ability to identify cells in a population with
significantly higher levels of MnSOD mRNA expression may be
valuable in comparing cell-to-cell stochasticity in breast-carci-
noma cell lines that display different malignant phenotypes.
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Cell-to-cell variation profiles of MNSOD mRNA expression in
breast-carcinoma cells with distinct malignant phenotypes

We next used our ratiometric imaging approach to monitor
the cell-to-cell variation in MNSOD mRNA expression patterns
in an MCF-7 cell line that had been stably transfected to over-
express the MnSOD gene and that displayed a less malignant
phenotype.'® The transfected MCF-7 cell line, SOD50, was a
kind gift from the laboratory of Dr. Larry Oberley, University of
lowa."*'® Ratiometric distribution profiles were determined for
both MB-2 and MB-3 in these cells (Figure 4A). To distinguish
between cell populations, each cellular response was moni-
tored, and the final five images for each excitation wavelength
were averaged and plotted as a function of the 575 nm excita-
tion fluorescence signal versus the 450 nm excitation fluores-
cence signal (Figure 4B and C). With MB-3 for -actin, no sig-
nificant difference is observed between the three cell popula-
tions analyzed. In contrast3, noticeable changes in the MnSOD
expression patterns levels are observed between the cell popu-
lations. The slopes of the fitted lines for each induction re-
sponse corresponded to the average ratiometric response for
the cell populations analyzed. In Figure 4B, the basal B-actin
response was 0.36 while the LPS-induced and MnSOD overex-
pressed cells were 0.32 and 0.39, respectively. In Figure 4C, the
basal MnSOD response was 0.57 while the LPS-induced and
MnSOD overexpressed cells were 0.66 and 0.85, respectively.
The results of cell-to-cell variation in MnSOD mRNA expres-
sion obtained with the novel ratiometric imaging approach
might be significant in that malignant phenotype of MCF-7
breast-carcinoma cells might be governed by both mRNA ex-
pression and enzyme activity (such as in the lle58 polymorphic

ChemBioChem 2005, 6, 2041 -2047
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Figure 4. Histogram and scatter plot analysis of ratiometric single cell re-
sponses. A) Histogram showing the distribution profile of MB-2 and MB-3 ra-
tiometric responses for MnSOD overexpressing MCF-7 cells. B) MB-3 for f3-
actin mRNA detection for noninduced MDA-MB-231 cells, LPS-induced MDA-
MB-231 cells, and MnSOD overexpressing MCF-7 cells. C) MB-2 for MnSOD
mRNA detection for noninduced MDA-MB-231 cells, LPS-induced MDA-MB-
231 cells, and MnSOD overexpressing MCF-7 cells. Each scatter is linearly
fitted to determine the ratiometric response for each cell population.

variant described by Zhang et al.)."® The difference in the pat-
terns (Figure 3 and Figure 4A) of cell-to-cell variation we ob-
served is consistent with the assumption that stochastic effects
in the expression of a chromosomal gene in response to an ex-
ternal stimulus, such as LPS induction, are different from those
involved in the expression of an exogenously introduced auto-
somal gene.” The methodology described here incorporates

ChemBioChem 2005, 6, 2041 - 2047
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the microinjection of MB probes. As a result, the microinjection
process and presence of the probes could potentially have an
impact on our results. However, since the control MB response
for injection of targets with varying amounts did not reveal
any adverse affects on the MB function—the induced and
overexpressed MnSOD systems show clear differences in the
populations, and the B-actin MB shows no clear differences in
the populations before and affect induction—the adverse ef-
fects that are possible are minimal in the system analyzed.
Future studies along these lines might provide new insights
and strategies into studying the efficacy of drugs at the level
of gene transcription and of gene constructs used in gene
therapy.

MnSOD has been implicated in the malignant phenotype of
tumor cell lines, presumably through a pathway that affects
the production of matrix metalloproteinases and changes in in-
tracellular levels of ROS."®"® Our results with the MDA-MB-231
breast-carcinoma cell line show distinct patterns of cell-to-cell
variation for MnSOD mRNA and p-actin mRNA. We also ob-
served that LPS induction caused a clear “right” shift in the
cell-subpopulation profile that indicates elevated MnSOD
mMRNA expression across the entire cell population, while no
such shift was detected for 3-actin mRNA. An MCF-7 breast-
carcinoma cell line stably transfected with an MnSOD cDNA
plasmid to constitutively overexpress MnSOD displayed a dif-
ferent profile of cell subpopulations with significantly more
cells expressing higher levels of MNSOD mRNA. No such distri-
bution change in cell subpopulation was observed for -actin
mRNA.

Conclusion

The underlying cause or the functional consequence of hetero-
geneity observed in the expression of a single gene among in-
dividual cells in a population is not well understood. However,
it is recognized that the inherent stochasticity of the biochemi-
cal processes involved in gene expression and the response to
fluctuations in extracellular and intracellular components con-
tribute to such cell-to-cell variations.* Heterogeneity in the
expression of various tumor antigens in cells within a single
nodule is well recognized and remains a challenge in the de-
velopment of targeted cancer therapy, especially for solid
tumors. Systematic studies that monitor the expression of reg-
ulatory and housekeeping genes with respect to the basal het-
erogeneity and changes associated with a disease process, or
in response to a biological modifier, are likely to provide new
insights into the regulation of cellular phenotypes.

Our studies support the notion that the reported effects of
MnSOD on the malignant phenotype of tumor cells might, at
least in part, be working in individual cells through changes in
the levels of mMRNA and not by cell-to cell communication by
which cells producing higher levels of the enzyme affect other
cells in a population. Additional experiments with this novel
fluorescence-based intracellular imaging with MnSOD muta-
tions that alter the specific activity of the encoded enzyme will
be useful in further delineating the regulation of MnSOD gene
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expression and the regulation of malignant phenotypes in indi-
vidual cells in a population.

The ratiometric imaging method used here could also have
broad applications extending the use of MBs to monitor
changes in cell-to-cell variation in the expression of other cis-
and trans-acting genes associated with changes in the pheno-
type at the level of single cells in a population. This ratiometric
fluorescence-imaging approach to identifying profiles of cell
subpopulations with different levels of intracellular mRNA par-
allels the fluorescence-activated cell sorting used in studying
the expression of cell-surface proteins in living cells. Since
MnSOD is implicated in the regulation of cellular phenotypes
in many other diseases, ratiometric analysis with the MnSOD
MB in other cell lines might provide new information on the
relevance of stochastic effects in MnSOD transcription in other
disease processes.

Experimental Section

All chemicals and solvents were purchased from Sigma (St. Louis,
MI), unless stated otherwise, and used without additional purifica-
tion. RuBpy was purchased from Sigma, the Texas Red NHS ester
was purchased from Molecular Probes (Eugene, OR), and control-
led-pore glass resins and phosphoramidites for DNA and RNA syn-
thesis were purchased from Biosearch Technologies, Inc. (Novato,
CA) and Transgenomics (Omaha, NE). The human breast-carcinoma
cell line MDA-MB-231 (ATCC Catalogue No. HTB-26) was purchased
from American Type Culture Collection (Manassas, VA).

Molecular beacon, reference probe, and DNA synthesis: Synthet-
ic DNAs, including MBs, and RNAs were produced by using the
standard phosphoramidite chemistry in Perseptive Biosystems
8909 automated synthesizers, deprotected with ammonium hy-
droxide or methanolic potassium carbonate, and purified by using
reversed-phase or ion-exchange HPLC. Fluorophore labeling of syn-
thetic DNA and RNA with Texas Red and RuBpy dyes was done by
using the succinimidyl ester of the respective fluorophore to react
with a functional amino group on the desired end of the DNA or
RNA. Synthesis of MBs was carried out by using BHQ2 quencher
immobilized on controlled-pore glass resin to label the 3'-end and
adding a functional amino-group modifier at the 5-end. Subse-
quent to purification, the succinimidyl ester of Texas Red was used
to couple the fluorophore. Final labeled DNA, RNA, and MB were
purified by multiple rounds of reversed-phase HPLC purification by
using acetonitrile with triethyl amine acetate (0.1m, pH 6.0) as the
mobile phase. All synthetic DNA and RNA preparations were
stored in sterile R.O. water (treated with diethyl pyrocarbonate for
use in storing RNAs) at —20°C until use.

Instrument setup, cell culture, and microinjections: Fluorescence
imaging was performed with an inverted fluorescence microscope
(Olympus, CSquared Corp., Tamarac, FL). The excitation light
source was a TILL-Phontics high-speed monochromator-based
imaging system equipped with a high quantum efficiency mono-
chrome charge-coupled device (CCD; Applied Scientific Instrumen-
tation, Eugene, OR). Cellular images were conducted with an oil
immersion 40X, N.A. 1.35 objective. This setup allows for ratiomet-
ric imaging in the form of dual-excitation and single-emission de-
tection. As a result, RuBpy, which has an excitation maximum at
450 nm and an emission maximum at 620 nm, can be excited and
detected with minimal overlap in excitation from Texas Red, which
has an excitation maximum at 595 nm and an emission maximum
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at 615 nm. The filter cube used in these studies was purchased
from Omega Optics (Brattleboro, VT) and allowed for both 450 nm
and 575 nm to be reflected to the sample and 615 nm light to be
transmitted to the detector. 575 nm was chosen for the excitation
of the Texas Red because the dichroic mirror transmitted too much
of 595 nm light to allow for efficient detection of Texas Red.

MDA-MB-231 cells were maintained in Dulbecco’s Modification of
Eagle’s Medium (DMEM, Fisher Scientificc Hampton, NH) supple-
mented with fetal bovine serum (10%. Invitrogen, Carlsbad, CA)
and Gentamycin (Sigma) in T75 Falcon flasks (Fisher Scientific) in a
humidified cell-culture incubator (37°C, Revco, Asheville, NC) in
CO, (5%). MCF-7 cells were maintained in minimal essential
medium supplemented with fetal bovine serum (10%), nonessen-
tial amino acids, sodium pyruvate, and G-418 (Sigma). The cells
were plated in 35 mm glass bottom culture dishes (MatTek Corp.,
Ashland, MA) at approximately 6x10° cells per dish 48 h prior to
use for microinjection. To maintain cell viability during microinjec-
tion and manipulation, a cell-culture incubator was used (Harvard
Apparatus, Holliston, MA) to maintain temperature and humidity.
Probe solutions for microinjection were freshly prepared by mixing
Texas Red-labeled DNA (or a MB) with the control RuBpy-labeled
DNA (1 um and 20 pm, respectively in 20 mm Tris, pH 7.4, 50 mm
NadCl, and 5 mm MgCl, buffer). Similarly, all sample solutions were
prepared with the microinjection buffer. An Eppendorf microinjec-
tion system (Brinkman, Westbury, NY) and Burleigh micromanipula-
tors (EXFO Burleigh Products Group Inc., Victor, NY) were used to
carry out the delivery of MB probe solutions to the cells. All micro-
injections were done by positioning an Eppendorf Femtotip |
(Brinkman) inside the cytoplasm of a single cell. Fluorescence
images were acquired by first exciting the microinjected cells at
450 nm to excite the RuBpy dye for 500 ms and simultaneously
capturing the fluorescence with the CCD camera for 500 ms. After
a 3 ms delay, the cells were excited at 575 nm to excite Texas Red
for 500 ms while simultaneously capturing the fluorescence emis-
sion with the CCD camera for 500 ms. This process was repeated
throughout the time course of the experiment at 1 min intervals.

Dynamic measurements for heterologous nucleic acid targets intro-
duced in the cells were carried out by using two injections. The
first, called “probe injection”, was a mixture of MB-1 with the
RuBpy-labeled reference DNA solution, and the second was the
test target nucleic acid solution. After the first injection, fluores-
cence images for both fluorophores were monitored for 5 min to
obtain the background ratio value expected for the MB in its
“closed” conformation. The second, called the “sample injection”,
was then performed, and fluorescence images were acquired for
an additional 10 min.

Data analysis: An important part of this method is the ability to
analyze two fluorescence images to produce both ratiometric
images and measure fluorescence ratio enhancements produced
by the MB, relative to the control probe, in response to its intracel-
lular target. Equation (1) was used for ratiometric calculations with
Texas Red and RuBpy fluorophores:

STexas Red 7BTexas Red
R= < B . (1)
RuBpy RuBpy

here R is the ratiometric value, S is the fluorescence intensity, and
B is the background fluorescence intensity. For both the RuBpy
and Texas Red fluorescence images, background levels were based
on the signals produced when no fluorescence was observed in
the images. To accomplish this, a Till-Vision software package
(Applied Scientific Instrumentation) was used to select the region
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around the outside of the cell, and the corresponding pixel intensi-
ties were averaged to yield the background signal (B). Based on
the fluorescence images of Texas Red (Srexasped) @and RUBPY (Spygpy)
and the background determinations for each time point in the ex-
periments, ratiometric images for the injection of solutions con-
taining 1 pm Texas Red-labeled DNA (or MBs) and 20 um RuBpy-la-
beled DNA were determined by dividing the fluorescence images
Of (Stexasred—Brexasred) DY (Sguspy—Brusgy)- Ratiometric values were then
obtained from the ratiometric images by selecting only the cyto-
plasm of the cell and analyzing it with the software to determine
the average ratiometric value of the pixels analyzed. Due to nucle-
ar uptake of the DNA probes, the nucleus was omitted from the
analysis. Finally, ratio enhancements were determined by normaliz-
ing the ratiometric responses of the MBs to the background ratio-
metric value of the MB in the absence of target nucleic acids. For
the MB specific for MNSOD mRNA, ratio enhancements were deter-
mined by normalizing the MB response to the first image acquired
immediately after the probe injection. It should be noted that all
images presented here display assigned color representations of
the fluorescence intensities and ratiometric values. As a result, the
colors chosen to represent the fluorescence or ratiometric values
do not correspond to the actual emission wavelengths of the fluo-
rophores. Based on our experience, when cells are overfilled, the
RuBpy signal decreases rapidly, most likely due to leakage. On the
other hand, if an inadequate amount of labeled DNAs is delivered
to the cell, the RuBpy signal was only 10-15 units above the back-
ground, and, accordingly, the Texas Red signal from the MB was
not detectable. Based on these characteristics, the best injections
for MB measurements had RuBpy signals that were approximately
90-100 units above background and maintained constant fluores-
cence intensity.

To examine the single-cell responses for stimulated and endoge-
nously overexpressed MnSOD, histogram plots of the cellular
events versus ratiometric value after 10 min following probe injec-
tion were created. Bin values in the histograms were set based on
the response of the control MB. Since the control MB does not
open inside the cell, the bin size that incorporates all the events
was determined so as to obtain a single bar distribution of the ra-
tiometric values. All probes were plotted with the same bin size. A
considerable shift in the populations was also determined, based
on this bin size.

In vitro fluorescence-enhancement studies: All fluorescence-
enhancement measurements of MBs in vitro were carried out by
incubating a solution of MB (1 uwm) in Tris (20 mm, pH 7.4), NaCl
(50 mm), and MgCl, (5 mm) buffer in a total volume of 20 uL with
the test DNA or RNA at a tenfold molar excess. The reactions were
allowed to proceed for 30 min in Corning low-volume 384-well mi-
croplates (Fisher Scientific Co., Pittsburgh, PA), and the fluores-
cence (575 nm excitation and 615 nm emission) was read by using
a Teacan Safire monochromator-based microplate reader (Maenne-
dorf, Switzerland). Fluorescence enhancements were calculated by
using Equation (2)

SopenMB_BopenMB

ScIv:JsedMB_BcIosedMB (2)

here S is the average fluorescence intensity of the MB, B is the
background intensity, “open” represents the solution to which a

DNA or RNA target sample is added, and “closed” represents the
solution to which nothing was added. A cDNA copy of MnSOD
mRNA was produced by reverse transcription from human embry-
onic kidney total RNA by using Invitrogen SuperScript reverse tran-
scriptase (Carlsbad, CA) and cloned into a PCRScript vector (Strate-
gene, La Jolla, CA). The cDNA sequence and orientation were veri-
fied by sequence analysis of the PCRScript vector. The in vitro
MnSOD mRNA transcripts were produced by using the Ambion
MEGAscript (Austin, TX) and were analyzed by Northern blot analy-
sis with a *?P probe complementary to the human MnSOD (Gen-
Bank Accession No. NM-000636).
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Enantiomeric 1,2,4-Trioxanes Display Equivalent
in vitro Antimalarial Activity Versus Plasmodium
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The aim of this study was to synthesise pure enantiomers of
potent antimalarial 1,2,4-trioxanes, which are related to the nat-
ural antimalarial artemisinin, and then to assay each against a
panel of Plasmodium falciparum strains. The working hypothesis
was that if the artemisinin derivatives interact with a specific

Introduction

Currently, most workers agree that the mechanism of action of
endoperoxide-containing antimalarials, such as artemisinin (1),
involves iron(i)-catalysed activation to afford one or more tran-
sient cytotoxic intermediates. The involvement of iron(i) was
initially proposed because of the high selectivity of these
drugs for malaria parasites (Plasmodium falciparum) during
their erythrocytic stage of development. At this stage of the
life cycle there is a high concentration of iron(i) in the form of
haem."™ Several research groups have recently challenged
this assumption, and the identities of the “killing species” and
source of iron required for bioactivation are areas of current
debate.”” Meshnick et al. have isolated several radiolabelled
proteins from malaria-parasite infected erythrocytes that were
treated with 'C artemisinin, which suggests that parasite
death could be brought about by alkylation of functional pro-
teins.®'? Recently, iron(i) degradation of artemisinin in the
presence of cysteine was found to result in the isolation of
two artemisinin—cysteine adducts."” This led Wu and co-work-
ers to propose that in the lethal event, reductive cleavage of
the peroxide bond was brought about by intracellular iron-
sulfur redox centres (rather than haem) that are common to
many of the parasite’s enzymes, and that alkylation of these
enzymes could lead to parasite death."? In addition, artemisi-
nin has been shown to be lethal to the parasite at an imma-
ture stage when it lacks a food vacuole and does not have
high haematin/haem concentrations.”

Krishna and colleagues recently put forward a new biologi-
cal target for the endoperoxide-containing antimalarials.">'¥
The study proposed that artemisinin and other endoperoxide-
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protein-target site, then there should be stereoselective differen-
ces in their activity. In five different P. falciparum isolates, howev-
er, the trioxane enantiomers (+)-7a, (—)-7a and (+)-7b, (—)-7b,
showed the same level of in vitro antiparasitic activity.

containing antimalarials specifically target a parasitic enzyme
known as PfATP6. A sesquiterpene-lactone drug called thapsi-
gargin (2) has been found to be a highly selective inhibitor of
a mammalian Ca-ATPase (SERCA, sarco/endoplasmic reticulum
membrane calcium ATPase; Scheme 1); the malaria parasite
PfATP6 enzyme is a similar calcium-dependent ATPase. This
enzyme was expressed in frogs’ eggs and the inhibitory prop-
erties of both drugs against PfATP6 were assessed. It was
found that both thapsigargin and artemisinin were able to in-
hibit the enzyme. Inhibition by both drugs in the heterolo-
gously expressed system was irreversible. Furthermore, both
exhibited equivalent potency against PfATP6, whereas the arte-
misinins were significantly more effective as antimalarials
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pare mirror-image pairs of enan-
tiomerically pure 1,2,4-trioxanes
that are related to artemisinin,
and then to assay each enantio-
mer against a panel of P falci-
parum isolates. As a critical and
specific protein target, PfATP6
should like other enzymes, ex-
hibit stereoselective preferences
that translate into differences in
the antimalarial activity of each
enantiomer of a mirror-image
pair.

Scheme 1. Structures of artemisinin (1), thapsigargin (2) and a fluorescent, semisynthetic-artemisinin derivative

3a.

(three-log orders) compared to thapsigargin. However, thapsi-
gargin did antagonise the antimalarial activity of artemisinin
which suggests a common target for both drugs (ie.,
PfATP6).l"

A fluorescent artemisinin derivative (3; Scheme 1) was syn-
thesized by the O’Neill group and was used to image the dis-
tribution of the drug in infected erythrocytes by using confocal
microscopy. In support of the PfATP6-inhibition hypothesis the
drug was not localized to the food vacuoles but was distribut-
ed throughout the parasite cytosol." In addition, Krishna and
colleagues have demonstrated that the activity of artemisinin
is not dependent on haem.

Recently, Haynes and co-workers have also provided some
evidence against the “haem theory”™ and “carbon-centred
radicals” in mediating the antimalarial potency of trioxane-
based compounds.'® It has been proposed that the mecha-
nism of action of the artemisinins involves a very specific non-
covalent interaction between the protein and drug—a “recog-
nition step”—prior to an irreversible modification of the pro-
tein. This mode of action has
been proposed to explain the
large body of structure-activity
relationship (SAR) observations
in this field where very minor
structural changes lead to pro-
found changes in antimalarial
activity.l'”'®

Given the evidence in favour H
of PfATP6 as a principal target
for the trioxane class of drug
and also the proposal that a
highly specific noncovalent inter- 6
action is involved prior to bio-
activation, we reasoned that
mirror-image pairs of enantio-
merically pure 1,2,4-trioxanes
could be used to test the “recog-
nition hypothesis”. Therefore,
the aim of this study was to pre-
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Results

Based on a previous expansive SAR study of 28 closely related
C-3 aryl 1,2,4-trioxanes,"” we selected enantiomers of 7a and
7b as our target molecules. This decision was guided by the
fact that i) these analogues retain the A, B, C ring of the natural
product,”” i) analogues in this class are not only potent in the
low nanomolar region against P falciparum in vitro, but are
stable and have oral activity equivalent to artemisinin®” and
i) several members of the C-3 aryl trioxane class have recently
undergone extensive preclinical toxicological evaluation.’*?
Previous asymmetric approaches to simplified 1,2,4-trioxane
analogues relied on synthetic methodology that delivers a
product functionalized at the A-C ring junction in excellent
yields and high enantiomeric excesses.”®’ However, substitution
at the C-5a position provides compounds that have very poor
antimalarial activity in vitro.”?) Our improved approach to the
synthesis of potent, enantiomerically enriched 1,2,4-trioxanes
(7) is shown in Schemes 2 and 3. Studies by Ito etal. in 1985
revealed that enamines derived from R or S-pyrrolidinemetha-
nol react with Michael acceptors, such as methyl acrylate, with

H

e)
s —_—

]

[

o

or-

(+)-7a, R"=OMe, R=H
(+)-7b, R"=H, R = OMe

Scheme 2. Asymmetric synthesis of (+)-7a and (+)-7 b. a) R-(—)-2-pyrrolidinemethanol, TsOH, Dean-Stark;

b) DIPEA (1.3 equiv), TMSCI (1.3 equiv); c) acrylonitrile, MgCl,, 20 h, 48 %; d) Ph;PTCH,OMeBr~ (1.8 equiv), nBuli
(1.1 equiv), 74% from 4, Z/E (1:1); e) 4-F-PhLi (1.1 equiv), Et,0, 81 % from 5; f) methylene blue, CH,Cl,, —78°C, O,,
UV, 20-60 min; g) catalytic TBDMSOTf, CH,Cl,, 50 min, then Et;N; (+)-7a, R'=Me, R=H, beta isomer, 15% from
6 (85% ee); (+)-7b, R=0Me, R'=H, alpha isomer, 25% yield from 6 (85% ee). DIPEA =diisopropylethylamine;
LDA =lithium diisopropylamide; TBDMS = tert-butyldimethylsilyl triflate.
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Scheme 3. Asymmetric synthesis of (—)-7a and (—)-7 b. a) S-(—)-2-pyrrolidinemethanol, TsOH, Dean-Stark;

b) DIPEA (1.3 equiv), TMSCI (1.3 equiv); c) acrylonitrile, MgCl,, 20 h, 45% from cyclohexanone; d) Ph;PTCH,0OMeBr~
(1.8 equiv), LDA (1.1 equiv), 68% from 8, Z/E (1:1); e) 4-F-PhLi (1.1 equiv), Et,0, 36% from 9; f) methylene blue,
CH,Cl,, —78°C, O,, UV; g) catalytic TBDMSOTf, CH,Cl,, 50 min, then Et;N; (—)-7a, R'=H, R=0Me, 20% from 10

(88% ee); (—)-7b, R=0Me, R'=H, 19% yield from 10 (87 % ee).

excellent enantiomeric excesses. The presence of MgCl, as
Lewis acid is crucial for the success of this reaction. We applied
this methodology to the synthesis of the key nitrile, 4.4

The enantiomerically enriched ketonitrile (4) was prepared
from cyclohexanone in two steps without purification of the
intermediate. R-(4)-Pyrrolidinemethanol was allowed to con-
dense with a slight excess of cyclohexanone in refluxing ben-
zene with a catalytic amount of tosic acid; the water formed
by the reaction was removed by azeotropic distillation by
using a Dean-Stark apparatus. When the appropriate amount
of water was collected the solution was cooled to RT and
chlorotrimethylsilane and diisopropylamine (DIPEA) were
added. The resulting mixture was heated at gentle reflux to
afford the intermediate enamine that was used crude in the
next step. Following filtration of the precipitate and removal of
benzene, the enamine was redissolved in THF and a slight
excess of MgCl, and acrylonitrile were added. The reaction mix-
ture was stirred at RT for 20 h and was then quenched at low
temperature with a mildly acidic solution. The crude material
was purified immediately by column chromatography on silica
gel to afford the ketonitrile 4 in 48% yield. A Wittig reaction
on ketone 4 with the ylide of methoxymethyl triphenylphos-
phonium chloride gave the enol ether 5 as a mixture of E and
Z isomers in 74% yield. The ratio of isomers varied from 1.5:1
(E:Z) to 1:1, but was typically closer to the latter (as observed
by the Posner group).' Jefford has also reported a 1:1 ratio of
isomers obtained by a Horner-Wittig reaction. Only the Z
isomer was found to undergo a [2+ 2] cyclo-addition reaction
with singlet oxygen (used to introduce the peroxide bond in a
subsequent step) so it was necessary to separate the isomers,
which was readily achieved by chromatography on silica gel.”
The next step was the introduction of the aryl ketone by 1,2-
addition of a slight excess of 4-fluorophenyllithium (prepared
from 4-fluorophenylbromide and tert-butyllithium at —78°C in
ether) to the nitrile. After an aqueous workup, aryl ketone 6
was isolated by chromatography on silica gel in good yield
(80%). The final step of the synthesis was the introduction of
the peroxide bond by photooxygenation of the enol-ether
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moiety of aryl ketone 6 in di-
chloromethane at —78°C either
by using rose bengal triethyla-
mine salt or methylene blue as
the sensitizer. Photooxygenation
is facially selective and occurs
only on the si face of the enol
ether. The intermediate dioxe-
tane was detectable by TLC after
20 min (p-anisaldehyde dip) but
was not isolated since it is unsta-
ble and undergoes fragmenta-
tion when warmed to RT. Com-
plete conversion of starting ma-
terial takes 45-80 min. Following
dioxetane formation, a solution
of catalytic tert-butyldimethylsilyl
trifluoromethanesulfonate
(TBDMSOTY) in dichloromethane
was added to the reaction at low temperature. Consumption
of the intermediate dioxetane was monitored closely by TLC
and when the reaction was complete it was quenched with
triethylamine and allowed to warm slowly to RT. The products
were isolated in 40% yield as a 1.68:1 mixture of alpha and
beta diastereomers 7a and 7b that were separated by chro-
matography.

The enantiomers of methoxy diastereomers (+)-7a and (+)-
7b were prepared as shown in Scheme 3 by using S-(4)-pyrro-
lidinemethanol in the first step of the sequence. The chiral tri-
oxanes (—)-7a and (—)-7 b were obtained in 40% yield from 10
and 88% ee. For the purposes of this study, we principally fo-
cused on the 7a pair of enantiomers as probes since in the
racemic series these isomers express higher antimalarial activi-
ty than their C-12 epimeric diastereomers, 7b.!'"¥ Both of the
enantiomers (+)-7a and (—)-7a were purified to 100% ee by
using a Chiralcel OJ semipreparative column. Data presented in
Table 1 also include antiparasitic activities for the less potent

H
NC . _~. o)

—_—

MeO ~

3 2

(-)-7a, R'=H, R = OMe
(-)-7b, R"=0OMe, R=H

Table 1. ICy, values of enantiomeric 1,2,4-trioxane analogues (+)-7a, (—)-
7a and (4+)-7b, (—)-7b and racemic trioxanes against different strains of
P. falciparum

Compound 1Cso [NM]

3p7" Dd2"! K1® HB3™ NF54
(+)-7a 297+3.1 245+22 215+19 1920+24 29
(-)>-7a 252+38 264+18 242+34 2045+18 36
rac-7a 273425 267+290 nd® n.d.® 309
(+)-7b 623+49 69.02+10 744+78 nd¥ n.d.®
(=)-7b 653+36 6802460 70.1+58 n.d. n.d.®
rac-7b 632+6.1 61.344+87 nd® n.d.® 609
artemisinin  15.2+4.5 142437 nd.” n.d.® 1.7

[a] 3D7 =chloroquine sensitive; DdD2=multidrug resistant (mefloquine
and chloroquine); K1 =chloroquine resistant; HB3 = chloroquine sensitive.
[b] n.d.=not determined. [c] Antimalarial-parasite activity was determined
as reported previously.”” The standard deviation for each set of quadru-
plicates was an average of 8.5 (<20%) of the mean. R? values for the
fitted curves were >0.985. [d] Data taken from ref. [19].
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diasteromers, (+)-7b and (—)-7 b, against three strains of P. fal-
ciparum, along with activities obtained for racemic 7a and 7b.

The pure enantiomers were assayed against five different
strains of P. falciparum. These strains included the highly multi-
drug resistant Dd2 strain and the chloroquine resistant K1
strain.

As can be seen in Table 1 pairs of enantiomers (+)-7a, (—)-
7a and (4)-7b, (—)-7b display statistically the same levels of
antimalarial potency against chloroquine resistant, sensitive
and multidrug resistant strains of P. falciparum. As seen for the
racemic series,"” the enantiomerically pure beta methoxy iso-
mers (+)-7a and (—)-7a have superior activity to their alpha
methoxy diastereomers (+)-7 b and (+)-7b.

Discussion

We have prepared both enantiomers of 1,2,4-trioxane 7a and
7b, which are related to the natural antimalarial artemisinin,
by a novel asymmetric synthesis and have assayed each
against a panel of P. falciparum malaria parasite strains. The se-
lection of targets 7a and 7b was made on the basis that these
analogues retain the tricyclic A, B, C ring that is present in the
natural product and that racemic 7a has excellent activity,
both in vitro and in vivo, against Plasmodium beghei (N-strain)
in mice."™ There was no statistical difference in the level of in
vitro activity of trioxane enantiomers (+)-7a and (—)-7a with
the five strains of P, falciparum tested. This was also the case
for the less potent alpha diastereomers (+)-7b and (—)-7b. In
general, activities of the purified enantiomers were similar to
those obtained for racemic mixtures of 7a and 7b. These re-
sults argue against a specific interaction at an enzyme active
site. If chiral recognition by a protein is required before triox-
ane activation, then each enantiomer of a mirror-image pair of
enantiomers should inhibit this enzyme or undergo protein-
chiral recognition in a stereospecific manner. These results are
consistent with the theory that an achiral-ferrous species trig-
gers the bioactivation of antimalarial trioxanes. The same con-
clusion was reached in 1995 by Jefford and colleagues based
on data obtained for the in vitro activity of enantiomeric pairs
of synthetic cyclopento-trioxanes, 11a and 11b (Scheme 4);*
11a/11b were obtained by chromatography of the racemic
mixture on a Chiracel OG column and it was shown that both
enantiomers have similar levels of in vitro activity. In addition,
in vivo studies in mice confirmed that configuration was not
important in determining antimalarial activity; the racemate
and individual enantiomers expressed very similar EDg, and
ED,, values regardless of the route of administration. Recently,
studies by Najjar and co-workers have also demonstrated that
enantiomeric benzyl-ether analogues (12a and 12b) of the
natural endoperoxide G3 factor (Scheme 4) have identical ac-
tivity against P. falciparum, in vitro.””!

Thus, the conclusions of our study are not just limited to
close structural analogues of artemisinin (i.e., 7a and 7b) but
also extend to structurally distinct 1,2,4-trioxane analogues in
the fenozan series and simple semisynthetic endoperoxides in
the G3 series.
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11b, Ar = 4-F-Ph
ICs0 = 3.95 ng ml™" (D6 Clone)
EDso =1.8 mg kg™ (sc)
EDsg = 2.1 mg kg™ (po)

11a, Ar = 4-F-Ph
ICs0 = 2.07 ng mI™" (D6 Clone)
EDso = 2.1 mg kg™ (sc)
EDso = 2.6 mg kg™ (po)

racemic 11a/11b IC59 = 1.85 ng mi”!

12a, C4a -a-OBn . -
12b, C4a -$-OBn equipotent in vitro

racemic 12a/12b IC5q = 330 nm

Scheme 4. Structures and antimalarial activities of fenozan enantiomers
11a/11b and semisynthetic G3-factor enantiomers 12a/12b.

Other enantiomeric pairs of antimalarial agents that target
haemoglobin derived oxidised haem (i.e., haematin) have also
been shown to express virtually the same activity against P.
falciparum, in vitro. These include enantiomers of chloro-
quine,”®* benflumetol,?” halofantrine®” and mefloquine.?"
Although it is widely accepted that haematin is the target for
the 4-aminoquinoline class of antimalarial, that the achiral iron
species responsible for artemisinins bioactivation is also haem
(reduced haematin) has been questioned by several pieces of
research and discussed in detail elsewhere.”® By employing
the iron chelator desferrioxamine (DFO) it has been demon-
strated that there is a definitive iron-dependent mechanism of
action for several artemisinin derivatives."” The results report-
ed here for close structural analogues of artemisinin are signifi-
cant since they indicate that this iron-dependent trioxane-bio-
activation process and expression of antimalarial effects occurs
without stereospecific interactions at the biological target(s).

Experimental Section

Unless otherwise noted, all solvents and reagents were obtained
from commercial suppliers and used without further purification.
Analytical TLC was performed on aluminium sheets that were pre-
coated with silica gel (Merck). Visualisation was accomplished by
UV light (254 nm). Column chromatography was carried out on
Merck 938S silica gel. IR spectra were recorded in the range 4000-
600 cm ™' by using a Perkin-Elmer 298 IR spectrometer. Solid sam-
ples were run neat on sodium chloride discs as Nujol mulls and lig-
uids. Proton NMR spectra were recorded by using Bruker NMR
spectrometers (400, 250 and 200 MHz). Spectra were referenced to
the residual-solvent peak and chemical shifts were expressed in
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ppm from the internal-reference peak. Significant '"H NMR data are
written in order: number of protons, multiplicity (br, broad; s, sin-
glet; d, doublet; t, triplet; q, quartet; m, multiple; brs, broad sin-
glet, brm, broad multiplet), coupling constants in Hertz, assign-
ment. (An arbitary numbering system for trioxanes 7a and 7b is
used in the NMR assignments; see Schemes 1 and 2). Mass spectra
were recorded at 70 eV by using a VG7070E and/or micromass LCT
mass spectrometers. The molecular ion M, with intensities in pa-
rentheses is given followed by peaks that correspond to major
fragment losses. Melting points were performed by using a Gallem-
kamp apparatus and are reported uncorrected. Elemental analyses
were performed in the microanalysis laboratory at the Department
of Chemistry, University of Liverpool (UK). A Chiracel OJ semipre-
parative column, ethanol (2%)/hexane (98%) and Chiralpak AD
column (0.5% IPA in hexane) were used to purify enantiomers de-
scribed in this study.

R-2[2-(Cyanoethyl)]cyclohexanone (4): R-(—)-2-pyrrolidinemetha-
nol (4.90 g, 4.78 mL, 48.4 mmol) and pTsOH (10 mg, 5% 10~> mmol)
were added to a solution of cyclohexanone (5.17 g, 5.46 mL,
52.7 mmol) in anhydrous benzene (50 mL). The flask was equipped
with a Dean-Stark head and the mixture was refluxed vigorously
for 3 h with azeotropic distillation of water. Following the collec-
tion of sufficient water (~0.9 mL) the reaction was then cooled to
0°C. TMSCI (12.3 mL, 96.6 mmol) and DIPEA (12.6 mL, 72.6 mmol)
were then added which caused immediate formation of a precipi-
tate. The mixture was refluxed gently with vigorous stirring for a
further 2 h and cooled to RT. The reaction mixture was then filtered
to eliminate the precipitate and the solvent was removed in vacuo
to afford the crude enamine, a brown solid which was easily hydro-
lysed and therefore handled under nitrogen. The crude enamine
was dissolved in anhydrous tetrahydrofuran (70 mL) and anhydrous
Mgdl, (5.86 g, 61.5 mmol) was added slowly followed by acryloni-
trile (3 mL, 47.1 mmol). The mixture was stirred at RT for 20 h and
was then cooled to 0°C by using an ice/water bath. Finally, it was
quenched with water (20 mL) and HCl (1.0m, 10 mL). The organic
layer was separated and the solvent was removed in vacuo. The
crude material was purified by flash-column chromatography on
silica gel (3:7; ethyl acetate/hexane) to give the product as a pale-
yellow oil (3.51 g, 48%). In order to prevent racemisation the prod-
uct was stored in the freezer at —30°C. '"H NMR (200 MHz, CDCl,):
0=1.29-197 (6H, m), 1.99-2.17 (3H, m), 234-2.51 (4H, m);
3C NMR (100 MHz, CDCls): 6 =15.8, 25.7, 26.2, 28.5, 34.8, 42.8, 49.4,
120.2 (CN), 212.2 (CO); Vuay (thin film) 2941, 2245 (CN), 1737, 1733
(C=0); CIMS: m/z=[M+NH," 169 (100); HRMS [M+NH,]" calcd:
169.13398; found: 169.13409; [al,=—6° (c=0.7, CHCI,)

3-(2-Methoxymethylidene-cyclohexyl)-R-propionitrile (5): A flame
dried round-bottomed flask was charged with flame-dried methoxy-
methyl triphenylphosphonium chloride (12.2 g, 35.5 mmol) and an-
hydrous THF (48 mL). The mixture was cooled to 0°C and then n-
butyllithium (22.1 mL of 1.6m in hexane, 35.3 mmol) was added
dropwise. The resulting deep-red mixture was warmed to RT and
stirred for 1 h. The mixture was cooled to —78°C and 4 (3.5g,
23.2 mmol) was added as a solution in anhydrous THF (15 mL) via
canula. The reaction mixture was allowed to warm slowly to RT
and was stirred for a further 10 h. The mixture was then cooled to
0°C and quenched cautiously with water/ether (1:1, 100 mL) and
was then allowed to warm to RT. The product was extracted into
ethyl acetate (3x50 mL), dried over magnesium sulfate and the
solvent removed in vacuo. The crude product, a brown solid, was
triturated under ether/hexane (1:9) to remove most of the triphe-
nylphosphine oxide and the washings were concentrated. The re-
sulting residue was purified by flash-column chromatography on
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silica gel (1:24; ethyl acetate/hexane) to afford two isomeric prod-
ucts, yellow oils (1.52g (2) and 1.52g (E), 74%). Compound 5
'H NMR (CDCl;, 400 MHz): 6=1.21-1.27 (1H, m), 1.42-1.74 (6H, m),
1.84-1.99 (3H, m), 2.23-2.28 (2H, m), 2.88 (1H, m), 3.51 (3H, s),
5.86 (1H, d, J=1.75Hz); *CNMR (CDCl;,100 MHz): 6=15.6, 22.1,
26.8, 28.0, 28.4, 31.7, 33.0, 59.6, 117.4, 120.9, 141.8; V. (thin film)
2932, 2856, 2244 (CN); CIMS m/z=[M+NH," 197 (32), IM+H]*
180 (10), 138 (35), 125 [M-CH,CH,CN]* (14); HRMS [M-NH,"]
calcd: 197.16539; found: 197.16591; [al,=+58° (c=0.2, CHCL,). E
isomer of 5 '"HNMR (400 MHz): 6=1.41-1.24 (1H, m) 1.69-1.49
(6H, m), 2.02-1.78 (3H, m), 2.14-2.09 (1H, m), 2.44-2.18 (2H, m),
3.56 (3H, s), 5.80 (1H); ®C NMR (100 MHz2): 6 =15.8, 22.4, 22.9, 27.3,
27.5,33.2,38.0, 59.8, 118.0, 120.3, 140.8; [a]p=—3° (c=0.3, CHCl,)

1-(4-Fluorophenyl)-3-(2-methoxymethylene-cyclohexyl)-R-
propan-1-one (6): A solution of 4-fluorophenyllithium was pre-
pared by the addition of 4-fluorophenyl bromide (0.24 mL,
2.15 mmol) to a solution of tert-butyllithium (1.48 mL of 1.33m in
pentane, 1.97 mmol) in anhydrous ether (8 mL) at —78°C. The solu-
tion was stirred for 1 h and then a solution of 5 in anhydrous ether
(1 mL) was added via canula and the pale-yellow solution turned a
dark-yellow colour. The solution was warmed to 0°C over 0.5 h, re-
cooled to —78°C and water (3 mL) was added. The mixture was
then warmed to RT with vigorous stirring. It was then transferred
to a separating funnel and diluted with water (20 mL) and ether
(20 mL). The organic layer was removed, dried over magnesium
sulfate and the solvent removed in vacuo. The product was puri-
fied by flash-column chromatography on silica gel (1:9; ethyl ace-
tate/hexane) to afford a pale-yellow oil (0.40g, 81%)."HNMR
(200 MHz): 6 =1.53-2.05 (10H, m), 2.85-2.94 (3H, m), 3.41 (3H, s,
H,), 579 (1H, d, J=1.66Hz), 712 (2H, m), 7.98 (2H, m, Ar);
BCNMR (75 MHz): 6 =21, 25, 26, 28, 31, 32, 36, 59, 115, 116, 119,
130, 131, 140, 164, 199; V.., (thin film) 2930, 2856, 1682 (C=0);
CIMS m/z=[M+NH," 277 (100), 245 (13), 217 (26); HRMS
[M4+NH," caled: 277.16037; found: 277.16071; [olp=+72° (c=
0.07, CHCl,).

(+)-9-(4-Fluorophenyl)-12a-methoxy-10,11,13-trioxa-tricyclo-
[7.2.2.0%]tridecane (+)-(7b) and (+)-9-(4-fluorophenyl)-12f-
methoxy-10,11,13-trioxa-tricyclo[7.2.2.0°°] tridecane (+)-(7a): A
small amount of methylene blue (<10 mg) was added to a solu-
tion of ketone 6 (230 mg, 0.83 mmol) in anhydrous dichlorome-
thane (35 mL) in a two-necked flask that was equipped with inlet
and outlet tubes. The solution was cooled to —78°C and oxygen
was bubbled through it for 20 min. The flask was then sealed and
equipped with a large oxygen balloon. The stirred solution was ir-
radiated by using a 500 W tungsten-filament lamp and the reaction
was monitored by TLC until complete consumption of the starting
material was observed (typically 45-80 min). At this stage, the
oxygen balloon was replaced with a nitrogen balloon and a solu-
tion of TBDMSOTf (0.14 mL, 0.62 mmol) in anhydrous dichlorome-
thane (1 mL) was added via canula to the stirred reaction that was
still at —78°C. The solution was stirred at low temperature for 5 h,
quenched by the addition of NEt; (0.35 mL, 2.49 mmol) and then
allowed to warm slowly to RT. The solvent was removed in vacuo
and the residue was purified immediately by chromatography on
silica gel (1:49; ethyl acetate/hexane) to afford the two-isomeric
products as colourless-crystalline solids (64 mg (o) and 38 mg (),
40% combined yield).

a-isomer (7b): '"HNMR (400 MHz, CDCl,), m.p. 85-87°C: 6 =1.14-
1.33 (4H, m), 1.58-1.82 (5H, m), 1.90 (1H, m), 2.25 (1H, H-5, ddd,
144, 4.8, 2.44 Hz), 240 (1H, Hg, m), 2.82 (1H, ddd, J=144, 13.2,
3.6 Hz), 3.62 (3H, OCH;, s), 5.17 (1H, H-2, s), 7.03 (2H, m, Ar), 7.54
(2H, Ar); *CNMR (100 MHz, CDCl;): 6 =23.5, 25.6 (C-6), 27.5 (C-5),
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32.9, 33.8, 38.0, 45.8 (C-4), 56.4 (C-7), 84.0 (C-3), 96.6 (C-2), 104.1 (C-
1), 1153 (C-3, d, Jo ;=22.0 Hz), 127.8 (C-2, d, J. ;=83 Hz), 137.0
(C-1, d, Jc f=3.0Hz), 164.5 (C-4, d, Jc f=250 Hz); v, (thin film)
2933, 2863, 1602, 1513, 835; EIMS m/z=309 [M+H]" (7), 276 (7),
123 (100); HRMS [M+H]" calcd: 309.15021; found: 309.14997;
[alp=-+27° (c=1.0, CHCI;). This compound was purified to 100%
ee by using a Chiralpak AD HPLC column, t;=28.5 min (0.5% IPA in
hexane). [a]lp=-+31° (¢, 1.0, CHCI,).

B-isomer (7a): m.p. 82-84°C, '"HNMR (400 MHz, CDCl,): 6 =1.23-
1.29 (2H, m), 1.64-1.76 (7H, m), 1.78-1.91 (2H, m), 2.30 (1H, H,,
ddd, /=14.4, 4.8, 3.2 Hz), 2.78 (1H,H;, ddd, J=14.4, 13.2, 3.6 Hz),
3.64 (3H, s, OCH,), 5.14 (1H, H-2, s), 7.04 (2H, m, Ar), 7.54 (2H, m,
An); *CNMR (100 MHz, CDCly): 6=24.2, 25.4, 27.2, 31.2, 36.0, 39.5,
47.9 (C-4), 57.5 (C-7), 84.2 (C-3), 105.1 (C-1), 105.5 (C-2), 115.3 (C-2,
d, Jc p=212Hz), 1276 (C-3, d, J. f=84Hz), 137.2 (C-1, Jc ;=
3.0 Hz), 164.5 (C-4, d, Jc ;=246 Hz); vy, (thin film) 2934, 1600,
875, 832; EIMS m/z=309 [M+H]" (100), 276 (92), 151 (92), 126
(72), 109 (17); HRMS [M+H]" calcd: 309.15021; found: 309.14997;
[alp=+496° (c=1.0, CHCl;). This material was purified to 100% ee
by using a Chiracel OJ semipreparative column, ethanol (2%)/
hexane (98%), t;=34.6 min (254 nm), [a]2"*=+125.1°.

S-2[2-(Cyanoethyl)lcyclohexanone (8): The procedure described
for the synthesis of 4 was employed but S-(—)-2-pyrrolidinemetha-
nol instead of R-(—)-2-pyrrolidinemethanol was used. The product
was obtained after column chromatography (8, 3.27 g, 45% yield)
in 90% ee. [0]lp=47.4° (c=1.6, MeOH) and was spectroscopically
identical to 4.

3-(2-Methoxymethylidene-cyclohexyl)-S-propionitrile (9): A flame
dried round bottom flask (200 mL) was cooled to 0°C, charged
with dry THF (50 mL), diisopropylamine (5.6 mL, 40.0 mmol) and
treated with a solution of n-butyllithium (1.6m) in hexane (25.0 mL,
40.0 mmol) with a gas-tight syringe under a dry argon atmosphere.
The lithium diisopropylamide (LDA) solution was cannulated into
the THF slurry of methoxymethyltriphenyl phosphonium chloride,
stirred for 1.0 h at RT and cooled to —78°C. The resulting red ylide
was treated with a THF solution of ketone 8 (3.27 g, 21.6 mmol) via
cannula over 5 min, allowed to stir at —78°C for 1 h and then
warmed to RT over 2 h. After a further 10 h, the reaction was
cooled to 0°C, slowly treated with water (50 mL) and ether
(50 mL). Following standard workup, the resulting yellow oil was
chromatographed on silica gel by using ethyl acetate/hexane
(3:97) to give the Z- (1.26 g, 33%) and E-enol ethers (1.37 g, 35%).
The spectroscopic characteristics of 9 were identical to 5.

1-(4-Fluorophenyl)-3-(2-methoxymethylene-cyclohexyl)-S-
propan-1-one (10): tBuli (1.7m) in pentane (8.3 mL, 14.1 mmol)
was added to a solution of 4-fluorophenylbromide (1.85 g,
10.5 mmol) in ether (40 mL) at —78°C with a syringe, over 1 min.
This solution was stirred at —78°C for 1h and then nitrile 9
(1.26 g, 7.05 mmol) in ether (5 mL) was added to it dropwise, via a
cannula. The reaction was stirred at —78°C for 0.2 h, warmed to
0°C over 0.5 h, cooled to —78°C and finally quenched with water
(10 mL). The crude product was obtained by standard workup.
Silica-gel chromatography with ethyl acetate/hexane (3:97) as
eluent gave the desired ketone 10 (0.70 g, 36%) in 86% ee [a],=
~76.9° (c=12, CHCl).

(—)-9-(4-Fluorophenyl)-12a-methoxy-10,11,13-trioxa-tricyclo-

[7.2.2.0°]ltridecane (—)-(7b) and (—)-9-(4-fluorophenyl)-12f-
methoxy-10,11,13-trioxa-tricyclo[7.2.2.0°°] tridecane (—)-(7a):
The two trioxanes (—)-7b and (—)-7a were prepared from ketone
10 (0.660 g, 2.39 mmol) by using the same procedure employed
for the corresponding (+)-enantiomers. Workup and silica-gel chro-
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matography with ethyl acetate/hexane (3:97) as eluent provided
(—)-7a (51 mg, 20%) as a white solid that was spectroscopically
identical to (+)-7a; m.p. 82-84°C (lit. 87-88°C). Further chroma-
tography provided the corresponding alpha isomer (—)-7b (49 mg,
19%); m.p. 95°C (lit. 97-98°C). This compound was spectroscopi-
cally identical to (4+)-7b. The beta isomer (—)-7a was purified to
100% ee by using a Chiracel OJ semipreparative column, ethanol
(2%)/hexane (98%), t;=24.6 min (254 nm), [al3*'=—-115° (¢, 1.2,
CHCL,). The alpha diastereomer was purified to 100% ee by using a
Chiralpak AD semipreparative column. [a],=—33° (c=1.2, CHCl;).

Antiparasitic activity: For in vitro antimalarial-parasite assessment
against the 3D7, Dd2, K1 and HB3 strains of P. falciparum the fol-
lowing protocol was employed. Parasites were maintained in con-
tinuous culture by using the method of Jensen and Trager.®? Cul-
tures were grown in flasks that contained human erythrocytes (2—-
59%) with parasitemia in the range of 1% to 10%. Cultures were
suspended in RPMI 1640 medium that was supplemented with
HEPES (25 mm), NaHCO; (32 mwm) and human serum (10%; complete
medium). Cultures were incubated at 37°C in a mixture of O, (3%),
CO, (4%) and N, (93%). Antiparasitic activity was assessed with an
adaptation of the 48 h sensitivity assay of Desjardins et al. which
uses [*H]-hypoxanthine incorporation as a measurement of parasite
growth.® Stock drug solutions were prepared in DMSO (100 %)
and diluted to the appropriate concentration with complete
medium. Assays were performed in sterile 96-well microtitre plates.
Each plate contained parasite culture (200 puL; 2% parasitemia,
0.5% haematocrit) with or without drug dilutions (10 uL). Each
drug was tested in triplicate and parasite growth compared to con-
trol wells, which were defined as having 100% parasite growth.
After 24 h incubation at 37 °C, hypoxanthine (0.5 uCi) was added to
each well. Cultures were incubated for a further 24 h before they
were harvested onto filter mats, dried for 1 h at 55°C and counted
by using a Wallac 1450 Microbeta Trilux liquid scintillation and lu-
minescence counter. ICs, values were calculated by interpolation of
the probit transformation of the log dose-response curve.

Antiparasitic-activity data recorded for the beta enantiomers (+)-
7a and (—)-7a and racemic 7a and 7b against the NF54 strain,
were determined by using the procedures detailed in a previous
publication.B
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The widespread use of antibiotics to treat bacterial infections has
led to the continuing challenge of antibiotic resistance. For [3-
lactam antibiotics, the most common form of resistance is the
expression of -lactamase enzymes, which inactivate the antibi-
otics by cleavage of the f-lactam core. In this study, chemical
complementation, which is a general method to link the forma-
tion or cleavage of a chemical bond to the transcription of a re-
porter gene in vivo, was employed in combination with combina-
torial mutagenesis to study the mechanism by which the class C
pB-lactamase P99 might evolve resistance to the commonly ad-
ministered third-generation cephalosporin cefotaxime. The chemi-
cal complementation system was first shown to be able to distin-
guish between the wild-type (wt) class C (-lactamase P99 and
the clinically isolated extended-spectrum class C [-lactamase
GC1 in the presence of cefotaxime. The system was then em-
ployed to evaluate the activity of mutants of wt P99 towards ce-
fotaxime. A number of single-point mutations at position 221 (Tyr

Introduction

p-Lactam antibiotics are the largest class of antibacterial
agents administered worldwide. However, shortly after the in-
troduction of the first 3-lactam antibiotics, antibiotic resistance
emerged as a real threat to the use of these drugs. The most
common bacterial resistance mechanism to these drugs is the
expression of B-lactamase enzymes, which inactivate the anti-
biotics by hydrolyzing the drug’s p-lactam core.” Significant
resources have been devoted to the development of new gen-
erations of f-lactams that cannot be inactivated by the -lacta-
mases. Currently, so-called third-generation cephalosporins are
normally reserved for the most resistant strains of bacteria,
since these drugs are not inactivated by either class A or
class C p-lactamases. Recently however, clinical isolates of both
the class A%® and class C""'” enzymes have been identified
with increased activity towards the once-dependable oxyimi-
no-containing third-generation cephalosporins, such as cefo-
taxime and ceftazidime.

Crystallographic studies have helped to shed light on the
mechanism of resistance in the class C enzymes. As illustrated
in Figure 1, Shoichet and co-workers proposed that ceftazidime
was a potent inhibitor of the wild-type (wt) class C enzymes
because of the fact that the tetrahedral intermediate formed in
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in wt P99) were identified that conferred resistance towards in-
hibition by cefotaxime, with as much as a 2000-fold increase in
k.. and a 100-fold increase in k../K,, (k..~=the rate of catalysis;
Ky, =the Michaelis constant), as compared to those of the wt
enzyme. Finally, the chemical complementation system was em-
ployed in a high-throughput screen to identify a number of mu-
tants of P99 that have multiple mutations around the substrate-
binding pocket that increase resistance towards cefotaxime inhib-
ition. The catalytic turnover of cefotaxime by the most active
mutant identified was 5500 times higher than that of the wt P99.
The resistant mutants suggest a mechanism by which a number
of mutations can confer resistance by increasing the flexibility of
the @ loop and altering the positioning of residue 221. Thus, as
illustrated in this study, chemical complementation has the po-
tential to be used as a high-throughput screen to study a wide
range of enzyme—drug interactions.
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Figure 1. Ceftazidime bound in the active site of the wt AmpC class C -lac-
tamase. The structure was obtained by Powers et al. (PDB code: 1iel)."

Tyr221 and the enzyme acylated form of ceftazidime are shown in stick rep-
resentations. A space-filling representation is used to highlight the steric

clash between the oxyimino side chain of ceftazidime and the dihydrothia-
zine ring of the cleaved cephem core, which prevents a conformation that is
accessible to the nucleophilic water, shown as a ball, to deacylate the antibi-
otic. The steric bulk of Tyr221, also shown in the space-filling representation,
is positioned based on its quadrupolar interaction with the aminothiazole
ring of ceftazidime and prevents the oxyimino group from rotating into the
binding pocket and accessing a deacylation-proficient enzyme intermediate.
In the extended-spectrum GC1 mutant, it has been shown that an opening
of the active site allows the oxyimino side chain to assume the position oc-
cupied by Tyr221 in the wt enzyme, thereby relieving the steric interference

with the dihydrothiazine ring. The protein structure was generated by using
the Mistro software.

the enzyme’s acylated state cannot achieve a conformation
that is competent for deacylation due to steric clashes be-
tween the oxyimino side chain and the dihydrothiazine ring of
ceftazidime.'! Knox and co-workers solved the crystal struc-
tures of a wt class C B-lactamase and the extended-spectrum
class C B-lactamase GC1, both with a phosphonate transition-
state analogue containing the C7 side chain of cefotaxime.'”
Based on their crystallographic data, the authors propose that
the active site of the wt -lactamase assumes a “closed” con-
formation, where the aminothiazole ring of the cefotaxime an-
alogue has a perpendicular quadrupolar interaction with the
phenol ring of the tyrosine at position 221 (Tyr221), which
leads to the deacylation-deficient enzyme-bound intermediate.
On the other hand, the GC1 enzyme, which has a three amino
acid repeat inserted in its Q loop, can assume two conforma-
tions upon substrate binding. The less occupied conformation
is the “closed” conformation, while the majority of the bound
enzyme is found in an “open” conformation, where Tyr221 is
fully removed by 10 A from its position in the wt enzyme, al-
lowing a catalytically competent transition state to be ac-
cessed.

Mutagenic analysis by Zhang et al. has reinforced the view
of the importance played by the Tyr221 residue in the inhibi-
tion of the class C enzymes by oxyimino-containing third-gen-
eration cephalosporins.® Cassette mutagenesis of the 21
amino acid residues that make up the active site of the class C
p-lactamase P99 from Enterobacter cloacae identified several
single amino acid mutations that conferred resistance towards
the third-generation cephalosporin ceftazidime. Mutants that
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conferred the highest degree of resistance towards ceftazidime
were those that replaced Tyr221 with smaller amino acids,
such as Ala or Gly. The authors hypothesized that the Y221A
and Y221G mutations not only remove the quadruolar interac-
tion between Tyr221 and the aminothiazole ring but also
create more space to allow the oxyimino group to rotate into
the position originally occupied by the phenol group of
Tyr221, wich is similar to the position of the oxyimino side
chain found in Knox’s GC1 structure.

In this study, chemical complementation was employed to
investigate the evolution of resistance to a third-generation
cephalosporin by a class C 3-lactamase. Our laboratory has pio-
neered the use of chemical complementation as a general
assay for enzyme catalysis. Chemical complementation links
enzyme catalysis of bond cleavage or bond formation to tran-
scription of a reporter gene in vivo. As our laboratory has
shown, one can study a number of different enzyme/substrate
pairs by simply expressing the desired enzyme within the
yeast cells and making the enzymatic substrate the bond be-
tween the chemical inducers of protein dimerization."*®

In this study, chemical complementation was first shown to
be able to distinguish between the wt P99 class C B-lactamase
and the extended-spectrum GC1 variant in the presence of dif-
ferent cephalosporin antibiotics. Next, by using saturation mu-
tagenesis at position 221 in P99, the system was used to evalu-
ate the role this residue plays in conferring resistance towards
inhibition by the third-generation oxyimino-containing cepha-
losporin cefotaxime. Finally, larger libraries exploring multiple
residues surrounding the C7 position of the cephalosporin
were screened in a high-throughput fashion to shed light on
the mechanism and likelihood of resistant mutations.

Results
Chemical complementation screen

It was envisioned that chemical complementation could be
adapted to evaluate enzyme inhibition (Figure 2). The chemical
complementation system originally reported by our laboratory
linked p-lactamase activity to transcription of a lacZ reporter
gene in vivo through a methotrexate-cephem-dexamethasone
(Mtx-Cephem-Dex) heterodimer substrate." In this system, a
heterodimeric Mtx-Cephem-Dex small molecule dimerizes di-
hydrofolate reductase (DHFR), which binds to Mtx,"” and the
hormone-binding domain of the glucocorticoid receptor (GR),
which binds to Dex."® DHFR is fused to a DNA-binding
domain (DBD) and GR is fused to a transcription activation
domain (AD), such that Mtx-Cephem-Dex effectively reconsti-
tutes the transcriptional activator (DBD-AD) and activates tran-
scription of a downstream reporter gene. To detect [(-lacta-
mase activity, the Mtx and Dex molecules are linked by a
cephem bond, such that cleavage of the cephem bond dis-
rupts dimerization of the transcriptional activator, thereby
ablating activation of the lacZ reporter gene. As the third-gen-
eration cephalosporins form a long-lived acyl-enzyme inter-
mediate with the f-lactamase, these inhibitors should block
cleavage of the Mtx-Cephem-Dex heterodimer by the (-lacta-
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Figure 2. Chemical complementation as a screen for active enzymes resistant to inhibition. The wt -lactamase (purple) is unable to cleave the cephem bond
in Mtx-Cephem-Dex due to the presence of an inhibitor (cyan) in its active site; thus, Mtx-Cephem-Dex is able to bring together a DNA-binding-domain-re-
ceptor fusion protein and an activation-domain-receptor fusion protein, thereby activating transcription of a downstream reporter gene in vivo. However, by
using mutagenic techniques, such as error-prone PCR, saturated mutagenesis, or DNA shuffling, indicated by the three arrows, active mutants (green) that are
resistant to inhibition can be identified by using the chemical complementation assay since their active site is available to cleave the cephem bond of Mtx-

Cephem-Dex and thus turn off transcription of the downstream reporter gene. The wt class C f-lactamase AmpC is shown as a ribbon diagram in purple
bound to ceftazidime (PDB code: liel),"” while the extended spectrum class C enzyme GC1 is shown in green (PDB code:1gc1).*¥

mase, thereby resulting in an increase in transcription of the
lacZ reporter gene in the chemical complementation assay. -
Lactamase variants that are not inhibited by the third-genera-
tion cephalosporins would cleave the Mtx—-Cephem-Dex heter-
odimer and could thus be detected based on a decrease in
transcription of the lacZ reporter gene.

Several changes were made to the original chemical comple-
mentation screening strain used by Baker et al.'" to optimize
the transcription read-out for the enzyme inhibition screen.
The original chemical complementation strain expressed both
DBD-DHFR and AD-GR from the galactose-inducible GALT pro-
moter integrated into the yeast chromosome. To increase the
absolute levels of lacZ reporter gene transcription, strain
BC1187Y was used here instead; this increases the expression
levels of both the AD-GR fusion protein and the lacZ reporter
gene by placing the genes encoding these proteins on high-
copy 2u plasmids. Strain BC1187Y also had its PDRT gene
knocked-out to increase the permeability of the yeast to the
small-molecule antibiotics. The PDRT product Pdrip positively
controls the expression of PDR5, SNQ2, and YORI, which
encode ATP binding cassette (ABC) transporters that pump out
a wide variety of different small molecules."”*" PDR1 knockout
strains have been used in a number of studies to increase the
permeability of yeast to various small molecules.”” To further
increase the sensitivity of the yeast to the small-molecule anti-
biotics the medium was supplemented with 1% dimethyl sulf-
oxide (DMSO). Finally, it was found that, for strain BC1187Y, use
of 0.5% galactose, 1.5% glucose, and 2% raffinose gave the
optimal signal-to-noise ratio for the lacZ reporter gene.

Several control experiments also had to be performed to
eliminate false positives and negatives. To insure that the re-
duction in lacZ expression level was the result of enzymatic
cleavage of the cephem bond and was not due to the loss of
one or both of the AD-GR- or lacZ-containing plasmids, each
strain was further tested by using a Mtx-Dex small molecule
with a noncleavable linker. Furthermore, to eliminate strain-to-
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strain variations in background lacZ expression levels, each
strain was tested in the absence of the small molecule. Thus,
the lacZ transcription was evaluated as a fold activation by di-
viding the strain’s lacZ signal in the presence of small molecule
by the strain’s background signal. Additionally, plasmids con-
taining mutant enzymes that were found to be resistant to in-
hibition by cefotaxime were extracted from their yeast strains
and retransformed into a new strain to validate that it was the
mutant-enzyme-containing plasmid, and not a mutation in the
yeast strain, that was causing the decrease in the lacZ signal.

Detection of a known -lactamase-resistant variant

The first test of the chemical complementation system was its
ability to distinguish the inhibition of wt P99 from that of the
extended-spectrum GC1 variant. Thus, plasmid expressing
either P99 or GC1 was transformed into screening strain
BC1187Y and then assayed for the levels of lacZ transcription
by using standard conditions in liquid culture with O-nitro-
phenyl-p-p-galactopyranoside (ONPG) as the substrate after
four days of growth with 5 um Mtx-Cephem-Dex alone or in
the presence of 100 uwm cefotaxime, cefuroxime, or cefoxitin
(Scheme 1). P99 is known to be inhibited by all three cephalo-
sporins, while GC1 is inhibited by cefoxitin but is resistant to
cefotaxime and cefuroxime. As shown in Figure 3, in the ab-
sence of inhibitor, expression of both P99 and GC1 disrupted
lacZ transcription, presumably because they efficiently cleaved
Mtx-Cephem-Dex inside the cell. Upon addition of any one of
the three inhibitors to cells expressing P99, the levels of lacZ
transcription increased, presumably because of inhibition of
P99 and hence Mtx-Cephem-Dex cleavage. In the case of cells
expressing GC1, only addition of cefoxitin resulted in a signifi-
cant increase in lacZ transcription.
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Scheme 1. Structures of the small molecules used in this study, along with the structure of ceftazidime (CFZ), which was not used in this study but is shown
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Figure 3. Chemical complementation can distinguish the wt class C 3-lactamase P99
from the extended spectrum GC1 variant by using a series of second- and third-genera-
tion cephalosporins. Three separate transformants of the BC1187Y screening strain con-
taining either P99 or GC1 were grown in SC media containing galactose (1 %), glucose
(1 %), raffinose (2%), and DMSO (1 %) buffered at pH 7.0 and containing the appropriate
selective nutrients with 5 um Mtx-Cephem-Dex (MCD) in the presence or absence of
100 um cefotaxime (CFT), cefuroxime (CFR), or cefoxitin (CFX). After 4 days of growth at
30°C with shaking (80 rpm), the strains are assayed for lacZ transcription by using a
liquid ONPG assay. Controls are performed to assess the basal level transcription of the
lacZ reporter gene with no Mtx-Cephem-Dex. Signals are reported as fold activations
relative to this basal level transcription. While both P99 and GC1 effectively cleave Mtx-
Cephem-Dex in the absence of any added inhibitors, thereby reducing the lacZ signal
down to its background level, P99 is clearly inhibited by all three inhibitors tested, as
seen by the fourfold increase in its lacZ transcription signal, while GC1 is only inhibited
by the presence of cefoxitin. Error bars represent plus or minus the standard error ob-
tained for three separate transformants.
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Tyr221 saturation library

Crystallographic, as well as mutagenic, data had al-
ready suggested the importance of Tyr221 in prevent-
ing the class C -lactamases from being able to effec-
tively deacylate oxyimino containing third-generation
cephalosporins.">'¥ From the work of Zhang et al.,
Y221G and Y221A mutants of P99 had been identi-
fied that conferred 8- and 21-fold increases, respec-
tively, in the minimum inhibitory concentration (MIC)
towards ceftazidime, as compared to that of the wt
B-lactamase.™ This mutagenic data combined with
the crystallographic data from Knox and co-workers
suggested that the Tyr221 might need to be mutated
to a much smaller amino acid in order to prevent the
steric crowding that forces the oxyimino side chain of
the third-generation cephalosporins to protrude out
from the enzyme pocket and assume a deacylation-
deficient conformation in the enzyme’s active site.
Thus, in order to gain a better understanding of how
mutations at position 221 impart resistance to third-
generation cephalosporins and to evaluate the preci-
sion and accuracy of the chemical complementation
screen, saturation mutagenesis with a degenerate
NNS codon (N=A, C, G, or T; S=C or G) was used to
mutate residue Tyr221 in P99 to all 20 amino acids. A
vector encoding the P99 Tyr221 saturation mutagene-
sis library was transformed into selection strain
BC1187Y; 95 individual transformants were randomly
selected and assayed by using the chemical comple-
mentation lacZ transcription assay. With codon redun-
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dancy and library integrity taken into account, it was estimated
that 95 transformants would be sufficient to cover all 20 amino
acids with 95% confidence. In addition to the 95 Y221X mu-
tants, three wt P99 transformants were included as controls.

The 95 Y221X library members and 3 P99 controls were as-
sayed in duplicate for lacZ transcription levels after 4 days of
growth in the presence of 1 um Mtx-Cephem-Dex with and
without 100 pm cefotaxime by using standard /acZ liquid assay
conditions. By using the noncleavable Mtx-Dex control, it was
found that 10 of the 95 library members were false positives
and showed no activation in the presence of Mtx-Dex, pre-
sumably due to loss of one or both of the AD-GR- or lacZ-con-
taining plasmids.

The remaining 85 transformants could be grouped into one
of three categories based on comparison of their fold activa-
tions in the lacZ assay in the presence of Mtx—Cephem-Dex
with and without cefotaxime with the fold activations found
for the P99 control strains. For reference, the P99 controls gave
fold activations of 1.04+0.3 in the absence of cefotaxime and
2440.1 in the presence of cefotaxime. As judged by the
chemical complementation system, 34 (40%) of the 85 trans-
formants contained inactive (-lactamases, with fold activations
greater than 1.3, which is above one standard deviation of
those obtained for wt P99 in the presence of 1um Mtx-
Cephem-Dex and in the absence of cefotaxime. The assay
identified 20 (/25 %) of the 85 library members that behaved
just as the wt enzyme, that is, giving fold activations that were
below 1.3 in the absence of cefotaxime but then showing an
increase in their fold activation above 1.3 upon addition of ce-
fotaxime. The final category of Tyr221 mutations were those
deemed to be both active (-lactamases and not inhibited by
cefotaxime, that is, giving fold activation below 1.3 regardless
of the presence or absence of cefotaxime. Over 35%, 31 of the
85 library members, were grouped into this category.

To test the precision of the chemical complementation
system, P99 variants from each of the three categories were re-
tested. The P99 encoding plasmids from these colonies were
isolated and retransformed into BC1187Y; then 3 separate
transformants were assayed under identical conditions to
those used in the initial screen. It was found that 7 of the 8
selected colonies would have been placed into their original
categories (data not shown). The one colony that gave incon-
sistent results was found to contain multiple plasmids.

To determine the sequence of the P99 variants, the region
surrounding the Tyr221 mutation for the 85 colonies was se-
quenced by using a 96-capillary MegaBACE 1000 DNA se-
quencing system by the energy-transfer dideoxy-terminator
method, which yielded reliable sequence data for 80 of the
85 mutants.”® Of the 80 sequences obtained, 8 were shown to
contain multiple plasmids and thus were removed from further
analysis. Sequencing showed that 13 of the 80 sequences
(~15%) contained deletions or insertions in the region sur-
rounding the Tyr221 mutation. Two colonies introduced stop
codons into the B-lactamase sequence. All 15 of these colonies
failed to express p-lactamases and were all easily identified as
inactive B-lactamases in the chemical complementation system
by their high fold activations in the presence of Mtx-Cephem-
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Dex. The library was also found to contain 4 wt P99 enzymes.
All four were correctly characterized as active -lactamases in-
hibited by cefotaxime. The library showed a substantial bias to-
wards Tyr221 being mutated to Leu, with approximately 15%
of the library containing this mutation. The consistency of the
assay was confirmed by the fact that 11 of the 13 Y221L mu-
tants were placed in the same category and deemed to be
both active and not inhibited by cefotaxime. As illustrated by
the 13 Y221L mutants identified in the screen and shown in
Figure 4 for Y221F, Y221V, Y221K, Y221R, and Y221S, not all

14
Blnactive
12 l @Active and | nhibited
DActive and Resistant
0

A F I LVDE

Figure 4. Y221X mutants of P99 characterized by using the chemical com-
plementation screen. Mutations are grouped as hydrophobic amino acids (A,
F, I, L, V), negatively and positively charged amino acids (D, E, K, R), polar
amino acids (C, H, N, Q, S, T, Y), stop codons (*), or deletions and insertions
(D/1). The height of the bar represents the number of each mutant found
in the 85 member library screen and the color of the bar represents which
of the three categories the mutant was placed in according to its fold acti
vation in the lacZ assay. Each mutant was categorized as either an inactive
[-lactamase (fold activation >1.3), or an active }-lactamase (fold activa-
tion < 1.3), based on the signals obtained from the liquid ONPG assay after
4 days of growth in the presence of 1 pm Mtx-Cephem-Dex. Active (3-lacta-
mases were further categorized as inhibited (fold activations > 1.3) or resis-
tant (fold activation < 1.3) to cefotaxime, based on the signals obtained
from the liquid ONPG assay after four days of growth in the presence of
Mtx-Cephem-Dex (1 pm) and cefotaxime (100 pwm).

mutants with the same mutation at this position grouped to-
gether in the same category. With the high DNA copy error
rate observed just in the region around position 221 that was
sequenced, our assumption is that these discrepancies are due
to bonus mutations occurring outside position 221 and caus-
ing mutants that have the same Tyr221 mutation to behave
differently. This phenomenon was observed clearly with the
three Y221S mutants identified. Two of these mutants were
classified as active and inhibited, while one was classified as
active and resistant. Upon examining the sequence of these
three enzymes outside position 221, the two active and inhibit-
ed enzymes were both found to have bonus mutations at dif-
ferent positions within the Q loop, while no such mutations
were found in the active and resistant Y221S mutant.
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While the library size was selected to obtain a 95% confi-
dence of selecting every amino acid mutation at position 221,
the large number of deletions and insertions, combined with
the bias towards the Leu mutation and the colonies that
showed no Mtx-Dex-induced lacZ transcription, reduced this
confidence interval and the sequencing data showed that the
library possessed no Gly, Trp, Met, or Pro mutations. Mutants
were found possessing the remaining 16 amino acids at posi-
tion 221 and the activities of these mutants, as determined by
the chemical complementation system, are shown in Figure 4.

While it was mostly the introduction of deletions, insertions,
or stop codons that led to the production of inactive (3-lacta-
mases in the library screen, a few amino acid mutations at po-
sition 221 also produced inactive P99 mutants. Placement of a
GIn residue or one of the negatively charged amino acids, Asp
or Glu, seems to lead to an inactive, or at least a less active, 3-
lactamase, as one of each of these mutants was found. In addi-
tion to the four strains containing wt P99 that were properly
identified in the library screen, mutants changing the Tyr221
residue to Asn, Thr, or lle were also identified as active (3-lacta-
mases but were inhibited by the presence of cefotaxime. Most
surprising were the large number of single amino acid mutants
and the diversity of these mutations that allowed P99 to effec-
tively avoid the cefotaxime inhibitor. From the early mutagenic
studies of P99, it was expected that only small amino acid sub-
stitutions would be identified at position 221; instead, both
large and small hydrophobic amino acids, namely, Ala, Val, Leu,
and Phe, as well as polar amino acids, Cys and Ser, and posi-
tively charged amino acids, Arg, His, and Lys, were found to
confer resistance when substituted for Tyr at position 221.

Mutants from each of the three categories, as well as wt
P99, were purified by Ni-affinity chromatography for further in
vitro characterization. Each protein was judged to be >95%
pure based on sodium dodecylsulfate polyacrylaminde gel
electrophoresis (SDS-PAGE) and staining with Coomassie blue.
Furthermore, each single amino acid mutation was shown not
to cause any major perturbations in the protein structure, as
CD wavelength scans of each mutant protein were obtained
and shown to be similar to that obtained for wt P99, with a
minimum at 217 nm (data not shown). Sequencing of these
genes in full confirmed that they contained only the single
mutation at position 221.

Kinetic characterization of these mutants with cefotaxime is
shown in Table 1. Steady-state kinetic constants were deter-
mined for each purified enzyme with cefotaxime by monitor-
ing the decrease in UV absorbance upon cleavage of the f3-
lactam bond at 260 nm (Ag,s,=6510 cm~'m~")¥ at several dif-
ferent substrate concentrations around the Michaelis constant
(Kw). Inhibition constants (K) were obtained for at least one
mutant from each category with cefotaxime by monitoring the
increase in absorbance upon cleavage of the p-lactam bond
of a fixed amount of nitrocefin at 486 nm (Agu=
16000 cm~'m~ ") with various amounts of cefotaxime. Fur-
thermore, steady-state kinetic constants were obtained for at
least one mutant from each category with Mtx-Cephem-Dex
(Table 2) by monitoring the decrease in UV absorbance upon
cleavage of the f-lactam bond at 265nm (Agys=
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Table 1. Kinetic characterization of selected mutants from the Y221X
screen with cefotaxime.”
Enzyme Cefotaxime

e [s71] | kea/Kiy [s7'M7"T K [uM]
wild type:
P99 0.0253+0.0008 8+1 3%x10° 0.0115+0.0005
active and resistant:
Y221A 69+4 130+£20 53x10° 184+8
Y221L 10.9+0.5 100+10 1.1x10° 170+30
Y221R 6445 610£70 1.0x10° N.D.
Y221H 4841 9545 5.1x10° N.D.
active and inhibited:
Y221T 0.66 +0.01 19402 3.5x10° 0.931+0.04
Y221N 0.4340.01 25403 1.7x10° 1.8+0.2
inactive:
Y221E M+£1 460+80 24x10° 590+20
[a] N.D.=not determined.

Table 2. Kinetic characterization of select mutants from the Y221X screen
with Mtx-Cephem-Dex.
Enzyme Mtx-Cephem-Dex

ke [s71 Ky [l Kea/ Ky [s7'm7"]
wild type:
P99 150430 100430 1.5x10°
active and resistant:
Y221A 60+10 110440 5x10°
active and inhibited:
Y221T 26+2 70+10 4x10°
inactive:
Y221E 1.24+0.1 100420 1.2x10*

7600 cm~'m)1'¥ with several different concentrations of Mtx-
Cephem-Dex around the K, value.

Of the original 85-member library screened, 35% of the col-
onies yielded mutants that were both active and resistant to
inhibition by cefotaxime as judged by the chemical comple-
mentation screen. All 4 of the mutants selected from this cate-
gory for in vitro characterization showed a substantial increase
in their rate of catalysis (k.. values with cefotaxime, as com-
pared to that of wt P99, with changes ranging from a 430-fold
increase in the k. value with Y221L to a 2700-fold increase
with Y221A. In addition, the K,, values for all four of these mu-
tants were also increased by at least tenfold over that for the
wt enzyme, a result leading to an overall improvement of 100-
fold or more in their catalytic efficiency (k.../Kuw).

Of the original 85-member library, 25% of the mutants were
deemed to be active but inhibited by cefotaxime according to
the results of the chemical complementation screening. While
the two mutants selected from this category, Y221N and
Y221T, showed an increase in the k. value with cefotaxime
over wt P99, this increase was only 15- to 30-fold, while their
Ky, values were decreased by 4-fold. While the k., values to-
wards cefotaxime for both Y221N and Y221T showed substan-
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tially less than the 430- to 2700-fold increase found for the re-
sistant mutants, the K, values for these mutants were also
lower, thus leading to k./Ky values that were comparable to
those for the resistant mutants.

Comparison of the catalytic turnover of Mtx-Cephem-Dex
for the selected mutants with wt P99 shows that the chemical
complementation assay is able to readily distinguish active [3-
lactamase mutants from inactive mutants. The mutants group-
ed as active B-lactamases have k.,/Ky values that are compara-
ble or only 3- or 4-fold down from wt P99, while the inactive
Y221E mutant has a catalytic efficiency that is over 100-fold
down from wt P99. The Y221E mutant does show a substantial
increase in its k., value for cefotaxime (400-fold over wt P99),
but it also shows a substantial increase in its K, value (50-fold
over wt P99). These factors combine to give the Y221E mutant
a 5-fold lower k/Ky value for cefotaxime than any other
single amino acid mutant tested.

It has been shown that there is a large discrepancy (almost
1000-fold) between the K,, and K, values determined for P99
with cefotaxime. Pratt and co-workers recently suggested that
this is due to cefotaxime causing P99 to be distorted into a
less active enzyme form and thus it is the K}, value of this dis-
torted P99 that is observed under steady-state conditions
when a large excess of cefotaxime versus P99 is used.”” Pratt
and co-workers showed that the true Ky, value of the undistort-
ed P99 can be obtained by measuring the K, value of cefotax-
ime with a good substrate, because smaller amounts of cefo-
taxime are necessary and the enzyme is not distorted in the
first few turnovers of cefotaxime measured in the inhibition ex-
periments. In this study, nitrocefin was used as a good sub-
strate for the P99 variants. Interestingly, none of the mutants
with single amino acid mutations at position 221 show this dis-
crepancy between K, and K, values.

While we hesitate to speculate on exactly what kinetic and
thermodynamic properties lead to a mutant being selected by
the chemical complementation system as either resistant or in-
hibited by cefotaxime, we believe that it most likely has to do
with both the mutant’s kinetic properties with Mtx-Cephem-
Dex and its K, value with cefotaxime. We believe that this is
similar to our findings in studying the transcriptional readout
of the chemical complementation system with mutants of P99
that had different kinetic properties with Mtx-Cephem-Dex."®
In that study, it was found that the lower the catalytic turnover
of Mtx—Cephem-Dex, the longer the half-life of Mtx-Cephem-
Dex in the yeast cells and the greater the transcription of the
lacZ reporter gene. As the catalytic turnover increases, the
half-life of Mtx-Cephem-Dex decreases; thus, less transcription
of the reporter gene can take place. In our present study, we
believe that, in the presence of mutants with a high catalytic
turnover of Mtx-Cephem-Dex and a high K, value towards ce-
fotaxime, the half-life of Mtx-Cephem-Dex is not very long
and transcription of the lacZ reporter gene is very low. In the
case where a mutant has either a low catalytic turnover of
Mtx—-Cephem-Dex or a high catalytic turnover but an extreme-
ly low K, value towards cefotaxime, then the half-life of Mtx-
Cephem-Dex is going to be sufficiently longer to allow more
transcription of the lacZ reporter gene.
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High-throughput screening by using chemical complemen-
tation

Chemical complementation was next employed in a high-
throughput screening (HTS) application to examine whether
multiple amino acid mutations in and around the active site of
P99 in the region surrounding the C7 side chain of cefotaxime
might lead to mutant enzymes with even larger increases in
catalytic activities and to further probe the role played by the
Q loop in conferring resistance on these antibiotics. This
screen was also used to evaluate the robustness of the chemi-
cal complementation assay on a large scale. Towards this end,
cassette mutagenesis was used to simultaneously randomize
positions Asp217, Ala220, and Tyr221 with degenerate NNS
codons. As judged from the crystallographic structure by Knox
and co-workers, these residues all lie within 7 A of the C7 side
chain of cefotaxime.'? Furthermore, Palzkill and co-worker’s
studies, targeting the active-site residues of P99, suggest that
not only were mutations at residues Asp217 and Ala220 toler-
ated but that a few of these single-point mutatations even
conferred a slight increase in resistance towards ceftazidime.'”

The mutagenized library was subcloned into a yeast expres-
sion vector and transformed into the BC1187Y screening strain.
Then, 960 individual colony transformants were randomly se-
lected and arrayed in 10 96-well plates. While screening 10°
colonies would be necessary to achieve 95% confidence of
screening every member of the library, screening 10° colonies
was sufficient for identifying several mutants that were both
active and resistant to cefotaxime inhibition and for estimating
the frequency of resistant mutants.

All of these strains were screened in the presence of 1 um
Mtx-Cephem-Dex and 100 uw cefotaxime. Additionally 6 indi-
vidual transformants of the most active single-point mutant,
Y221A, identified in the Y221X selection, and 6 transformants
containing wt P99 were also screened as controls. Of the
960 mutant enzymes screened, 67 were selected for further
analysis based on the fact that they gave lacZ transcription
levels below those found for the Y221A control strains under
the same conditions.

These 67 selected P99 mutants were subjected to another
round of screening where they were assayed in triplicate in
the presence of 1 pm Mtx-Cephem-Dex with and without
100 um cefotaxime. Control assays were performed with no
small molecule, as well as with a Mtx-Dex control molecule
with a simple hydrocarbon linker. No colonies had to be ex-
cluded due to low lacZ transcription with the Mtx-Dex control.
Strains containing Y221A and wt P99 controls were again as-
sayed under the same conditions.

The P99 Y221A control strains gave a fold activation of 1.2+
0.4 in the presence of Mtx-Cephem-Dex alone and 1.2+0.2 in
the presence of Mtx-Cephem-Dex with cefotaxime. While the
P99 control strains gave a fold activation of 1.24+0.4 in the
presence of Mtx-Cephem-Dex alone, the signal was increased
upon addition of cefotaxime to 2.4+0.6. For the 67 members
of the library, 46 mutants, almost 70%, were judged to be as
active as the Y221A controls based on the fact that their fold
activation in the chemical complementation system was less
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than or equal to 1.4 in the presence of Mtx-Cephem-Dex and
cefotaxime during this second screening. Sequences of the
mutated regions of these 67 members of the library were ob-
tained by using a 96-capillary MegaBACE 1000 DNA sequenc-
ing system. The sequences of mutants selected from the library
that were deemed to be both active and resistant to inhibition
can be found in the Supporting Information.

Every single amino acid mutant that was selected from the
Y221X library as being resistant to inhibition by cefotaxime
was also found in the Asp217/Ala220/Tyr221 library in combi-
nation with other mutations at positions 217 and 220. Further-
more, several Y221X mutants that were not present in the orig-
inal library, due to the fact that complete amino acid coverage
was not obtained, were found to be resistant in the three-
member library, including Y221M and Y221W. Y221T, which
was clearly shown to allow inhibition as a single-point muta-
tion, was found to be in a resistant mutant in the three-
member library when in combination with D217I. Perhaps
most interesting, due to the importance of the Tyr221 residue
in conferring inhibition towards cefotaxime, was the presence
of 4 selected mutants that maintained Tyr at position 221.

The two mutants A220N/Y221V and D217W/A220S/Y221L,
which gave the lowest signals in the lacZ assay in the presence
of both Mtx-Cephem-Dex and cefotaxime, were purified by
Ni-affinity chromatography by using Hiss tags. In addition to
these mutants, one mutant possessing the P99 triple mutant
D217L/A220F/Y221A and one possessing the P99 double
mutant A220N/Y221H were also selected and purified under
the same conditions, since these single amino acid mutations
had been selected from the Y221X screening and shown to
have the highest catalytic turnover with cefotaxime. Further-
more, two of the four mutants selected as both active and re-
sistant to inhibition that still retained Tyr at position 221 were
also selected for in vitro characterization. Each protein was
judged to be >95% pure based on SDS-PAGE and staining
with Coomassie blue. CD wavelength scans of each mutant
protein were obtained and shown to be similar to that ob-
tained for wt P99 (data not shown). Sequencing of the entire
P99 genes revealed that four of the six selected enzymes con-
tained an additional mutation outside the targeted region, as
shown in Table 3.

Kinetic characterization of the selected mutants with cefo-
taxime is shown in Table 3. Kinetic characterization was carried
out essentially as described for the Y221X mutants. Overall, the
6 selected P99 mutants showed kinetic constants for cefotax-
ime that were comparable to those obtained for the Y221X li-
brary, with both increases in their k., values of 100- to over
5000-fold, as well as increases in their K, values of 2- to 100-
fold as compared to those of wt P99. In comparing the single
mutants to those obtained from the three-member library, the
D217W/A220S/Y221L/1263V mutant showed a fourfold de-
crease in the k., value as well as a fivefold decrease in the K),
value as compared to those of the Y221L single mutant, result-
ing in a comparable catalytic efficiency. The kinetic constants
obtained for the D88N/D217L/A220F/Y221A mutant were com-
parable to those obtained for the Y221A mutant. Overall, the
A220N/Y221H/N226D mutant gave both the highest k., and
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Table 3. Kinetic characterization of selected mutants from the D217/
A220/Y221 library.
Enzyme Cefotaxime

kca( [S 1] KM [“M] kcat/KM K\ [“M]

[s'm1]

wild type:
P99 0.0253 +0.0008 8+1 3x10° 0.0115+0.0005
active and resistant:
A220N/Y221H/ 140+ 20 800+100 2x10° 800+ 100
N226D
D88N/D217V/ 78+6 210440 3.7x10° 160+ 15
A220F/Y221A
D217K/A220P/ 106 +8 470+60 2.3x10° 5004100
K290R
D217T/A220G 12.7+£09 62413 2.0x10° 83+4
A220N/Y221V 11.5+0.3 43+3 2.7%x10° N.D.
D217W/A220S/ 2.4+0.06 20+2 1.2x10° N.D.
Y221L/1263V

highest K;, values obtained for any mutant tested, with a k.,
value that was 5600-fold higher than that obtained for wt P99
and a K, value that was 100-fold higher than that obtained for
wt P99. Characterization of the mutants that retained Tyr221
showed that, just as in the case with GC1, it is not necessary to
mutate Tyr221 at all to obtain highly active mutant B-lactamas-
es towards cefotaxime, as both of these mutants showed large
increases in their k., values (up to 4000-fold for one of the mu-
tants), as well as large increases in their K}, values, as compared
to those of wt P99.

Thus far, all of the mutants that lacked Tyr at position 221
had failed to show the large discrepancy between their K, and
K, values towards cefotaxime that is observed for the wt
enzyme. One wonders if mutant enzymes that retain the tyro-
sine, but possess other mutations might also cause P99 not to
exhibit this discrepancy. As shown in Table 3, the K| values for
all of the mutants tested were nearly identical to their K,
values, even for the two mutants that retained Tyr at posi-
tion 221.

Discussion

Perhaps the most surprising result to emerge from this study
is the large number of mutations at position 221 or positions
217/220/221 that confer resistance toward cefotaxime without
impairing -lactamase activity. First and foremost, this result is
of concern because it suggests that it is in fact quite easy for
B-lactamase enzymes to evolve resistance to third-generation
cephalosporin antibiotics, which differ in their C7 substituents.
Combinatorial mutagenesis has identified the 217/220/221
loop as a region that the enzyme can afford to mutate without
losing P-lactamase activity. Thus, this region perhaps should
not be targeted in future drug discovery efforts. Combinatorial
mutagenesis could be further used to identify regions of the
enzyme that are intolerant to substitution on which to focus
future drug discovery efforts.

One explanation for the impaired deacylation of third-gener-
ation cephalosporins by class C B-lactamases is that the C7
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side chain of these cephalosporins blocks formation of the
conformation needed for stabilization of the high-energy de-
acylation tetrahedral intermediate by the enzyme.™ The large
percentage of mutations at position 221 that appear to relieve
this inhibition is quite surprising. These results were particular-
ly unexpected because a previous resistance study identified
only the Y221A and Y211G variants from a selection with cefta-
zidime."¥ The fact that not only small amino acid mutations,
but also large hydrophobic, as well as polar and basic amino
acids, relieve inhibition is consistent with a hypothesis that it is
loop dynamics, rather than the specific nature of any one of
these amino acid mutations, that determines this relief of in-
hibition. The isolation of several multiple mutants with Tyr221
further supports such a hypothesis. The difference in posi-
tion 221 variants identified in the two studies could simply re-
flect the different methodologies, a selection intended only to
identify the most active variants versus a screen covering the
entire library of position 221 mutants here. Alternatively, the
position 221 variants may differ in their activity with cefotax-
ime versus the bulkier C7 of ceftazidime used in the previous
study.

This study was also undertaken to evaluate the suitability of
chemical complementation for high-throughput applications.
While a number of other assays are certainly available to study
B-lactamase activity, we focused on the chemical complemen-
tation assay here because of its potential generality. The chem-
ical complementation assay has been designed to detect
enzyme catalysis of both bond-cleavage and -formation reac-
tions. As has been shown in our laboratory, one can readily
adapt the chemical complementation assay to study a wide va-
riety of different enzyme/substrate pairs, which requires simply
subcloning the gene for the desired enzyme into a yeast ex-
pression vector and synthesizing a new Mtx-linker-Dex
enzyme substrate, with the desired substrate functionality in-
corporated as the linker."*'® Our laboratory has strategically
planned the synthetic route of the Mtx-linker-Dex small mole-
cules to readily incorporate different substrates as the linker
between Mtx and Dex.””! QOur laboratory has recently been
able to adapt the chemical complementation system to study
glycosynthase enzymes, which are difficult enzymes to work
with but which have proven readily amenable to the chemical
complementation system."”

This study expands and verifies the use of the chemical com-
plementation system in two very important ways. For one, it
shows that chemical complementation can be used to evalu-
ate enzyme inhibition and that a variety of inhibitors can be
evaluated by using the same chemical dimerizer. By using the
Mtx—-Cephem-Dex small-molecule dimerizer, this study was
able to evaluate a given p-lactamase’s ability to hydrolyze cefo-
taxime; however, as shown in Figure 3, one could have just as
easily studied cefuroxime, cefoxitin, or any other number of [3-
lactam drugs that work in a similar manner. Thus, the chemical
complementation assay holds the power to evaluate and dis-
tinguish between a number of different protein—drug interac-
tions by using a single chemical dimerizer.

The second advance made in this study was to show that
the chemical complementation system was adaptable to a
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high-throughput screening application. Not only was the
method able to correctly evaluate 16 different amino acid
mutations at the Tyr221 position, but it was also shown to be
able to screen libraries that approach thousands of com-
pounds and it could easily be expanded to rapidly evaluate
10°-10° different protein mutants or different drug targets, by
simply scaling up the procedure followed in this study. The
procedures used here lend themselves readily to automation,
where greater than 10° different proteins or drug targets could
be evaluated on a daily basis.

One of the limitations of the chemical complementation
assay that is illustrated in this study is the inability to distin-
guish between P99 mutants that were placed into the same
category to see which enzyme was most inhibited or resistant
to cefotaxime. As was found by our laboratory in testing the
dynamic range of the chemical complementation assay, al-
though the assay could distinguish between enzymes that dif-
fered in their catalytic turnovers by over four orders of magni-
tude, the assay was unable to distinguish between enzymes
that possessed catalytic turnovers within the same order of
magnitude of each other."® One notices that all of the mutants
that were grouped together had kinetic properties with cefo-
taxime that were all within an order of magnitude of each
other. However, we believe that this limitation is due more to
the lacZ reporter gene and, as more sensitive reporter genes
become available, this limitation should be eliminated.

Conclusion

In this study, chemical complementation has shown to be a
powerful tool for studying enzyme-drug interactions in vivo.
The screen was not only able to distinguish two enzymes, P99
and GC1, based on their activity profiles with a number of dif-
ferent antibiotics but was also applied in a high-throughput
fashion to identify a number of mutant enzymes that were
shown to have increased catalytic activity towards the third-
generation cephalosporin cefotaxime. Interestingly, it appears
that multiple mutations in the Q loop region of P99 lead to
mutants that are not inhibited by cefotaxime, which could
lead to potential problems for the continued use of the oxy-
imino-containing third-generation cephalosporins.

Experimental Section

Chemical synthesis: The synthesis of Mtx-Cephem-Dex has been
previously described.™® Mtx-Dex is described in full elsewhere.”®
NMR spectra of both compounds can be found in the Supporting
Information.

Biological methods: A more complete description of the general
methods for molecular biology, as well as for the construction of
plasmids used in this study, is given in the Supporting Information.

Construction of P99 mutant libraries: Cassette mutagenesis by
using a two-step PCR fusion method was used to completely ran-
domize P99 at position 221. Two halves of the P99 gene were gen-
erated by using primers VWC1264 5-GCATACGTCCTGCAGATG-
ACGCCAGTTAGTGAAAAACAGCTGGCGGAG (Pstl) and VWC1277
3'-GCACGTTGGTTTTCACGCCSNNGGCTT GTG CAT CCAGCATAC (N-
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terminal half) and primers VWC1269 5-GGCGTGAAAACCAACGTG
and VWC1265 5-GCATTGCTGAAGCTTTTAATGATGATGATGATG-
ATG (Hindlll; C-terminal half) form pVC172, which contains wt P99
under control of the METT promoter in a yeast expression vector,
by using Vent Polymerase under standard conditions. The N-termi-
nal half contains the DNA coding from the ATG start site of P99,
with a Pstl site upstream, to 18 bp past the TAT codon encoding
Tyr221, which is completely randomized by using an NNS codon in
the 3’ primer. The C-terminal half contains the DNA from the
codon for Gly222 to the stop codon with the Hindlll site down-
stream. The two halves were gel purified on a 2% agarose gel and
used as templates for the fusion PCR. The fusion PCR was run by
using Vent Polymerase and approximately equimolar amounts of
each half with primers VWC1264 and VWC1265 to generate the
DNA encoding the P99 gene with the residue at position 221 com-
pletely randomized; this was designated P99Y221X.

Both the product of the fusion PCR and the pRSS425Met plasmid
were digested with Pstl and Hindlll and gel purified by using a 1%
agarose gel containing crystal violet, which allows the DNA bands
to be extracted without being exposed to UV light. Ligations were
set up according the manufacturers suggestions by using digested
PRSS425 Met425 plasmid (500 ng) and digested P99Y221X (300 ng)
in the presence of 1 mm spermidine and were run on the MJ Re-
search PTC-200 Pellier Thermal Cycler with alternating cycles (30 s)
of 30°C and 4°C for 24 h. The ligation was heat inactivated by
heating at 65°C for 10 min, was ethanol precipitated by using
pellet paint, and was resuspended in sterile deionized water (3 pL).
The ligation was transformed into electrocompetent TG1 cells,
transferred into 1 mL Luria broth (LB), and subjected to 37°C and
shaking (240 rpm) for 1 h. After this time, serial dilutions were
plated on to 50 pgmL™" spectinomycin plates to estimate the li-
brary size and the remainder of the culture was placed into LB
(50 mL) containing 50 pgmL™" spectinomycin and allowed to grow
at 37°C and with shaking (240 rpm) overnight. A QlAprep Spin
Miniprep Kit was used to extract the plasmid DNA from 3 mL of
the overnight culture to obtain the pBC1348 library, which was
estimated to contain > 10° different plasmids based on the serial
dilution of the ligations.

Cassette mutagenesis was used to simultaneously randomize posi-
tions Asp217, Ala220, and Tyr221 of the P99 gene essentially as de-
scribed for the Y221X library, except due to contamination of the
fusion halves by the wt gene, outside primers were introduced
during the fusion PCR step which amplify only the primers
VWC1404 5-CGGCAGACTGGATTCGCT GCA GATGACGCCAGTGTC-
AG (Pstl) and VWC1405 5-CAGACCCAGTTACGTCTAAGCTTT-
TAATGATGATGATGATGATG (Hindlll) and have no homology to the
original P99 gene. Furthermore, each fusion half was purified twice
by using 2% agarose gels. Thus, the two halves of the three-
member library were generated byusing primers VWC1404 and
VWC1382 5-CACGTTGGTTTTCACGCCSNNSNNTTGTGCSNN CAG-
CATACCCGGCGAAA (N-terminal half) and primers VWC1269 and
VWC1405 (C-terminal half) by using pVC172 as the template. Taq
Polymerase was used to perform the PCR fusion on equimolar
amounts of each half under the manufacturer’s recommended con-
ditions by using primers VWC564 5-CGGCAGACTGGATTCG and
VWC565 5-CAGACCCAGTTACGTCT. The fusion product, designat-
ed P99217.4, was digested with Pstl and Hindlll and subcloned
into the corresponding sites in pRSS425 Met under identical condi-
tions to those described for the creation of the P99Y221X library.
Serial dilutions on spectinomycin plates showed the three-member
library possessed >10° different plasmids, which is substantially
larger than the library size, which is 32°=3.3x 103
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Construction of the chemical complementation screening strain:
Yeast strain V1016Y was constructed by integrating the gene en-
coding LexA-DHFR under the control of the GALT promoter at the
chromosomal loci ade4 and the lacZ gene under the control of
8 LexA operators at the chromosomal loci ura3-52 in EGY48 con-
taining pMW2(GSG)2rGR2, by using the auxotrophic markers HIS3
and URA3, respectively, essentially as previously described.!??
Strain V1019Y was constructed from strain V1016Y by replacing
the URA3 gene with the ADE4 gene by using homologous recombi-
nation as described previously."” Homologous recombination with
the Kluyveromyces lactis URA3 gene was used to knock-out the
PDR1 gene in strain V1019Y by using a technique described by
Reid et al.®’” The pdr1 knockout was confirmed by showing that
the strain was more sensitive to growth on YPD media containing
0.2 ugmL™" cycloheximide, as compared to the parent strain, as
well as by colony PCR of the genomic DNA of both strains by
using primers VWC1558 5-GCA GGG ATGCGGCCGCTGACTATTATC-
CTTTGCCATAGCGAT and VWC1561 5-CCGCTGCTAGGCGCG-
CCGTGTTAGCTTTTTTTACGT TAGCCT CATAT, which gave a 904 bp
fragment, corresponding to deletion of the PDR1 gene, thus creat-
ing BC1176Y. BC1176Y, which is V1019Y pdr1, was transformed with
pMW112 to give the chemical complementation screening strain
BC1187Y by using a standard lithium acetate procedure.

Strain construction: The yeast strains used in this study are given
in Table 4 and were prepared by using a lithium acetate transfor-
mation method followed by selection on SC media containing 2%

Table 4. Strains used in this study.

Strain Genotype Source/Ref

TG1 Stratagene

Tuner (DE3) Novagen

EGY48 MATa trp14 63 his34200 ura3-52 lexAop(6x)-  R. Brent
LEU2 GAL™

V1016Y EGY48 ura3-52::lexAop(8x)-lacZ(URA3) 29
ade4::Ps,/LexA-eDHFR(HIS3) pMW2(GSG)2rGR2

V1019Y EGY48 lexAop(8x)-lacZ ura3:ADE4 Bl
ade4::Ps, /LexA-eDHFR(HIS3) pMW2(GSG)2rGR2

BC1176Y V1019Y pdri1 this study

BC1187Y BC1176Y pMW112 this study

glucose and lacking the appropriate selective nutrients as de-
scribed.®"  The chemical complementation screening strain
BC1187Y was transformed with either plasmid pVC172, pDS927,
pBC1348, or pBC1351, which are described in the Supporting Infor-
mation. BC1187Y was also transformed with several selected
pBC1348 mutant plasmids, such as pBC1354 which contains the
P99 Y221A mutant, isolated by using yeast plasmid extraction from
selected strains after screening the Y221X library, as described in
the yeast plasmid extraction section in the Supporting Information.

LacZ transcription assays: Liquid assays were performed to assess
the level of transcription of the lacZ reporter gene, by using ONPG
as a substrate for the lacZ gene product, $-galactosidase, essential-
ly as previously described.®? All yeast strains were stored as 20%
glycerol stocks in 96-well plates at —80°C. The yeast strains were
first phrogged from a 96-well plate glycerol stock into 96-well
plates with SC media containing 2% glucose but lacking the ap-
propriate selective nutrients and were then incubated at 30°C with
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agitation (80 rpm) for 3 days. The saturated yeast cultures (5 pL)
were used to inoculate SC media (95 pL) containing the appropri-
ate galactose, glucose, and raffinose concentration and lacking the
appropriate selective nutrients. The media was supplemented with
the appropriate concentrations of Mtx-Cephem-Dex with or with-
out cefotaxime; alternatively other B-lactamase inhibitors or non-
enzymatically cleavable Mtx-Dex small molecules were used as
supplements. Optimized screening conditions were found to be SC
media possessing 0.5% galactose, 1.5% glucose, 2% raffinose, and
1% DMSO, buffered at pH 7.0 by using phosphate buffer with the
appropriate selective nutrients and containing either no small mol-
ecule, or 1 pm Mtx-Cephem-Dex with or without 100 um cefotax-
ime, or 1um Mtx-Dex. The cultures were allowed to grow for
4 days at 30°C with shaking at 80 rpm. After this time, the cells
were harvested by centrifugation at 3000 rpm for 5 min by using a
Sorvall RT7 Plus centrifuge; the pellets were subsequently resus-
pended in distilled water (100 pL). Next, the cultures were transfer-
red to a flat-bottomed 96-well plate for reading the absorbance at
600 nm (Agqo). The cultures were centrifuged and the pellets were
resuspended in the Y-Per Protein Extraction Reagent (100 pL). Lysis
was allowed to proceed for 30 min. Then, a 10 mgmL~" ONPG so-
lution (8.5 pL) was added to the extracts and the mixture was al-
lowed to incubate for 60 min at 37°C and with shaking at
240 rpm. The B-galactosidase activity reaction was stopped with
the addition of 1wm sodium carbonate (130 pL). The extracts were
centrifuged and the supernatant was transferred to a flat-bot-
tomed 96-well plate, where the A,,, value was measured. The fol-
lowing equation was used to calculate -galactosidase units: 3-gal-
actosidase =1000 X (As0/[Age X time in minutes X volume as-
sayed in mL]). Data are reported as fold activation values, which
are the P-galactosidase signal obtained from a given yeast strain
under a set of given conditions, divided by the basal level tran-
scription of the lacZ gene, as determined by assaying the strain
under identical conditions without small molecule.

High-throughput DNA sequencing: All 85 members screened in
the P99 Y221X library, as well as the 67 members of the P99217.4
library selected from the first round of screening, were sequenced
in mass by using the MegaBACE 1000 capillary sequencer by the
energy-transfer dideoxy terminator method. Yeast containing the
different P99 mutants were phrogged from 96-well 20% glycerol
stock plates into 96-well plates containing SC media (150 uL) con-
taining glucose and the appropriate selective nutrients and were
grown to saturation at 30°C and shaking at 80 rpm. The yeast
strains were then phrogged onto SC agarose plates containing glu-
cose and the appropriate selective nutrients and were incubated
at 30°C for 3 days, effectively creating patches of all of the yeast,
with each patch containing a different P99 mutant. The entire P99
gene for each mutant was amplified by using Taq Polymerase by
placing a small amount of each patch into a PCR reaction mix
(20 pL) with primers VWC1264 and VWC1265 for the Y221X library
and primers VWC1051 5-CGTGTAATACAGGGTCGTC and
VWC1052 5'-GGGACCTAGACTTCAGGTTG for the three-member li-
braries. The cells were lysed by heating at 95°C for 5 min and the
DNA was amplified by using 30 cycles of 95°C for 30's, 55°C for
305, and 72°C for 1 min, followed by 72°C for 10 min. The PCR re-
action was quantitated by running 2 pL of the reaction on a 1%
agarose gel with known standards. Normal yields were around
50ng per pL of reaction. Cycle sequencing was performed by
using PCR product (100 ng), DYEnamic ET terminator premix (8 pL;
Amersham Biosciences), and primer VWC649 5-GGCAGCCG-
CAGTGGAAGCC (5 pmol) and diluting the final volume to 20 pL
with deionized water. Amplification was performed by using
30 cycles of 95°C for 30 s and 60°C for 90 s. After isopropanol pre-
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cipitation and 70% ethanol washes, DNA sequencing samples
were suspended in MegaBACE formamide loading solution (20 pL)
and loaded onto a MegaBACE 1000 capillary sequencer through
electrokinetic injection by applying 3000V for 60s. The samples
were separated electrophoretically by applying 9000V for 120 min.
The resulting sequencing data were transformed into electrophero-
grams; base calling was performed by using the Cimmaron Slim
Phredify 1.53 Basecaller (Amersham Biosciences). Quality scores for
the resulting electropherograms were calculated by using the
Phred method.”**¥ All sequences with a read length <100 bp or
not maintaining an average Phred score of at least 14 were re-
moved from subsequent analysis. By using these criteria, 75% of
the selected members of the P99217.4 library and greater than
90% of the 85 members of the Y221X library were sequenced with
an accuracy of greater than 96%. For the Y221X and P99217.4 li-
braries, the average Phred score was 21.7 and 16.1 and the aver-
age read length was 474 and 250 nucleotides per sequence
sample, respectively.

Protein purification: Protein purification of P99 and selected mu-
tants was carried out by overexpression in Escherichia coli Tuner
(DE3) cells, followed by purification through the carboxy-terminal
Hise tag contained by each protein by using Ni-NTA affinity chro-
matography essentially as described.”™ A cell pellet from culture
(750 pL) known to express protein based on analysis by SDS PAGE
was used to inoculate LB medium (100mL) containing 30 pgmL™'
kanamycin. This culture was grown at 37°C and with shaking
(240 rpm) until it reached mid-log phase (Ag,=0.6-0.8), at which
time expression of the P-lactamase was induced by adding isopro-
pyl-p-o-thiogalactopyranoside (IPTG) to a final concentration of
0.1 mm. After growth for an additional 3 h, the cells were divided
into 2 cultures (50 mL each) and harvested by centrifugation at
3000 rpm for 15min by using a Sorvall centrifuge; the cell pellets
were stored at —80°C. The pellet was thawed and cells lysis was
performed by adding BugBuster Protein Extraction Reagent (1 mL)
and allowing the cell suspension to sit at room temperature for
30 min. The proteins were purified from the soluble portion of the
cell lysis under native conditions by using a Ni-nitrilotriacetate (Ni-
NTA) Spin Kit from QIAgen. Elution fractions containing protein
were then immediately dialyzed against phosphate-buffered saline
(PBS; containing 137 mm NaCl, 2.7mm KCl, 4.3 mm NaH,PO,, and
1.4 mm KH,PO, at pH 7.0). The enzyme concentration was deter-
mined on the basis of the A,y value with e=71000cm "'m™' for
wt P99.59 Since most of the selected mutants of P99 replaced the
Tyr residue at position 221, assumptions were made that a trypto-
phan contributed 5690 cm~'m~' to the extinction coefficient, while
a tyrosine residue contributed 1280 cm™'m™' and a cysteine residue
contributed 120 cm™'m™'.®" The proteins were judged to be
>95% pure based on Coomassie staining of an SDS polyacrylamide
gel. Proteins were stored at 4°C at concentrations of 50-120 uw.

Circular dichroism: Wavelength scans were measured for each pu-
rified protein to ensure the mutants’ overall structures were similar
to wt P99. Proteins were diluted to a final concentration of 1 pm by
using a solution of PBS buffer (pH 7.0) and deionized water (1:10).
CD wavelength scans were measured on an Aviv Circular Dichroism
Spectrometer Model 215. Spectra were recorded from 190-300 nm,
every 1 nm, with 3 accumulations for each sample.

Kinetics: -Lactamase activity with cefotaxime, Mtx-Cephem-Dex,
and nitrocefin in the presence of cefotaxime was detected by
using a Spectramax 384 UV/Vis 96-well plate reader in 96-well
Costar UV plates by monitoring a decrease in the A, or A, or an
increase in A, respectively. Extinction coefficient changes for the
substrates that were employed were 6510 cm™'m~' for cefotax-

2065

www.chembiochem.org



www.chembiochem.org



BIO

ime,”¥ 7600 cm~'m~" for Mtx-Cephem-Dex,"® and 16000 cm™"'m"
for nitrocefin.” Activity was assayed in a solution composed of a
1:1 mixture of enzyme diluted in PBS buffer (pH 7.0) and substrate
in 10 mm sodium phosphate buffer (pH 7.0) with a final reaction
volume of 200 uL for the determination of the k., Ky and K
values for cefotaxime and a final reaction volume of 150 pL for the
determination of the k., and K, values for Mtx-Cephem-Dex. All
enzyme dilutions were supplemented with 0.1 mgmL™" bovine
serum albumin. Reactions were initiated by the addition of 100 pL
of enzyme solution to 100 pL of substrate solution for the determi-
nation of kinetic constants for cefotaxime and 75 uL of enzyme so-
lution to 75 pL of substrate solution for the determination of kinet-
ic constants for Mtx-Cephem-Dex; the progress was monitored
over several minutes. Enzyme concentrations were adjusted to
give rates that would be linear over the first several minutes,
except for P99 with cefotaxime, which was monitored over an
hour due to its extremely low k, rate. For the kinetic characteriza-
tion of P99 and its mutants with cefotaxime, the final enzyme con-
centrations used were 5 nm for Y221A and Y221H, 10 nm for all of
the selected 217.4 mutants, except the D217T/A220G and D217W/
A220S/Y221L/1263V mutants, which were used in 20 nv and 50 nm
concentrations, respectively, 20 nw for Y221L and Y221R, 50 nm for
Y221T, 100 nm for Y221N and Y221E, and 1 pm for P99. For the
kinetic characterization of P99 and selected mutants with Mtx-
Cephem-Dex, the final enzyme concentrations used were 2.5 nm
for P99, 10 nm for Y221A and Y221T, and 100 nm for Y221E. The
final concentrations of cefotaxime ranged from 1 to 500 uv and
were adjusted in attempts to have several readings above and
below the K, value of the enzyme; this condition was hard to
meet for mutants with extremely high K, values, such as the
Y221R, Y221E, A220N/Y221H/N226D, and D217K/A220P/K290R mu-
tants, as well as mutants with extremely low Kj, values, such as
Y221T and Y221N. The final concentrations of Mtx-Cephem-Dex
ranged from 1 to 80 pm. Initial velocities were measured for seven
different substrate concentrations for cefotaxime and six different
substrate concentrations of Mtx-Cephem-Dex, in triplicate, and
were fitted to the Michaelis—-Menten equation, v, =V, x{[SI/(Ky, +
[SD}, where v, is the initial velocity, V... is the maximal velocity for
a given enzyme concentration, Ky, is the Michaelis constant, and [S]
is the substrate concentration, by nonlinear regression analysis
with the Kaleidagraph software (Synergy Software). Representative
kinetic graphs for both cefotaxime and Mtx-Cephem-Dex can be
found in the Supporting Information.

Inhibition constants for cefotaxime were also obtained for P99 and
a subset of the selected mutants by using nitrocefin. Kinetic con-
stants were first obtained for each enzyme with nitrocefin as a sub-
strate. By using this same enzyme concentration and a fixed nitro-
cefin concentration, normally threefold higher than the K, value of
the enzyme for nitrocefin, the amount of cefotaxime in the reac-
tion was varied from no inhibition to almost complete inhibition of
the initial velocity of the enzyme for nitrocefin. Enzyme concentra-
tions used were 100 pM for P99, 1nm for Y221A, Y221T, and
D217T/A220G, 10 nm for Y221L, Y221N, A220N/Y221H/N226D, and
D217K/A220P/K290R, 20 nw for D88N/D217L/A220F/Y221A, and
50 nm for Y221E. The cefotaxime concentration was varied from 0-
2.5 mm depending on the enzyme used. Initial velocities were mea-
sured for seven different substrate concentrations, in triplicate, and
fitted to the following equation: v, =V, ., x{[S/(Ku(1 + [I/K) +
[S]), where v, is the initial velocity, V... is the maximal velocity for
a given enzyme concentration with nitrocefin, K is the Michaelis
constant for nitrocefin, [S] is the nitrocefin concentration used, [I]
is the cefotaxime concentration used, and K, is the inhibition con-
stant, by nonlinear regression analysis with the Kaleidagraph soft-
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ware (Synergy Software). Representative kinetic graphs for the de-
termination of the K, values can be found in the Supporting Infor-
mation.
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The synthesis and chemical characterization of two new trans
platinum complexes, trans-[PtCl,NH;(4-hydroxymethylpyridine)]
(1) and trans-[PtCl,NH;(4-hydroxymethylpyridine)] (2) are de-
scribed. Their ability to interact with 5'-GMP by themselves and
in the presence of reducing agents in the case of trans-
[PtCI,NH;(4-hydroxymethylpyridine)] were tested. Circular dichro-
ism, electrophoretic mobility in agarose gel, and atomic force mi-

Introduction

In his well-known experiments, Rosenberg demonstrated the
antitumor activity of the cis isomer of [PtCl,(NH;),]."? In con-
trast, the trans isomer does not seem to cause such an effect
on the same kind of tumor cell lines. For several decades, re-
searchers connected the antitumor activity of platinum com-
pounds with the cis geometry and a chemical structure analo-
gous to that of cisplatin.®””) However, in the last few years, sev-
eral platinum compounds that break established rules, among
them that of cis geometry, have been successfully studied, and
their antitumor behavior against tumor cell lines has been con-
firmed.®>¥ In particular, series of trans-Pt" complexes with dif-
ferent types of ligands, planar amines,""*? iminoethers,?*"
asymmetric aliphatic amines®=% and trans-Pt'Cl, polynuclear
complexes,?31:32353% haye been designed, synthesized, struc-
turally characterized, and tested against tumor cell lines. Most
of them show antitumor properties and apoptotic behav-
ior,%738 The modes of binding to DNA and other biochemical
effects are also being investigated.**"

In addition, Rosenberg’s experiments also detected antitu-
mor activity for some octahedral platinum(v) complexes, such
as cis-[PtCl,(NH;),]."% PtV complexes present some advantag-
es; mainly a higher water solubility and, as a consequence, the
possibility of being orally administered, as well as greater cellu-
lar uptake and milder side effects. Nevertheless, none of the
three Pt compounds that have reached clinical trials, tetrapla-
tin, iproplatin and JM216, presents better activity than cisplatin
in humans, in spite of the fact that they have much more
active “in vitro” assays./*™*!

Recently, the synthesis of trans-[PtCl,NH;(3-hydroxymethyl-
pyridine)] and trans-[PtCl,NH;(4-hydroxymethylpyridine)] (1)
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croscopy studies showed that the interaction of complex 1 with
DNA is stronger than that of complex 2. Cytotoxicity tests against
HL-60 tumor cells also showed higher activity for trans-
[PtCl,NH;(4-hydroxymethylpyridine)] than for trans-[PtCI,NH;(4-
hydroxymethylpyridine)]. Complex 1 presents similar behavior to
cisplatin, but with a lower IC;, at 24 h. Complex 1 also showed
high apoptosis induction.

has been published.*” Although tests against cisplatin-resist-
ant cell lines were performed without producing noticeable re-
sults, crystal structures and other aspects of biochemical prop-
erties were obtained, which had not been described before.

In this paper, we report the synthesis, spectroscopic and
crystallographic characterization, interaction with 5-GMP and
DNA, and cytotoxicity of the water-soluble trans-platinum com-
plexes, 1 and trans-[PtCI,NH;(4-hydroxymethylpyridine)] (2).
The results confirm the activation of trans structures by using
planar ligands and the activation of PtY compounds by reduc-
tion with ascorbate and glutathione.
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Results and Discussion

Chemistry

To synthesize compounds 1 and 2, 4-hydroxymethylpyridine
was added to an aqueous solution of cisplatin, and the mixture
was stirred for 5 h. Addition of concentrated HCl precipitated
the trans-Pt" compound. Complex 1 was dissolved in a 0.1m
hydrochloric solution, and compound 2 was obtained with a
stream of gaseous Cl, (Scheme 1).

B OH 1%
OH -
|
Cl. NH, Xy H,0,80°C N~M_,NHz
Pt +2 | J—— Pt
cl” NHg N |\M NH3
HO Z
HCI
OH 80°C
| = OH
> 7 \
N o ol N
c it HsN Cl 1
NH; 3

Scheme 1. Synthesis of complexes 1 and 2.

The structure was confirmed by 'H and '®Pt NMR spectros-
copy and X-ray diffraction. The NMR data for the ligand and
compounds 1 and 2 are shown in Table 1. All the signals
appear deshielded in the complexes; especially in Pt¥ com-
pound, which is more electronegative. The value of '**Pt is typ-
ical for these kind of compounds, as has been previously de-
Scribed'[12,28,47—51]

Table 1. 'H and Pt parameters 0 (ppm) of the ligand and its com-
plexes.

1H 195Pt
Compounds CH, Aromatics
4-hydroxymethyl-  4.64(s)  Hps:8.26(dd); Hgp:7.18(dd)
pyridine
compound 1 4.71(s) Haa:8.45(dd); Hg:7.23(dd) —2034 ppm
compound 2 4.75(s) Haa:8.78(dd); Hgp:7.43(dd) —153 ppm

Crystal and molecular structure determination

The molecular structure of the complexes trans-[PtCl,NH;(4-hy-
droxymethylpyridine)] and trans-[PtCl,NH;(4-hydroxymethylpyr-
idine)] are shown in Figure 1. Crystallographic data and struc-
ture refinement are presented in Table 2, while bond lengths
and angles are summarized in Table 3.

The structure of 1 consists of discrete molecules of trans-
[PtCI,NH;(4-hydroxymethylpyridine)], in which platinum is
bound to the pyridinic N of the ring and to a molecule of NH;

ChemBioChem 2005, 6, 2068 — 2077
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Figure 1. Molecular structure of the platinum compounds 1 (A) and 2 (B).

Table 2. Crystallographic data for compounds 1 and 2.

Compound (1) Compound (2)
formulae CgH,,CIL,N,OP CgH,,CI,N,OP
My, 392.15 463.05
T K] 293(2) 293(2)

A 1A 0.71069 0.71069
crystal system monoclinic monoclinic
spatial group P2,/c P2,/c

alAl 7.211(2) 9.2340(10)

b [A] 18.711(2) 10.3310(10)
cA] 8.183(2) 13.2010(10)
a [l 90 920

B 114.43 105.74

v [ 90 90

VA% 1008.5(4) 1212.1(2)

o [mgm™3] 2.583 2537
absorption coefficient [nm~"] 14.399 12.428
F(000) 720 856

size [mm] 0.1x0.1x0.2 0.1x0.1x 0.2
26 limit 3.29 to 29.98 2.29 to 31.64
measured reflections 2883 9505
independent reflections 2883 3144

R, 0.0465 0.0468

wR, 0.0402 0.1200

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in a trans arrangement. The other two positions are occupied
by the chloride atoms. Platinum is in a slightly distorted
square-planar environment, due to the repulsion of the bulky
ring; this causes opening of the N(2)—Pt—Cl angle, which be-
comes higher than 90°, and closing of the N(1)—Pt—Cl angle,
which is lower than 90°. Average values for Pt—Cl and Pt—N
bond lengths are 2.298 and 1.985 ?, respectively, in agreement
with typical values for this type of bond. The distance between
consecutive pyridinic rings is 3.74 A; this suggests a slight
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Table 3. Selected bond distances and angles for compounds 1 and 2.
Compound 1 Compound 2
Length [A] Angles [°] Length [A] Angles [°]
Pt—N(1) 1.921(13) N(1)—Pt—N(2) 177.7(5) Pt—N(1) 2.057(5) N(1)—Pt—N(2) 178.9(2)
Pt—N(2) 2.048(13) N(1)—Pt—Cl(2) 86.7(4) Pt—N(2) 2.038(5) N(2)—-Pt—Cl(2) 89.1(2)
Pt—CI(1) 2.311(5) N(2)—Pt—Cl(2) 91.9(4) Pt—ClI(1) 2.3120(18) N(1)—Pt—Cl(2) 91.98(17)
Pt—Cl(2) 2.286(5) N(1)-Pt—ClI(1) 90.1(4) Pt—Cl(2) 2.306(2) N(2)—Pt—CI(1) 87.9(2)
N(2)-C(1) 1.280(18) N(2)—Pt—CI(1) 91.4(4) Pt—CI(3) 2.3186(19) N(1)—Pt—ClI(1) 91.06(17)
N(2)-C(5) 1.40(2) Cl(2)—Pt—CI(1) 176.71(17) Pt—Cl(4) 2.3128(19) N(2)—Pt—Cl(4) 88.9(2)
C(1)-N(2)—Pt 119.9(12) N(1)-C(1) 1.354(9) N(1)—Pt—Cl(4) 90.76(17)
C(5)-N(2)—Pt 120.6(11) N(1)-C(5) 1.325(10) Cl(2)—Pt—Cl(4) 90.28(9)
CI(1)—Pt—Cl(4) 89.43(8)
Cl(2)—Pt—CI(3) 89.12(9)
Cl(1)—Pt—CI(3) 91.13(8)
N(2)—Pt—ClI(3) 90.1(2)
N(1)-Pt—CI(3) 90.23(17)

“stacking” interaction.®>*¥ The crystal packing is also deter-
mined by the hydrogen bonding established between the OH
and NH; groups of different molecules.

The structure of 2 can be defined as a 3D arrangement of
discrete molecules of trans-[PtCl,NH,(4-hydroxymethylpyri-
dine)]. The metal ion has an octahedral environment in which
the hydroxymethylpyridine and amine ligands occupy the axial
positions, and the four chlorine atoms the equatorial sites. In
this case, the repulsion of the bulky 4-hydroxymethylpyridine
also produces distortion of the octahedral geometry. In fact,
the N(2)—Pt—Cl angle is less than 90° and N(1)—Pt—Cl is greater
than 90°. The pyridine plane is oriented over the equatorial
plane between two chlorine atoms and, as a consequence, the
angles Cl(1)—Pt—Cl(4) and Cl(2)—Pt—CI(3) are also greater than
90°. The average values for Pt—Cl and Pt—N bonds are 2.312
and 2.048 A, respectively; these are in good agreement with
the typical values for this kind of bond. The spatial distribution
of molecules gives a value of 4.369 A for the distance between
the rings and 5.753 A for the Pt—Pt separation. So, stacking or
intermetallic interactions must be discarded. Some hydrogen-
bonding interactions were also detected between the NH;
groups and the CI ligands of different molecules.

Interaction with 5-GMP

Studies of the mechanism of Pt drugs have shown a prefer-
ence of the metal ion to bind DNA through purine bases,
mainly through the N(7) of guanines, due to the higher basici-
ty of this particular N atom,***® and the formation of hydro-
gen bonds between the carrier ligands and the nucleo-
base.[56,57]

There is much evidence that the interaction between the Pt
atom and DNA nucleotides of tumor cells is responsible for the
interruption of cell replication. Thus, this interaction can be
studied in order to gain a better understanding of the mecha-
nisms of action of Pt compounds. Reactions between Pt drugs
and 5-GMP can be followed by the shifting of the H(8) reso-
nance in the '"H NMR spectra. In the free nucleotide 5-GMP,
the H(8) signal appears at 8.0-8.1 ppm while, in the adduct Pt-
5-GMP, it shifts to 8.5-8.6 ppm. The results of this type of
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study of the interaction of compounds 1 and 2 with 5-GMP
are shown in Figure 2.

The reaction of compound 1 with 5-GMP gives rise to two
new H(8) signals. The one at 8.75 ppm corresponds to the
monofunctional adduct, where a labile CI~ ligand is replaced
by a molecule of 5-GMP. This signal is the main one after a
short reaction time. After three hours of reaction, a new signal
appears at 8.84 ppm, which is assigned to the bifunctional
adduct. This one is the only signal present after a long reaction
time. Changes in the signal assigned to the aromatic protons
of 4-hydroxymethylpyridine are also observed simultaneously
with the formation of adducts with 5'-GMP. In spite of the reac-
tion time being increased to 72 h, no changes were observed
in the reaction of the complex 2 with 5-GMP. The kinetic inert-
ness of the Pt¥ compounds is well-known. It has been postu-
lated that platinum(v) compounds act as prodrugs and that
their reduction to Pt" inside the organisms is the trigger to ac-
tivate them as antitumor agents.*®? So, experiments to verify
this were planned. The addition of several reducing agents,
present in the cell as ascorbic acid, methionine, or glutathione
(Scheme 2), to the Pt" complex was performed. The spectral
changes observed over the course of the PtV complex-5-GMP
reaction are shown in Figure 3.

In the presence of ascorbic acid (ascorbate at pH 7) and glu-
tathione, the Pt compound becomes reactive against 5-GMP.
These species reduce the trans-[PtCI,NH;(4-hydroxymethyl-
pyridine)] compound to the corresponding analogue trans-
[PtCI,NH;(4-hydroxymethylpyridine)], which reacts with 5-GMP,
as was tested before. The presence of both the monofunction-
al and bifunctional adducts was verified. Nevertheless, the rate
of formation of the adducts was slower than that of the Pt"
complex.

It is known that concentrations of glutathione higher than
those stoichiometrically required to reduce platinum(v) can de-
activate the corresponding platinum(i) compound by coordina-
tion of the thiol groups to the metal ions.

The first step in the reaction is the reduction of Pt" to Pt" by
the glutathione, followed by the coordination of the excess of
glutathione to Pt"; this causes partial inactivation and only
monofunctional adducts with 5-GMP are formed. (Further in-
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Figure 2. '"H NMR spectra, registered in D,0, of the interaction of compounds 1 (A) and 2 (B) with 5'-GMP. New d ith |
signals appear, in the case of the complex 1, at about 8.7 ppm; this suggests an interaction at the N7 position. compounds wit planar
amines,"""*? could be also ef-

The lack of new signals for H8 in complex 2 suggests the inability of 2 to interact by itself with 5'-GMP.

A) HO B)  \uo
0.0 OH /Q/\
. ‘00C SMe
HO  OH
C) 0 H NH,
Hooc” N \'(\)\COOH
H o)
Hs

Scheme 2. Reducing agents used in the experiment. A) ascorbic acid, B) me-
thionine and C) glutathione.

formation from this study is given in Figures S2-S4 in the Sup-
porting Information.)

Biological studies

The key role of DNA in cell replication is to convert this bio-
molecule in the target of the majority of anticancer drugs.
Three different techniques have been used to measure the
changes in DNA structure induced by compounds 1 and 2: cir-
cular dichroism (CD), atomic force microscopy (AFM), and elec-
trophoretic mobility in agarose gel.

CD studies

The modifications caused in the molar ellipticity of calf thymus
DNA by 4-hydroxymethylpyridine, compounds 1 and 2, and
the products of reduction by the above-mentioned reducing
agents of 2, are summarized in Table 4. The ligand, compound
2, and its reduction product by methionine do not produce
significant changes. Therefore, they do not modify the secon-
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fective in this case.

In conclusion, CD results show
that complex 2 does not change the secondary structure of
the DNA. The methionine does not seem to reduce 2, and,
consequently, the behavior of 2 in the presence of methionine
is the same as in its absence. Finally, in the presence of ascor-
bic acid and glutathione, the product of reduction of 2 modi-
fies the secondary structure of the DNA.

Electrophoretic mobility

In Figure 4, the electrophoretic mobility patterns of native
DNA pBR322, DNA+1, DNA+2, and DNA+2 in the presence of
reducing agents are shown.

Complex 2 slightly modifies the electrophoretic mobility of
both open circular (OC) and covalently closed circular (CCC)
forms of the plasmid DNA pBR322. However, complex 1 signifi-
cantly modifies electrophoretic mobility: a coalescence of the
two forms OC and CCC can be observed. Compound 2 produ-
ces a similar effect in the presence of ascorbic acid and gluta-
thione in equimolar ratios. However, an excess of glutathione
(lane 7) does not produce a similar delay, and a new pattern
appears, probably due to the formation of a new complex of
Pt" in which the thiol groups are bound to the metal ions. The
addition of methionine does not significantly alter the activity
of complex 2, since electrophoretic mobility is not substantially
modified. In conclusion, the changes observed in electropho-
retic mobility indicate modifications in the tertiary structure of
the DNA molecule.

Tapping-mode atomic force microscopy (TMAFM)

AFM images of pBR322 DNA, DNA incubated with cisplatin,
DNA incubated with 1 and with 2 are shown in Figure 5.
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Figure 3. 'H NMR spectra, registered in D,0, for the reaction of the compound 2 with 5-GMP in the presence of A) ascorbic acid, B) methionine, and C) gluta-
thione. Complex 2 is activated by reduction to the Pt" analogue by ascorbic acid and glutathione, and this Pt" analogue is able to interact with 5-GMP.

Table 4. Values of ellipticity for DNA-4-hydroxymethylpyridine, DNA-1 and DNA-2 adducts. The effect of reducing agents on DNA-2 is also shown.
Compound r O™ I O™ Aonin®
DNA 3696 274.2 —4921 246.4
DNA + 4-hydroxymethylpyridine 0.1 3698 274 —4915 246.2
0.3 3685 274.2 —4928 246.2
0.5 3690 274 —4920 246.6
DNA + trans-[PtCl,NH;(4-hydroxymethylpyridine)] 0.1 3611 276.4 —5285 2438
0.3 2851 278.2 —4592 246.4
0.5 2825 278 —4078 247.2
DNA + trans-[PtCl,NH;(4-hydroxymethylpyridine)] 0.1 3917 276.6 —4953 246.2
0.3 3872 276 —5598 243.6
0.5 3648 277.2 —4979 2448
DNA + trans-[PtCl,NH;(4-hydroxymethylpyridine)] + ascorbic acid 0.1 3182 275 —4856 244.8
0.3 2779 280.2 —5438 246.2
0.5 2591 278.6 —4932 245.8
DNA + trans-[PtCl,NH;(4-hydroxymethylpyridine)] + methionine 0.1 3754 275.8 —5059 245.8
0.3 3141 271.2 —5257 246
0.5 3681 2794 —5330 244.6
DNA + trans-[PtCI,;NH;(4-hydroxymethylpyridine)] + glutathione 1:1 0.1 3560 274.6 —5023 244.6
03 2989 278 —4963 245.6
0.5 2950 278.2 —4920 244.2
DNA + trans-[PtCl,NH;(4-hydroxymethylpyridine)] + glutathione in excess 0.1 3762 275.6 —5012 244.8
0.3 3658 276.4 —4986 245.6
0.5 3720 275.2 —5023 244

The AFM images show morphological changes in the forms
of the plasmid DNA. Cisplatin produces supercoiling and mi-
crofolds in DNA®" The effect caused by complex 1 is very
strong and not only supercoiling but also kinks can be ob-
served. In addition, due to its trans geometry, the metal ion
binds to different DNA strands and association between chains
can also be detected.””*” The effect caused by compound 2 is
not as dramatic as that produced by 1. The CD and electro-
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phoretic mobility results have shown that this complex does
not modify the secondary and tertiary structures of pBR322
DNA. The AFM images agree with these results, because mor-
phological changes are not detected.

The addition of methionine to complex 2 (Figure 6B) did
not significantly modify the AFM image of pBR322 treated
with complex 2 (Figure 5D). However, the addition of ascorbic
acid or glutathione to compound 2 was able to activate this
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Figure 4. Agarose gel electrophoretic mobility of DNA pBR322 (lane 1) and
DNA treated with cisplatin (lane 2), compound 2 (lane 3), compound 1
(lane 4), compound 2 plus ascorbic acid (lane 5), compound 2 plus methio-
nine (lane 6), compound 2 plus excess glutathione (lane 7), and with com-
pound 2 plus glutathione (lane 8).

Figure 5. TMAFM images of A) pBR322 DNA, B) DNA with cisplatin, C) DNA with compound 1, and D) DNA with
compound 2. Complex 1 significantly alters the morphology of DNA pBR322, in contrast to complex 2.

metal complex by reducing it to the Pt' analogue. Several
types of coiling in the forms can be observed; this is in agree-
ment with the result of electrophoretic mobility. The images
obtained for these cases are shown in Figure 6 A and C. These
images are comparable with that corresponding to complex 1
(Figure 5Q).

ChemBioChem 2005, 6, 2068 - 2077
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Cytotoxicity of the platinum complexes against HL-60 cells

The effect of the platinum complexes on human leukemia
cancer cells (HL-60) was examined by using the MTT assay, a
colorimetric determination of cell viability during in vitro treat-
ment with a drug. The assay, developed as an initial stage in
drug screening, measures the amount of MTT reduction by mi-
tochondrial dehydrogenase and assumes that cell viability (cor-
responding to the reductive activity) is proportional to the pro-
duction of purple formazan that is measured spectrophoto-
metrically. A low IC;, value implies cytotoxicity or antiprolifera-
tion at low drug concentrations.

The compounds tested in this experiment were cisplatin and
the two trans platinum com-
plexes 1 and 2. Cells were ex-
posed to each compound con-
tinuously for a 24h or a 72h
period and then assayed for
growth by using the MTT end-
point. Figure 7 shows the dose-
response curves of these drugs
in terms of the drug effect on
the growth of HL-60 cells. The
ICs, values of 1, 2, and cisplatin
for the inhibition of growth of
HL-60 cells are shown in Table 5.

The ICs, value of cisplatin for
growth inhibition of HL-60 cells
for 24 h exposition was 15.61+
247 pm, which is approximately
4.5-fold greater than that of 1
and very similar to that of 2. The
cytotoxicities of the Pt com-
plexes were also determined
after 72 h. As shown in Table 5, 1
exhibits cytotoxicity comparable
to that of cisplatin, and it is ap-
proximately 3.5-fold more toxic
than compound 2.

After a shorter time, complex
2 has the same cytotoxic activity
as cisplatin, but complex 1 still
showed strong activity against
HL-60. After 72 h, complex 1 and
cisplatin have similar activities
that are stronger than that of 2.
In fact, complexes 1 and 2 do
not modify their activities signifi-
cantly, even when the the time of treatment is increased: only
cisplatin changes its activity (Figure 7).

5.0 nm

2.5nm

0.0 nm

Quantification of apoptosis by annexin V binding and flow
cytometry

We also analyzed with annexin V-propidium iodide flow cy-
tometry whether compounds 1 and 2 are capable of inducing
apoptosis in HL-60 cells after 24 h of incubation at equitoxic
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Figure 6. TMAFM images of DNA with compound 2 and A) ascorbic acid, B) methionine, C) glutathione. The addi-
tion of ascorbic acid or glutathione to complex 2 activates the Pt" complex by reducing it, and visual morphologi-
cal changes are clearly observed. Methionine does not alter the activity of complex 2.

Table 5. IC,, values of 1, 2, and cisplatin against various HL-60 cells. The
ICs, value of complex 1 is about fourfold less than those of complex 2
and cisplatin after 24 h of incubation; this suggests that trans-Pt" is the
most active. After 72 h of interaction, cisplatin and complex 1 have about
the same activity.

Complex 1Cso [um] 24 h 1G5 [um] 72 h
1 3.48+0.89 3.35+1.05

2 16.68+1.76 11.69+1.55
cisplatin 15.61+2.47 2.15+0.51

concentrations (ICs, values). AnnexinV binds phosphatidyl
serine residues, which are asymmetrically distributed toward
the inner plasma membrane, but migrate to the outer plasma
membrane during apoptosis.”” The data show that, at concen-
trations equal to the IC;, values, cisplatin induced early apop-
totic cell death in 47.25% and late apoptotic cell death in
4.26% of HL-60 cells. Therefore, at concentrations equal to
their IC;, values, compounds 1 and 2 also induced early apop-
totic cell death in 40% and late apoptotic cell death in 37.5
and 27.5% of the HL-60 cells, respectively, as shown in Table 6
and Figure 8.
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Conclusion

We have synthesized two similar
platinum compounds with differ-
ent oxidation states. The Pt"
compound was shown to be
highly soluble in water and
other common organic and inor-
ganic solvents, while the Pt"
compound is poorly soluble. We
demonstrated by CD, AFM, EF,
and essays against tumor cell
lines that trans-Pt" compounds
can be more active than cispla-
tin. The PtY compound studied
is less active on its own, but can
be easily activated by reduction
with some common reducing
agents in cells, such as ascorbate
or glutathione.

Experimental Section

trans-[PtCI,NH;(4-hydroxymethyl-
pyridine)] (1). Cisplatin (0.15g,
0.5 mmol) was suspended in dis-
tilled H,0 (20 mL), and this suspen-
sion was treated with a slight
excess of 4-hydroxymethylpyridine
(0.112 g, 1.03 mmol). The mixture
was stirred for 5h at 90°C. When
the solution became colorless, con-
centrated HCl (5mL) was added,
and the mixture was stirred for 6 h
at 80°C. The solution turned yellow. Then, it was concentrated to
5mL and cooled in an ice bath until a yellow precipitate formed.
The precipitate was filtered off, washed with cool water, and dried
in air. Yield: 65-70%. Suitable crystals for X-ray study were ob-
tained by crystallization from HCl 0.01n. Elemental analysis calcd
(%) for PtC,H,N,OCl,: C 18.36, N 7.14, H 2.57; found: C 1838, N
6.93, H 2.82.

trans-[PtCl,NH;(4-hydroxymethylpyridine)] (2). Complex 1
(0.078 g, 0.2 mmol) was dissolved in HCl 0.01n (10 mL). The oxida-
tion to the corresponding PtV compound was carried out under a
stream of chlorine gas (generated with concentrated HCl and
MnO,) at RT for 20 min. The yellow precipitate formed was filtered
off, washed with cool water and acetone, and dried in air. Yield:
58 mg (60-65%). Suitable crystals for X-ray study were obtained
from slow evaporation of the solution. Elemental analysis calcd (%)
for PtCH,oN,OCl,: C 15.56, N 6.05, H 2.18; found: C 15.13, N 6.08,
H2.72.

NMR solution studies with 5-GMP. NMR spectra were recorded
on a GEMINI 200 MHz spectrometer. All samples were studied in
D,0 at pH7. Complexes 1 (4mg, 0.01 mmol) and 2 (4 mg,
8.63 umol) were mixed with a slight excess of 5-GMP (9 mg and
8 mg, respectively) in D,O (1 mL) at 37°C.

X-ray diffraction. A prismatic crystal (0.1x0.1x0.2 mm) of complex
1 was selected and mounted on an Enraf-Nonius CAD4 four-circle
diffractometer. Unit-cell parameters were determined from auto-
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Figure 7. The growth inhibitory effect was determined by MTT assay after

A) 24 or B) 72 h of exposure to platinum complexes at various concentra-
tions. The error bars indicate one standard deviation of the averaged cell
percent viability. Complex 1 is rather more active than complex 2 and cispla-
tin after 24 h of incubation. After 72 h of incubation, complex 1 and cisplatin
have about the same activity.

matic centering of 25 reflections (12 <60 <21°) and refined by the
least-squares method. Intensities were collected with graphite
monochromatized Moy, radiation by using the /26 scan tech-
nique. 2883 total reflections were measured in the range 3.29<
6 <29.98, of which 858 were assumed to be observed by applying
the condition /> 20(/). Three reflections were measured every two
hours, as an orientation and intensity control, and no significant in-
tensity decay was observed. Lorentz-polarization but no absorption

corrections were made. A prismatic crystal (0.1x0.1x0.2 mm) of
complex 2 was selected and mounted on a MAA345 diffractometer
with an image plate detector. Unit-cell parameters were deter-
mined from 10200 reflections (3<6<31°) and refined by the
least-squares method. Intensities were collected with graphite
monochromatized Moy, radiation by using the w/26 scan tech-
nique. 9505 total reflections were measured in the range 2.29<
0<31.64, of which 3144 were nonequivalent by symmetry
(Rinlon )=0.042). 2832 reflections were assumed to be observed
by applying the condition /> 2a(l). Lorentz-polarization but no ab-
sorption corrections were made.

The structures were solved by direct methods by using the SHELXS
computer program and refined by the full-matrix, least-squares
method with the SHELX97 computer program by using 2883
and 3144 reflections for 1 and 2, respectively, (very negative
intensities were not assumed).”” The functions minimized were
Sw||F,|>=|F.|*|? here w=[d’(]"", for complex 1 and w=[c’(+
(0.0400P)*40.5360P] " for complex 2, and P=(|F,|*+2 |F.|?/3; f, f
and f” were taken from the International Tables of X-ray Crystallog-
raphy.”? All H atoms were computed and refined by using a riding
model, with an isotropic temperature factor equal to 1.2 times the
equivalent temperature factor of the atoms that are linked. For
complex 1, the final R (on F) factor was 0.046, wR(on |F|?) =0.040,
and goodness of fit=0.742 for all observed reflections. The
number of refined parameters was 118. The maximum shift/esd =
0.00, mean shift/esd =0.00. Maximum and minimum peaks in the
final difference synthesis were 0.763 and —0.612 e A3, respectively.
In the case of complex 2, the final R (on F) factor was 0.023, wR(on
|F|)=0.060, and goodness of fit=1.070 for all observed reflec-
tions. The number of refined parameters was 127. Maximum shift/
esd =0.00, mean shift/esd =0.00. Maximum and minimum peaks in
final difference synthesis were 0.766 and —0.856 e A, respectively.

CCDC 273554 and 273555 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data@request/cif

Formation of drug-DNA complexes. Stock solutions of each com-
pound (1 mgmL™) in Tris—-EDTA were freshly prepared before use.
Drug-DNA-complex formation was accomplished by addition of
calf thymus DNA (CT DNA) to aliquots of each of the compounds
at different concentrations in TE buffer (50 mm NaCl, 10 mm Tris.HCl,
0.1 mm EDTA, pH 7.4). The amount of drug added to the DNA solu-
tion was designated as r; (the input molar ratio of Pt or 4-hydroxy-
methylpyridine to nucleotide). The mixture was incubated at 37°C
for 24 h.

CD spectroscopy. The CD spectra of the DNA complexes (DNA
concentration 20 mgmL™", r,=0.1, 0.3, 0.5) were recorded at room
temperature on a JASCO J720 spectropolarimeter with a 450 W
xenon lamp by using a computer for spectral subtraction and
noise reduction. Each sample was scanned twice over a range of

cisplatin.

Treatment (ICso 24 h [uv]) Vital cells (R1) [%]

Table 6. Quantification of apoptosis after 24 h of exposure to concentrations equal to the ICs, values of 1, 2, and cisplatin against various HL-60 cells. Com-
plex 1 is able to induce approximately 80% apoptotic death at a concentration equal to the ICs, parameter, in contrast to 65% for complex 2 and 50% for

Early apoptotic cells (R2) [%]

Late apoptotic/dead cells (R3) [%] Damaged cells (R4) [%]

control 87.23 573
cisplatin (15.6) 46.81 47.25
1(3.5) 21.64 40.71
2 (16.7) 32.25 40.36

6.07 0.94
4.26 1.67
33.47 4.19
25.88 1.52
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(v/v) heat-inactivated, fetal bovine serum, glutamine

(2mmolL™"), penicillin (100UmL™"), and streptomycin
(100 igmL~"; Gibco BRL, Invitrogen, Netherlands) in a
highly humidified atmosphere of 95% air with 5% CO,
at 37°C.

Cytotoxicity assay. The growth inhibitory effects of plati-
num complexes on the leukemia HL-60 cell line were
measured by using the microculture tetrazolium [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide,
MTT] assay.” Briefly, cells growing in the logarithmic
phase were seeded in 96-well plates (10* cells per well)

104 and then were treated with varying doses of platinum
complexes and the reference drug, cisplatin, at 37°C for
24 or 72 h. Four wells were used for each of the variants
tested. Aliquots of MTT solution (20 pL) were then added

to each well. After 3 h, the color formed was quantified
by a spectrophotometric plate reader (Labsystems iEMS
Reader MF, Somerset, NJ) at 490 nm wavelength. The
percentage cell viability was calculated by dividing the
average absorbance of the cells treated with a platinum
complex by that of the control; ICs, values were ob-
tained by using GraphPad Prism software, version 4.0.

In vitro apoptosis assay. Induction of apoptosis in vitro

by 1 and 2 was determined by a flow cytometric assay
with annexin V-fluorescein isothiocyanate (FITC) by
using an annexin V-FITC apoptosis detection kit
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Figure 8. Quantification of apoptosis after 24 h of exposure to concentrations equal to
the 1Cy, values of the platinum drugs. Representative annexin V/PI fluorescence scatter-
grams showing HL-60 cells. A) Control and treatment with B) cisplatin, C) compound 1,

and D) compound 2.

wavelengths between 220 and 330 nm. The CD spectra drawn are
the mean of three independent scans. The data are expressed as
mean residue molecular ellipticity () in ®cm”dmol™".

Electrophoretic mobility in agarose gel. pBR322 plasmid DNA
(0.25 pguL™") was used for the experiments. Charge maker (4 pL)
was added to aliquots (20 pL) of the DNA complex that had previ-
ously been incubated at 37°C for 24 h. The mixtures were separat-
ed by electrophoresis in agarose gel (1% in Tris-borate-EDTA
buffer) for 5 h at 1.5 Vcm™'. Afterwards, the DNA was dyed with a
solution of ethidium bromide in TBE (0.5 pgmL™") for 20 min. Sam-
ples of DNA and cisplatin-DNA adduct were used as a control. The
experiment was carried out in an ECOGEN horizontal tank connect-
ed to a PHARMACIA GPS 200/400 variable potential power supply.

Atomic force microscopy (TMAFM). pBR322 DNA was heated at
60° for 10 min to obtain the OC form. A stock solution in HEPES
buffer (1 mgmL™") was used. Each sample contained DNA pBR322
(1 pL, 0.25 uguL™") for a final volume of 40 pL. The amount of drug
added was expressed as r, the ratio between the molar concentra-
tion of the drug to the number of base pairs.

Images were obtained with a NANOSCOPE Ill MULTIMODE AFM,
(Digital Instruments Inc., Buffalo, NY) operating in the tapping
mode.

Tumor cell lines and culture conditions. The cell line used in this
experiment was the human acute promyelocytic leukemia cell line
HL-60 (American Type Culture Collection (ATCC)). Cells were rou-
tinely maintained in RPMI-1640 medium supplemented with 10%
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10 (Roche).” Exponentially growing HL-60 cells in 6-well
plates (5x 10° cells per well) were exposed to concentra-
tions equal to the IC;, of the platinum drugs for 24 h.
After the cells had been stained with the annexin V-FITC
and propidium iodide, the amount of apoptotic cells
was analyzed by flow cytometry (FACSCalibur, BD Bio-
sciences, San José, CA).
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Synthesis of N-Heteroaryl Retinals and their
Artificial Bacteriorhodopsins
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Tzvetana Lazarova,” and Esteve Padroés

N-Heteroaryl! retinals derived from indole, 1-indolizine and 3-indo-
lizine (10a-c) have been synthesized after their UV/Vis red-shifted
absorption properties had been predicted by time-dependent
density functional theory (TD-DFT) computations. The three new
analogues form artificial pigments upon recombination with bac-
terioopsin: indolyl retinal 10a undergoes fast and efficient recon-
stitution to form a species with a UV/Vis absorbance maximum

Introduction

Since its discovery in 1971, bacteriorhodopsin (bR), a photore-
ceptor pigment found in the purple membrane of Halobacteri-
um salinarum, has become one of the most extensively studied
proteins, due to its ready availability and its structural similarity
to the vertebrate visual pigment rhodopsin, the best known
member of the seven transmembrane helices G protein-cou-
pled receptor (GPCR) superfamily.) The thermal and photo-
chemical stability of the pigment have, moreover, allowed ma-
terials made of bR to find applications in bioelectronics.”

The light sensor in the bR protein complex is trans-retinal (1)
(Scheme 1), which is covalently bound to the e-amino group of
Lys216 through a protonated Schiff base (PSB) linkage. In addi-
tion to the Schiff base, there is a positive charge located at
Arg82 and counterbalancing negative charges at Asp85 and
Asp212. The quadrupolar structure around the retinal chromo-
phore is further stabilized by the presence of three water mol-
ecules. In the dark-adapted state, the pigment exhibits an ab-
sorption maximum (560 nm) that is red-shifted with respect to
that of the model PSB formed from retinal (1) and butylamine
in ethanol solution (440 nm). This energy difference
(4870 cm™"), termed “opsin shift”, is considered a reflection of
the ligand-protein interactions in the binding site. Upon ab-
sorbing visible light, bR undergoes a photocycle, through a
transient all-trans to 13-cis isomerization of the retinal chromo-
phore, followed by a primary proton transfer from the Schiff
base to Asp85, which in turn triggers a proton-transfer reac-
tion; this results in the net translocation of a proton from the
cytoplasm to the extracellular medium. The electrochemical
potential associated with the transmembrane proton gradient
is used by H. salinarum for ATP synthesis and bacterial surviv-
al®

Approaches based on genetic engineering (site-directed
mutagenesis), on chemical modification of the protein environ-
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[c]

similar to that of wild-type bacteriorhodopsin, whilst the indoli-
zinyl retinals 10b and 10c also reconstitute in significant propor-
tion to give noticeably red-shifted, although unstable, pigments.
Significant changes in the pK, values of these artificial bacterio-
rhodopsins are interpreted as arising from nonoptimal binding-
site occupancy by the chromophore due to steric constraints.

ment, and on replacement of native retinal with synthetic ana-
logues have been used to investigate the stereoelectronic fea-
tures of the bR-binding site.”! Chromophore substitution can
also provide optimized bRs that can be used as photoactive
components in molecular electronic devices. In this context,
chromophores that cause a red shift in the absorption of the
native pigment have proved to be of particular interest, since
materials made from these artificial bRs can potentially be
stimulated with compact, inexpensive semiconductor lasers.””
Despite intense investigation in this area, only a few retinals
forming red-shifted pigments have been identified (Scheme 1,
Table 1). Pigments based on 13-demethyl-13-trifluoromethylre-
tinal (), 14-fluororetinal (3),” guaiazulenyl derivatives (4, 5)
or merocyanine structures (6 and 7"%) are the best known
members of this group. Reasonable explanations for these
large bathochromic shifts have been proposed: i) for guaiazu-
lene and merocyanine derivatives, the stabilization of the cor-
responding PSBs by resonance to form highly stable tropyllium
or cyanine ions, and ii) for fluorinated retinals, the destabiliza-
tion of the ground state PSB due to the proximity of the

[a] Dr. S. Lépez, V. Rodriguez, J. Montenegro, Prof. Dr. C. Sad
Departamento de Quimica Orgdnica, Facultade de Quimica
Universidade de Santiago de Compostela
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some red-shifted artificial analogues.
R
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absorption properties relative to native retinal (1).
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N (CH3),N The use of time-dependent density functional theory

|
CHj

Scheme 1. Retinal (1) and some red-shifted analogues (2-9).

highly electron-withdrawing substituent to the positively
charged nitrogen.®'?

In the case of the aryl polyenals,"” in which the trimethylcy-
clohexenyl ring has been replaced by phenyl, naphthyl, anthryl,
fluorenyl or pyrenyl systems, only derivatives containing dime-
thylamino groups in conjugation with the polyenic chain have
provided red-shifted pigments. Sheves and co-workers have re-
ported a group of 4-dimethylaminophenyl retinoids, with the
shorter chain analogues 8 and 9 exhibiting the longest wave-
lengths in the series.'”

Prompted by these precedents, we wondered what the
combined effect of two of these structural modifications—the
presence of an electron-donating N atom in conjugation as
part of the aryl ring—might be on the absorption properties
of retinals and the artificial pigments formed from them. Sur-
prisingly, N-heteroaryl retinals have not been described to
date, despite the fact that the conjugation of the ring hetero-
atom with the polyenal PSB (as isolated species in solution or
as components of artificial bRs), should display contributing
resonance forms reminiscent of those of the cyanine dyes.
Therefore, these heteroaromatic analogues could potentially
afford red-shifted pigments upon incubation with bacterioop-
sin.

In continuation of our studies on the chemistry and biology
of synthetic retinals,"®" we report here the synthesis of three
trienals containing indole (10a), 1-indolizine (10b) and 3-indol-
izine (10¢) as N-heteroaryl rings (Scheme 2), together with the
preparation of their corresponding artificial bRs.

Results and Discussion
1. UV/Vis spectra simulation—DFT calculations

Prior to synthesis, the anticipated red-shifted natures of these
new retinal analogues were verified by computation of their
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(TD-DFT) for the study of electronic spectra in organ-

ic dyes has proved accurate in several recent publica-

tions." A systematic benchmark of this methodolo-

gy, together with semiempirical (ZINDO/S and Paris-

er—Parr-Pople) and experimentally determined

values, has also recently been published, and showed

good agreement between DFT and experimental results."”

Moreover, TD-DFT calculations have proved reliable for model-

ling of the UV/Vis spectra of trans-retinal (1) and related poly-

enals, including some of the red-shifted analogues depicted in
Scheme 1.9

Table 2 lists the computed (see Experimental Section) values

for the absorption maxima of analogues 10a-c."”"'® As expect-

ed, strongly red-shifted absorbance maxima were predicted for

Table 2. Computed and experimentally determined values [nm] for the
UV/Vis spectra of the new N-heteroaryl analogues 10a-c. Time-depen-
dent DFT vertical excitation wavelengths were calculated at the B3P86/6-
314+G(d,p)//B3LYP/6-31+G(d) level; oscillator strengths are shown in
parentheses. HOMO-LUMO gaps obtained at the same level of theory are
also provided, together with the experimentally observed UV/Vis 1.,
values.

Compound TD-DFT HOMO-LUMO gap Experimental
10a 421 (1.26) 418 420
10b 438 (1.36) 436 460
10c 458 (1.32) 462 472

the heteroaryl retinals 10a-c, especially in the case of the 3-in-
dolizine-based analogue 10¢, which showed a shift of nearly
100 nm with respect to native retinal (1). For comparison,
wavelengths derived from the HOMO-LUMO energy gap in
the ground state were also calculated. These values are com-
parable to those obtained by time-dependent DFT; this indi-
cates that the HOMOs and the LUMOs are the main orbitals
compromized in the excitation process.

Although the absorption properties of the chromophores
are known to be modulated by the protein-binding pocket,
the computed red-shifted natures of 10a-c appeared to repre-
sent a promising starting point for development, and so their
syntheses were undertaken.
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a-c: quantitative
(only E isomers after crystallization)

Scheme 2. Synthesis of the new N-heteroaryl retinals (10a-c).

2. Synthesis of N-heteroaryl retinal analogues 10a-c

The new retinals were prepared by consecutive C-2 and C-5
chain-extension reactions, starting from the corresponding het-
eroaromatic aldehydes,” by use of methods well established
in retinoid synthesis (Scheme 2).”" Compounds 11a-c were
stereoselectively converted into the vinylogous aldehydes
13a-c in high yields through conventional Horner-Wads-
worth-Emmons (HWE) reactions with diethyl (cyanomethyl)-
phosphonate (16; NaH, THF, 23°C) and reduction of the nitrile
group with DIBAL-H. The subsequent C-5 elongation process
was carried out by treating aldehydes 13a-c with ethyl (E)-4-
diethoxyphosphonyl-3-methylcrotonate (17; nBuLi, DMPU, THF,
—78 to 23°C) to provide esters 14a-c in good yields and with
good stereoselectivities. DIBAL-H reduction afforded the allylic
alcohols 15a-c, which were oxidized (TPAP, NMO, CH,Cl,, 4 A
molecular sieves) to furnish the desired retinals 10a-c in virtu-
ally quantitative yields. Purification by column chromatogra-
phy, followed by repeated crystallization (hexane/EtOAc), deliv-
ered orange solids 10a-c as homogeneous all-trans isomers,
as confirmed by 'H and "*C NMR spectroscopy.

The experimentally observed UV/Vis absorption maxima for
the three new retinals were in good agreement (+25 nm) with
the previously computed (TD-DFT) values (Table 2), thus sub-
stantiating the reliability of the calculations for the prediction
of the maximum absorbances of designed chromophores. Ad-
ditional bands corresponding to aryl electronic transitions
were present at shorter wavelengths.
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3. Preparation and photochemical properties of the Schiff
bases and protonated Schiff bases

Since the chromophore in bR is bound to the protein through
a protonated Schiff base, the UV/visible absorption spectra of
the model Schiff bases (and their protonated forms) formed by
treatment of the synthetic retinals with n-butylamine in metha-
nol were recorded.!**%?

The values of the absorption maxima for the Schiff bases
(SB-10a-c) and for the protonated Schiff bases (PSB-10a—c) of
heteroaryl retinals 10a-c in methanol are summarized in
Table 3. Values for trans-retinal (1) are also included as refer-
ence.

Similarly to those of trans-retinal N-butylimine, the absorp-
tion maxima of the SBs derived from the new polyenals
appear blue-shifted, with values ranging from about 30 nm for
the N-butylimine of 10a to about 50 nm for the SB analogue
derived from 10c.

Interestingly, protonation of these model SBs afforded spe-
cies displaying UV/Vis absorption maxima (510, 574 and
610 nm, respectively) that were strongly red-shifted with re-
spect to the model PSB made from native retinal (1; 440 nm).
The remarkable bathochromic shifts in these N-heteroaryl reti-
nal analogues were interpreted as a result of extended delocal-
ization caused by resonance of the nitrogen electron pair with
the conjugated system to form cyanine-like structures.

ChemBioChem 2005, 6, 2078 - 2087
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Table 3. N-heteroaryl retinals 10a-c and their artificial bacteriorhodopsins.

Compound Retinal® SB PSB! Pigments (bR)® 6,9 g os® PRS"
1 381 (48000) 360 440 560 5.8 41870 4870 31.9
10a 420 (17270) 390 510 558, 582 223 39760 2426 27.8
10b 460 (5330) 428 574 545, 693 61.2 18800 2992 336
10c 472 (8160) 424 610 552, 571,725 326 21690 2600 34.9

[a] UV/NVis A, [nm] values for synthetic retinals 10a—c (extinction coefficients in parentheses), their N-butyl Schiff Bases (SBs) and protonated Schiff bases
(PSBs) in methanol. [b] UV/Vis 4, [nm] values for bR pigments bR-10a-c from bleached purple membranes of Halobacterium salinarum (strain S-9) taken
in the dark-adapted state. [c] Half-lives for maximum reconstitution of the pigments [min]. [d] Extinction coefficients of the reconstituted pigments
[m~'em™'"]. [e] Opsin shift, OS =[1/2,,PSB—1/A,xbRI1x 10”7 [cm~"]. [f] Percent red-shift, PRS =[1/4,,,,RETINAL—1/4,,,,bR1/[1/A..,,RETINAL] x 10? [%]. For refer-
ence, reported data for native chromophore all-trans-retinal (1) and pigment bR-1 are also shown (Ref. [23]).

4. Preparation and properties of the artificial pigments

4.1. Incubation of the synthetic retinals 10a-c with bacterio-
opsin:??Y Table 3 lists the rates of pigment formation with
bacterioopsin determined from plots of the increases in ab-
sorbance at fixed wavelength—A4,,,,—against incubation time
for compounds 10a-c. All three heteroaryl retinals reacted rap-
idly (within minutes) with bOP although with slower rates than
all-trans-retinal; this might be due to nonoptimal retinal-pro-
tein interaction caused by the bulk and orientation of the ana-
logues in the binding pocket.

4.2. Absorption spectra of the pigments: Pigments derived from
the indolyl retinal 10a and the indolizinyl analogues 10b and
10c exhibit two or three absorption maxima at neutral pH
(Figure 1). In the case of 10a the two absorption maxima at
around 558 and 582 nm overlap, resulting in a broad band
centred at around 565 nm, similar to what is seen with bOP re-
constituted with all-trans retinal (Table 3). For 10b and 10c¢, in
addition to the main absorptions at 545 and 552/571 (overlap-
ped), respectively, highly red-shifted bands (centred at 693 nm
for 10b and at 725 nm for 10¢c) were also observed.

084 f —— Native bR|
i bR 10a
i --=- bR 10b
Y bR 10c
064 |

b
P

T T
500 G600
Afnm

T T
300 400

Figure 1. UV/Vis absorption spectra of dark-adapted bR pigments obtained
by reconstitution of bOP with trans-retinal (native bR) and N-heteroaryl reti-
nals (bR-10a-c) at neutral pH. An analogue/protein molar ratio of 1.5:1 was
used for reconstitution. The band centred at about 370 nm contains contri-
butions both from retinaloxime and from the retinal analogues present in
excess.
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Since titrations of the model SBs derived from 10 with 10°m
HCl in MeOH (up to 6 mol equiv) each showed clear conver-
sion of the corresponding SB maximum into a single PSB band
(data not shown), it was inferred that only one protonated spe-
cies was present in solution for each of the model PSBs. There-
fore, the additional absorption maxima exhibited by the artifi-
cial bRs generated from 10a-c were considered to result from
specific ligand—protein interactions.

To provide further insight into the natures of the reconstitut-
ed pigments, their UV/visible spectra were recorded at several
pH values (Figure 2 A-C). The absorption maxima of the recon-
stituted pigments, unlike those of retinal-reconstituted bR,
which shows a stable absorption maximum over a wide pH
range, show a strong and complex dependence on pH. At
acidic pH values, 10a shows a main band at 616 nm, with a
minor species absorbing around 592 nm. For 10b and 10c¢, the
red-shifted species already present at neutral pH are more
prominent, with maxima at about 693 and 725 nm, respective-
ly. Minor species absorbing at about 620 and 650 are apparent
for 10b and 10c, respectively. With an increase in pH, there is
a shift to the blue for 10a, whereas 10b and 10c¢ behave dif-
ferently: the most strongly red-shifted band shifts further to
the red, and the originally minor band increases in intensity
and shifts to the blue. At alkaline pH values, the bands are lo-
cated at about 500 nm for 10a, 515-520 nm (broad band) for
10b and 552 nm for 10c¢. Therefore, several species are pres-
ent for these pigments, depending on pH.

At alkaline pH, it is significant that these maxima in all cases
appear at shorter wavelengths than their counterparts for the
model PSB in solution (see Table 3). These bands therefore rep-
resent unprotonated Schiff bases and can be used to obtain
the apparent pK, values of the SBs in the artificial pigments.
pK, values of about 7-8 (cf. 13.3 for native bR)"* were deter-
mined from the plots of absorbance at 1,,,, versus pH upon ti-
tration of the alkaline form (not shown). This is in keeping with
results previously found by Rousso et al. concerning substan-
tial changes in the pK, values of the SBs arising from structural
constraints on the synthetic retinals in the binding pocket.*

Likewise, significant changes in the apparent pK, of Asp85
(values between pH 5 and 7; cf. 2.6 for native bR™*) were ob-
tained after plotting of the absorbance at 4,,,, of the acid form
against pH for the pigments containing heteroaryl retinal ana-
logues.

2081

www.chembiochem.org



www.chembiochem.org



A) 04 -

0.3 4

T 02
A

0.1

0.0

T T ] T Ll
450 600 650 700 750 800

Alnm —

T T
500 550

B) 0.3-

0.2 £

A
0.1 4
OO T T T T T T 1
450 500 550 600 650 700 750 800
Alnm —
C) 034

0.2 ™

0.1 4

0.0

T T T T T 1
550 600 650 700 750 800

Alnm —

450 500

S. Lopez et al.

0.1

0.0

-0.1 4
AA
-0.2
v T v -~ g .
450 500 550 600 650 700 750 800
Alnm ——
0.08 « 1
0.00 4= 7
T~
N
I:I. \ s’
AA -0.08 (\\ N
Ii \‘ R
N
N
-0.16 1
Al v v Al v LA »
450 500 550 600 650 700 750 800
Alnm —
01 4 1
., ____
S~ ~
e ——
'_/.-:—.___“\:
0.0 +— —
7 W
LR
l._\}.\
\
AA \.“. .
0.1 4 WO\
0.2 4
v T v T
450 500 550 600 650 700 750 800

Alnm ——

Figure 2. Left: absorption spectra of A) bR-10a, B) bR-10b and C) bR-10c recorded at different pH values (1: pH 3.0; 2: pH 4.0; 3: pH 5.0; 4: pH 6.5; 5: pH 7.5;
6: pH 8.5; 7: pH 9.5; 8: pH 10.5). Right: the difference spectra of the pigments at pH 10.5 (8) minus those obtained at pH values from 9.5 (7) to 3.0 (1).

Taken together, the different detected forms demonstrate
the strong influence on the chromophore absorption band of
the protonation states of the Schiff base, Asp85 and possibly
other groups (Asp212 and Arg82 are likely candidates) capable
of switching between protonated/deprotonated states. We sur-
mise that protein conformational changes induced by the ana-
logues alter the pK, values of these amino acids, which revert
to some extent to their normal values in a water environment.
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4.3. Opsin shift (OS) and percent red shift (PRS): The opsin shift
is a measure of chromophore-protein interactions in the bind-
ing site. OS values for bR-10a, bR-10b and bR-10c¢ were nota-
ble (2426, 2992 and 2600 cm™', respectively Table 3), showing
a significant influence of the protein environment on the ab-
sorption maxima of these pigments.

Percent red-shift (PRS) has recently been introduced as a
new estimate of the extent of charge delocalization in chromo-

ChemBioChem 2005, 6, 2078 - 2087
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phores.?”” A PRS threshold of approximately 34% is strongly

suggestive of the participation of a highly charge-delocalized
cation. PRS values for native bR and bR-10a-c were 31.9%,
27.8%, 33.6% and 34.9%, respectively (Table 3). The PRS value
for the pigment based on 10a (lower than native bR) might in-
dicate that charge delocalization through the indolyl ring is
prevented in the protein binding pocket. In contrast, the high
PRS values for the indolinizyl pigments bR-10 b-c indicate their
strongly delocalized natures.

4.4. Specificity and stability of the new bR analogues: Several ap-
proaches were followed to check whether the retinal ana-
logues 10a-c occupy the retinal binding site with involvement
of a covalent bond. Additions of aldehydes 10a-c to native bR
suspensions did not result in the appearance of new absorp-
tion bands, indicating that the absorption maxima of the pig-
ments between 500 and 725 nm correspond to true pigments
and, therefore, that analogues 10a-c do not occupy alterna-
tive unspecific binding regions of the protein.

To confirm that reconstitution gives rise to a covalent link-
age between the retinal analogues and the protein, the pig-
ment suspensions were treated with sodium borohydride
under illumination at alkaline pH.”® In all three pigments, this
reaction causes the disappearance of their absorption maxima
and their replacement by bands centred at about 350-360 nm,
indicative of reduced SB forms. To ascertain the native binding
site occupancy further, the reduced pigments were washed
several times with water, all-trans retinal (1) was added, and
samples were incubated for 24 h. No maxima in the 500-
600 nm region were detected, as would have been the case if
retinal analogues were bound to amino acids other than
Lys216 of the binding pocket.

To verify the stability of the pigments, all-trans retinal was
added to the new artificial pigments bR-10a-c. Slow replace-
ment of the N-heteroaryl chromophores was observed for ana-
logues 10b and 10c, in an exchange process requiring 48 h
for completion. The indolyl analogue 10a, however, appears to
be more stable, since it persistently exhibited the characteristic
broad band of the artificial pigment even after several days of
competition experiments.

As a final test of pigment stability, they were treated with
hydroxylamine in the dark. Unlike native bR, which is stable for
several weeks in its presence, none of the N-heteroaryl bR ana-
logues was stable towards treatment with 1m NH,OH. Notice-
able differences in relative rates of pigment bleaching were
observed, however, correlating well with their relative stabili-
ties towards displacement from the binding pocket by retinal.
Thus, the pigments derived from 10b and 10c were hydro-
lyzed in less than one hour in the dark with a dilute (40 mwm)
NH,OH solution, whereas about two days were required to
hydrolyse the 10a analogue completely.

These results indicate that, although each of these N-hetero-
aryl retinal analogues occupies the retinal binding pocket and
forms a Schiff base with Lys216, the stabilities of the artificial
pigments are reduced relative to native bR, most probably due
to suboptimal orientation of their ring fragments (see struc-
tures in Scheme 2 relative to native trans-retinal in Scheme 1),
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which prevent the formation of the native compact structure
of the protein through steric interactions.

Conclusion

Three new retinal analogues with indole (10a), 1-indolizine
(10b) and 3-indolizine (10c) rings at the trienal w-position
have been designed after structural considerations supported
by TD-DFT computations of their absorption properties. The
synthesis of these heteroaryl trienals was based on consecutive
HWE condensations and adjustment of the oxidation states of
the functional groups. The three heteroaryl retinals each bind
to the apoprotein bOP through a covalent linkage and, al-
though less stable than wild-type bR, appear to occupy the
same binding site as native retinal. Indolyl retinal 10a showed
the fastest and most efficient reconstitution of the series, also
affording the most stable pigment, with an absorption maxi-
mum similar to that of bR. The noticeably red-shifted indolizin-
yl derivatives bR-10b and bR-10c are less stable, however, as
shown by competition experiments with the native chromo-
phore and by treatment with hydroxylamine in the dark.

Titration experiments of these new artificial bRs reveal alter-
ations in the pK, values of Asp85, the Schiff base and possibly
other amino acids. These alterations can be attributed to con-
formational changes due to nonoptimal occupancy of the
native hydrophobic pocket by the heteroaryl ring. In particular,
disruption of the water-bridged interactions between the SB
and its Asp85 counterion could explain the changes in the pK,
values of these artificial pigments.”®

Experimental Section

Computational methods: The structures of N-heteroaromatic reti-
nals 10a-c (Scheme 2) were optimized by use of Density Function-
al Theory with the three-parameter exchange functional of
Becke"” in conjunction with the gradient-corrected correlation
functional of Lee, Yang and Parr.'"® Geometry optimizations were
performed with the 6-314G(d) basis set. Optimized ground state
geometries were employed throughout all the excited state calcu-
lations. Vertical excitation energies and oscillator strengths were
calculated by use of the time-dependent implementation of Densi-
ty Functional Theory (TD-DFT). For these single-point calculations
the three-parameter exchange functional of Becke was used in
combination with the nonlocal correlation expression provided by
the Perdew 86 functional (P86)." As one of the general difficulties
in the computation of excited states stems from the sparse natures
of their electron densities, the more extended 6-31+4G(d,p)
basis set was used to compute them.

General experimental procedures: Solvents were dried by pub-
lished methods and were distilled before use.” All other reagents
were commercially available compounds of the highest purity
available. Reactions were carried out under argon with magnetic
stirring. Analytical thin-layer chromatography (TLC) was performed
on Merck silica gel (60 F-254) plates (0.25 mm) precoated with a
fluorescent indicator. Flash column chromatography was per-
formed on silica gel (230-400 mesh; flash) from Merck. Proton and
carbon NMR were recorded on Bruker WM-250 (250 or 63 MHz, re-
spectively) or Bruker AMX-300 (300 or 75 MHz, respectively) Fourier
transform spectrometers, with CDCl; as solvent. Chemical shifts ()
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are expressed in parts per million relative to tetramethylsilane as
internal reference. *C multiplicities were assigned with the aid of
the DEPT pulse sequence. Infrared spectra were obtained on a
Bruker IFS-66 V FTIR spectrophotometer; absorptions are recorded
in wavenumbers (cm™~'). UV/Vis spectra were recorded on a Varian
Cary 100 Bio spectrophotometer with MeOH as solvent; absorption
maxima are reported in nm. Low-resolution mass spectra were
taken on an HP59970-GC/MS instrument operating at 70 eV. High-
resolution mass spectra were taken on a Micromass Autospec in-
strument. Elemental analyses were obtained on a Thermo Finnigan
Flash-1112 instrument. Melting points (mp) were taken on a Kofler
apparatus and are uncorrected.

Synthesis

(E)-3-(1-Methyl-1H-indol-3-yl)acrylonitrile (12a)—General Proce-
dure for HWE reactions of aldehydes 11a-c with diethyl (cyano-
methyl)phosphonate (16): NaH (0.05g, 60% in mineral oil,
1.25 mmol) was washed three times with dry ether and suspended
in dry THF (2mL). A solution of phosphonate 16 (0.22g,
1.25 mmol) in THF (2 mL) was added dropwise and the mixture
was stirred for 1 h at room temperature. After the mixture had
been cooled to 0°C, a solution of 1-methyl-1H-indole-3-carbalde-
hyde (11a; 0.10 g, 0.63 mmol) in dry THF was added dropwise and
the reaction mixture was warmed to room temperature over 2 h.
After completion of the reaction, H,0O (3 mL) was carefully added
at 0°C. The two layers were separated and the aqueous layer was
extracted with ether (3x 10 mL). The combined organic layers were
washed with water and brine and dried over Na,SO,. After evapo-
ration of the solvents, the residue was purified by flash chromatog-
raphy (SiO,, hexane/EtOAc 70:30) and crystallized to afford 12a
(0.10g, 88%) as a pale yellow solid (mp: 100-102°C, hexane/
EtOAc). "H NMR (300 MHz, CDCl,): 6=3.69 (s, 3H; N—Me), 5.57 (d,
J=16.5Hz, 1H), 7.15 (s, 1H), 7.2-7.3 (m, 3H), 7.38 (d, J/=16.5 Hz,
1H), 7.63 ppm (d, J=7.7 Hz, 1H); *C NMR (75 MHz, CDCl,): 6 =33.7
(CH,;), 89.7 (CH), 110.7 (CH), 112.2 (C), 120.5 (CH), 120.6 (C), 122.2
(CH), 123.8 (CH), 125.8 (C), 133.5 (CH), 138.5 (C), 143.9 ppm (CH); IR
(Csl): #=2200 cm™" (s, CN); UV (MeOH): A,,,=272, 328 nm; MS (EI*+
): m/z (%): 182 [M]* (100), 181 (30), 140 (18); elemental analysis
calcd (%) for Ci,HqN,: C 79.10, N 15.37, H 5.53; found C 79.04, N
15.22, H 5.53.

(E)-3-(Indolizin-1-yl)acrylonitrile (12b): Indolizine-1-carbaldehyde
(11 b;% 0.40 g) was converted into nitrile 12b (0.46 g of a 9:1 £/Z
mixture, as shown by 'HNMR, 92%) as described above in the
General Procedure. Crystallization (hexane/EtOAc) afforded 12b as
a single E isomer (yellow solid, mp: 136-138°C). '"H NMR (250 MHz,
CDCl;): 6=5.39 (d, J=16.1 Hz, 1H), 6.57 (t, J=6.8 Hz, 1H), 6.8-6.9
(m, 2H), 7.20 (d, J=3.0 Hz, 1H), 7.43 (d, J=9.0 Hz, 1H), 7.52 (d, J=
16.1 Hz, 1H), 7.86 ppm (d, J=6.8 Hz, 1H); *C NMR (75 MHz, CDCl,):
0=287.2 (CH), 109.8 (C), 111.9 (CH), 112.7 (CH), 116.1 (CH), 117.1
(CH), 121.0 (C), 121.9 (CH), 126.7 (CH), 134.1 (C), 141.9 ppm (CH); IR
(Csl): #=2200cm™" (s, CN); UV (MeOH): A,,.,=240, 348, 370 nm;
MS (EI*): m/z (%): 168 [M]* (100), 167 (35), 141 (18), 114 (7); HRMS
(EI) calcd for C;;HgN,: 168.0687; found 168.0685.

(E)-3-(Indolizin-3-yl)acrylonitrile (12c¢): Indolizine-3-carbaldehyde
(11¢;** 0.50 g) was converted into nitrile 12¢ (0.58 g of a 9:1 E/Z
mixture as shown by 'H NMR, 92%) as described in the General
Procedure above. Crystallization (hexane/EtOAc) afforded 12c as a
single E isomer (yellow solid, mp: 116-118°C). '"H NMR (250 MHz,
CDCl,): 6=5.55 (d, J=16.1 Hz, 1H), 6.56 (d, J=4.4 Hz, TH), 6.75 (t,
J=6.8 Hz, 1H), 6.91 (dd, /=8.7, 6.8 Hz, 1H), 7.19 (d, J=4.4 Hz, 1H),
7.44 (d, J=8.7 Hz, 1H), 7.55 (d, J=16.1 Hz, 1H), 8.08 ppm (d, J=
6.8 Hz, 1H); *CNMR (75 MHz, CDCly): §=87.1 (CH), 103.9 (CH),
113.4 (CH), 116.8 (CH), 120.2 (CH), 120.6 (C), 121.0 (C), 121.1 (CH),
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123.1 (CH), 135.4 (CH), 137.8 ppm (C); IR (Csl): #=2200cm™" (s,
CN); UV (MeOH): 4,.,,=286, 396 nm; MS (EI): m/z (%): 168 [M]*
(100), 167 (67), 142 (20), 141 (21); HRMS (EI*) calcd for CyHgN,,
168.0687; found 168.0686.

(E)-3-(1-Methyl-1H-indol-3-yl)propenal (13 a)—General Procedure
for reduction of nitriles and esters with DIBAL-H: DIBAL-H (1.0m
in cyclohexane, 0.90 mL, 0.90 mmol) was added to a cooled (0°C)
solution of nitrile 12a (0.15 g, 0.82 mmol) in THF (5 mL). After the
mixture had been stirred at 0°C for 3 h, H,0 was added and the
mixture was extracted with Et,0 (5x). The combined organic
layers were washed with a saturated aqueous NaHCO; solution,
H,O and brine, dried (Na,SO,) and evaporated. Purification of the
residue by flash chromatography (SiO,, 70:30 hexane/EtOAc) af-
forded aldehyde 13a (0.12 g, 82%) as a yellow solid (mp: 76-78°C,
hexane/EtOAc). '"H NMR (300 MHz, CDCly): §=3.77 (s, 3H; N—Me),
6.66 (dd, J=15.7, 7.9 Hz, 1H), 7.2-7.3 (m, 3H), 7.37 (s, TH), 7.51 (d,
J=157Hz, 1H), 7.82 (d, J/=7.8Hz, 1H), 9.52 ppm (d, J=7.9 Hz,
1H); C NMR (75 MHz, CDCl,): 5 =33.8 (CH,), 110.6 (CH), 112.8 (C),
120.9 (CH), 122.3 (CH), 123.8 (CH), 124.5 (CH), 126.3 (C), 134.6 (CH),
138.7 (C), 146.9 (CH), 194.4 ppm (CH); IR (Csl): #=1600cm™" (s,
CHO); UV (MeOH): A,,.,=274, 356 nm; MS (EI"): m/z (%): 185 [M]*
(100), 184 (32), 156 (35), 131 (87), 115 (28); elemental analysis calcd
(%) for C,;H;NO: C 77.81, N 7.56, H 5.99; found C 77.83, N 7.46, H
5.99.

(E)-3-(Indolizin-1-yl)propenal (13b): Nitrile 12b (1.0 g, 5.95 mmol)
was reduced with DIBAL-H (1.0m in cyclohexane, 8.9 mL, 8.9 mmol)
in THF (20 mL) at —78°C for 3 h by the General Procedure to
afford aldehyde 13b (0.84 g, 82%) as an orange solid (mp: 80-
82°C, hexane/EtOAc). '"H NMR (250 MHz, CDCl,): 6=6.45 (dd, J=
15.3, 8.1 Hz, 1H), 6.63 (t, J=6.8 Hz, TH), 6.9-7.0 (m, 2H), 7.27 (d,
J=29Hz, 1H), 759 (d, J=9.0Hz, 1H), 7.66 (d, J=153 Hz, 1H),
790 (d, /=6.8Hz, 1H), 953 ppm (d, J=8.1Hz, TH); *CNMR
(75 MHz, CDCly): 6=110.5 (C), 113.0 (CH), 113.6 (CH), 116.6 (CH),
117.5 (CH), 122.5 (CH), 122.8 (CH), 127.0 (CH), 135.2 (C), 145.2 (CH),
193.7 ppm (CH); IR (Csl): #=1656, 1629, 1603 cm™' (CHO); UV
(MeOH): A,p =242, 398, 416 nm; MS (EI*): m/z (%): 171 [M]* (5),
117 (100), 58 (51); HRMS (EI*) calcd for C;;H,NO: 171.0684; found
171.0688.

(E)-3-(Indolizin-3-yl)propenal (13 c): Nitrile 12¢ (0.72 g, 4.28 mmol)
was reduced with DIBAL-H (1.0m in cyclohexane, 6.43 mL,
6.43 mmol) in THF (20 mL) at —78°C for 3 h by the General Proce-
dure to afford aldehyde 13b (0.53 g, 72%) as an orange solid (mp:
80-82°C, hexane/EtOAc). 'HNMR (250 MHz, CDCl;): 6=6.51 (dd,
J=153, 78 Hz, 1H), 6.58 (d, J=4.5Hz, 1H), 6.67 (t, J/=6.8 Hz, 1H),
6.95 (dd, J=8.7, 6.8 Hz, 1H), 7.25 (d, J=4.5Hz, 1H), 745 (d, J=
8.7Hz, 1H), 762 (d, J=153Hz 1H), 822 (d, J=6.8Hz, 1H),
9.56 ppm (d, J=7.8Hz, 1H); *CNMR (75 MHz, CDCly): 6=104.7
(CH), 113.6 (CH), 119.3 (CH), 120.2 (CH), 121.3 (CH), 121.8 (CH4C),
123.8 (CH), 137.8 (CH), 139.0 (C), 193.0 ppm (CH); IR (Csl): 7=1656,
1602 cm™' (s, CHO); UV (MeOH): A= 296, 430 nm; MS (EIT): m/z
(%): 171 [MI* (51), 142 (30), 141 (56), 117 (100); HRMS (EI*) calcd
for C,;H,NO, 171.0684; found 171.0692.

Ethyl (2E,4E,6E)-3-methyl-7-(1-methyl-1H-indol-3-yl)hepta-2,4,6-
trienoate (14a)—General procedure for HWE reactions of alde-
hydes 13a-c with ethyl (E)-4-diethoxyphosphonyl-3-methylcro-
tonate (17): DMPU (0.56 mL, 4.64 mmol) was added to a cooled
(0°C) solution of phosphonate 17 (0.61g, 2.32 mmol) in THF
(3 mL), followed by nBuLi (1.6m in hexanes, 1.44 mL, 2.32 mmol).
After stirring for 20 min, the mixture was cooled to —78°C. A solu-
tion of aldehyde 13a (0.28 g, 1.54 mmol) in THF (2 mL) was slowly
added, and the reaction mixture was stirred at —78°C for 3 h and
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then allowed to warm up to 0°C for 18 h. Saturated aqueous
NH,CI solution was added and the reaction mixture was extracted
with Et,0. The combined organic extracts were washed with H,0O
and brine, dried (Na,SO,) and concentrated. Purification of the resi-
due by chromatography (SiO,, 70:28:2 hexane/EtOAc/Et;N) afford-
ed 14a (0.43 g, 96%) as a yellow solid in a 15:1 4E/4Z isomer ratio,
as determined by 'HNMR. Spectroscopic data for the major
(2E,4E,6F) isomer: '"HNMR (300 MHz, CDCl;): 6=1.30 (t, J=7.1 Hz,
3H), 2.37 (s, 3H), 3.79 (s, 3H; N—Me), 4.21 (q, J=7.1 Hz, 2H), 5.78
(s, 1H), 6.32 (d, J=14.4 Hz, 1H), 6.8-7.0 (m, 3H), 7.20 (s, 1H), 7.2-
7.3 (m, 2H), 7.29 (d, J=15.7 Hz, 1H), 7.90 ppm (d, J=7.6 Hz, TH);
3CNMR (75 MHz, CDCl,): 0 =14.2 (CH,), 14.8 (CH,), 33.4 (CH,), 60.0
(CH,), 110.1 (CH), 114.4 (C), 118.0 (CH), 120.6 (CH), 120.8 (CH), 122.9
(CH), 125.2 (CH), 126.4 (C), 129.5 (CH), 129.8 (CH), 133.0 (CH), 136.9
(CH), 138.2 (Q), 1534 (C), 167.8 ppm (Q; IR (Csl): #=1702cm™
(CO,Et); MS (EIT): m/z (%): 295 [M]t (27), 222 (100), 207 (37), 144
(34) HRMS (EI) calcd for C,gH,;NO,, 295.1572; found 295.1581.

Ethyl (2E,4E,6E)-7-(indolizin-1-yl)-3-methylhepta-2,4,6-trienoate
(14b): A mixture of phosphonate 17 (0.60g, 2.19 mmol) and
DMPU (0.53 mL, 4.39 mmol) in THF (3 mL) was treated with nBuLi
(1.6m in hexanes, 1.37 mL, 2.19 mmol) as described in the above
General Procedure, followed by a solution of aldehyde 13b (0.25 g,
1.46 mmol) in THF (2 mL), to afford 14b (0.38 g, 93 %) as an orange
solid in a 10:1 4E/4Z isomer ratio as determined by 'H NMR. Spec-
troscopic data for the major (2E,4E,6E) isomer: '"H NMR (250 MHz,
CDCly): 6=1.18 (t, J=7.1 Hz, 3H), 2.27 (s, 3H), 4.07 (g, /=7.1 Hz,
2H), 5.64 (s, 1H), 6.15 (d, J=15.0 Hz, 1H), 6.35 (t, J=6.7 Hz, TH),
6.55 (dd, J/=15.0, 10.7 Hz, 1H), 6.63 (dd, /=9.0, 6.7 Hz, 1H), 6.72
(dd, J=15.0, 10.7 Hz, 1H), 6.85 (d, J=15.0Hz, 1H), 6.85 (d, J=
26Hz, 1H), 710 (d, J=2.6Hz 1H), 737 (d, J=9.0Hz, 1H),
769 ppm (d, J=6.7 Hz, 1H); *CNMR (75 MHz, CDCl,): 6=14.2
(CH,), 14.8 (CH5), 59.9 (CH,), 111.4 (CH), 111.6 (CH), 112.4 (C), 114.9
(CH), 117.5 (CH), 117.7 (CH), 119.3 (CH), 123.5 (CH), 126.3 (CH),
128.3 (CH), 132.2 (CH+C), 136.8 (CH), 153.7 (C), 167.8 ppm (C); IR
(Csl): #=1702 cm™" (s, CO,Et); MS (EI™): m/z (%): 281 [M1* (20), 208
(100), 193 (29), 130 (52); HRMS (EI*) calcd for CygH,sNO,, 281.1416;
found 281.1425.

Ethyl (2E,4E,6E)-7-(indolizin-3-yl)-3-methylhepta-2,4,6-trienoate
(14¢): A mixture of phosphonate 17 (0.60 g, 2.19 mmol) and DMPU
(0.53 mL, 4.39 mmol) in THF (3 mL) was treated with nBuLi (1.6m in
hexanes, 1.37 mL, 2.19 mmol) as described in the above General
Procedure, followed by a solution of aldehyde 13c¢ (0.25¢,
1.46 mmol) in THF (20 mL), to afford 14c (0.36 g, 88%) as an
orange solid in a 15:1 4E/4Z isomer ratio as determined by
'H NMR. Spectroscopic data for the major (2E4E6E) isomer:
"H NMR (250 MHz, CDCl): 6=1.29 (t, J=7.1 Hz, 3H), 2.36 (s, 3H),
4.17 (9, J=7.1Hz, 2H), 5.77 (s, TH), 6.31 (d, J/=14.2 Hz, 1H), 6.50
(d, J=4.1Hz, 1H), 6.59 (t, J=6.8 Hz, 1H), 6.75 (dd, J=8.7, 6.8 Hz,
1H), 6.7-6.8 (m, 2H), 6.90 (d, J=14.4Hz, 1H), 7.08 (d, J=4.1 Hz,
1H), 7.37 (d, J=8.7 Hz, 1H), 8.00 ppm (d, J=6.8 Hz, 1H); *C NMR
(63 MHz, CDCL,): =142 (CH,), 14.8 (CHs), 60.0 (CH,), 102.4 (CH),
112.1 (CH), 113.7 (CH), 118.3 (CH), 118.4 (CH), 120.1 (CH), 122.3 (CH),
122.6 (CH), 123.9 (C), 124.6 (CH), 133.9 (CH), 135.5 (C), 136.0 (CH),
153.1 (C), 167.7 ppm (Q); IR (Csl): #=1703 cm™' (CO,Et); MS (EI*):
m/z (%): 281 [M]* (30), 208 (100), 193 (25), 154 (11), 130 (23);
HRMS (EI*) calcd for C,gH,oNO,: 281.1416; found 281.1413.

(2E,4E,6E)-3-Methyl-7-(1-methyl-1H-indol-3-yl)hepta-2,4,6-trien-

1-ol (15a): A solution of ethyl ester 14a (0.26 g, 0.88 mmol) in THF
(5 mL) was treated with DIBAL-H (1.0m in cyclohexane, 2.20 mL,
2.20 mmol) at 0°C for 3 h as described in the General Procedure
for 134, to afford aldehyde 15a (0.21 g, 97 %) as a yellow solid in
the same isomer ratio (4£/4Z 15:1) as the starting compound.
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'H NMR
(300 MHz, CDCly): 6=1.89 (s, 3H), 3.74 (s, 3H), 432 (d, J=7.1Hz
2H), 5.69 (t, J=7.1Hz, 1H), 6.32 (d, J=15.6 Hz, TH), 6.47 (dd, J=

Spectroscopic data for the major (2E4E6E) isomer:

14.9, 8.6 Hz, 1H), 6.7-6.9 (m, 2H), 7.13 (s, 1H), 7.2-7.3 (m, 3H),
7.90 ppm (d, J=8.0Hz, TH); *CNMR (75 MHz, CDCl,): 6=12.6
(CH,), 32.8 (CH,), 59.4 (CH,), 109.4 (CH), 114.0 (C), 119.9 (CH), 120.0
(CH), 122.1 (CH), 125.4 (CH), 125.5 (CH), 125.9 (C), 128.1 (CH), 128.8
(CH), 130.2 (CH), 133.7 (CH), 136.7 (C), 137.5 ppm (Q); IR (Csl): ¥
3415 ecm™ (br, OH); UV (MeOH): A, =240, 344 nm; MS (EI*): m/z
(%): 253 [M]T (40), 222 (91), 167 (257), 144 (100); HRMS (EI*) calcd
for C;;H,oNO: 253.1467; found 253.1461.

(2E,4E,6E)-7-(Indolizin-1-yl)-3-methylhepta-2,4,6-trien-1-ol (15b):
A solution of ethyl ester 14b (0.22 g, 0.80 mmol) in THF (5 mL) was
treated with DIBAL-H (1.0m in cyclohexane, 2.0 mL, 2.0 mmol) at
—78°C for 3 h as described in the above General Procedure to
afford aldehyde 15b (0.18 g, 95%) as a yellow solid in the same
isomer ratio (4E/4Z 10:1) as the starting compound. Spectroscopic
data for the major (2E,4E,6E) isomer: '"H NMR (300 MHz, CDCl,): 6=
1.87 (s, 3H), 4.30 (d, J=7.0 Hz, 2H), 5.66 (t, J=7.0 Hz, 1H), 6.28 (d,
J=15.1Hz, TH), 6.43 (t, J=6.7 Hz, TH), 6.55 (dd, J/=15.1, 10.7 Hz,
1H), 6.65 (dd, J=15.1, 10.7 Hz, 1H), 6.71 (dd, /J=9.0, 6.7 Hz, 1H),
6.84 (d, J=15.1 Hz, 1H), 6.95 (d, J=2.8 Hz, 1H), 7.23 (d, J=2.8 Hz,
1H), 7.47 (d, J=9.0 Hz, 1H), 7.82 ppm (d, J=6.7 Hz, 1H); *C NMR
(75 MHz, CDCl,): 6=12.6 (CH;), 59.5 (CH,), 110.6 (CH), 110.8 (CH),
112.2 (C), 113.9 (CH), 117.4 (CH), 118.0 (CH), 124.1 (CH), 124.4 (CH),
125.7 (CH), 128.5 (CH), 130.3 (CH), 131.0 (C), 133.2 (CH), 137.2 ppm
(Q); IR (Csl): #=3429 cm™" (br, OH); UV (MeOH): 4, =256, 370 nm;
MS (EIT): m/z (%): 239 [M]T (77), 208 (100), 193 (25), 154 (15), 130
(28); HRMS (EI*) calcd for CygH;,NO, 239.1310; found 239.1314.

(2E,4E,6E)-7-(Indolizin-3-yl)-3-methylhepta-2,4,6-trien-1-ol (15c):
A solution of ethyl ester 14c¢ (0.20 g, 0.70 mmol) in THF (5 mL) was
treated with DIBAL-H (1.0m in cyclohexane, 1.75 mL, 1.75 mmol) at
—78°C for 3 h as described in the above General Procedure to
afford aldehyde 15b (0.16 g, 94%) as a yellow solid in the same
isomer ratio (4E/4Z 15:1) as the starting compound. Spectroscopic
data for the major (2E,4E,6E) isomer: "H NMR (250 MHz, CDCl,): 6 =
1.87 (s, 3H), 4.31 (d, J=6.5Hz, 2H), 5.70 (t, J=6.5 Hz, TH), 6.33 (d,
J=15.1Hz, 1H), 6.47 (d, J=4.0 Hz, 1H), 6.56 (t, J=6.8 Hz, 1H), 6.5
6.8 (m, 2H), 6.67 (dd, /=8.7, 6.8 Hz, TH), 6.77 (d, J=13.7 Hz, TH),
7.02 (d, J=4.0Hz, 1H), 7.35 (d, /=8.7 Hz, 1H), 7.98 ppm (d, J=
6.8 Hz, TH); *CNMR (63 MHz, CDCl;): §=13.0 (CHs), 59.9 (CH,),
101.7 (CH), 111.6 (CH), 112.6 (CH), 117.5 (CH), 119.3 (CH), 120.0 (CH),
122.4 (CH), 124.1 (C), 126.1 (CH), 129.9 (CH), 130.1 (CH), 134.8 (),
1354 (CH), 137.2 ppm (C); IR (Csl): #=3429cm™' (br, OH); UV
(MeOH): Ap=294, 400 nm; MS (EI*): m/z (%): 239 [M]* (70), 208
(100), 193 (28), 168 (30), 154 (38), 130 (61); HRMS (EI*) calcd for
CysH:,NO: 239.1310; found 239.1317.

(2E,4E,6E)-3-Methyl-7-(1-methyl-1H-indol-3-yl)hepta-2,4,6-trienal
(10a)--General Procedure for oxidation of allylic alcohols with
TPAP: TPAP (7 mg, 0.02 mmol) was added in one portion to a
stirred mixture of alcohol 15a (0.10 g, 0.40 mmol), NMO (0.07 g,
0.60 mmol) and powdered molecular sieves (4 A, 0.2 g) in CH,Cl,
(4 mL). After stirring for 2 h, the reaction mixture was filtered
through a short pad of silica gel. The filtrate was evaporated and
the residue (quantitative yield) was crystallized to afford pure all-
trans-10a as an orange solid (mp: 123-125°C, hexane/EtOAc).
"H NMR (300 MHz, CDCl;): §=2.34 (s, 3H), 3.80 (s, 3H), 5.97 (d, J=
8.1 Hz, 1H), 6.40 (d, J/=14.3 Hz, 1H), 6.9-7.0 (m, 3H), 7.23 (s, TH),
7.2-7.3 (m, 3H), 7.89 (d, J=7.6 Hz, 1H), 10.11 ppm (d, /=8.1 Hz,
1H); ®C NMR (75 MHz, CDCl;): 6=13.1 (CH,), 33.1 (CH;), 109.8 (CH),
113.9 (C), 120.1 (CH), 120.6 (CH), 122.6 (CH), 124.3 (CH), 125.9 (Q),
128.2 (CH), 129.9 (CH), 130.9 (CH), 131.7 (CH), 137.7 (C), 138.3 (CH),
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155.2 (C), 190.8 ppm (CH); IR (Csl): #=1650cm™" (s, CHO); UV
(MeOH) A,,,,=296, 420 nm; MS (EI*): m/z (%): 251 [M]* (89), 222
(96), 208 (46), 182 (56), 157 (48), 144 (100); HRMS (EI*) calcd for
C,,H,;NO: 251.1310; found 251.1317.

(2E,4E,6E)-7-(Indolizin-1-yl)-3-methylhepta-2,4,6-trienal (10b): Al-
lylic alcohol 15b (0.05 g, 0.21 mmol) was treated with NMO (0.04 g,
0.32 mmol), molecular sieves (4A, 0.10g) and TPAP (4 mg,
0.01 mmol) in CH,Cl, (2 mL) by the General Procedure, to afford,
after crystallization, pure all-trans-10b as an orange solid (mp:
133-135°C, hexane/EtOAc). 'H NMR (250 MHz, CDCly): 6=2.33 (s,
3H), 597 (d, J=8.2Hz, 1H), 6.36 (d, J=15.0Hz, 1H), 6.55 (t, J=
6.7 Hz, 1H), 6.73 (dd, J=15.0, 10.9 Hz, 1H), 6.83 (dd, J=9.0, 6.7 Hz,
1H), 6.98 (dd, J/=15.1, 10.9 Hz, 1H), 7.00 (d, J/=2.9 Hz, 1H), 7.07 (d,
J=15.1Hz, 1H), 727 (d, J=29Hz, 1H), 753 (d, J/=9.0Hz, 1H),
7.89 (d, J=6.7Hz, 1H), 10.09 ppm (d, J=82Hz, 1H); “CNMR
(75 MHz, CDCly): 6=13.1 (CHs), 111.1 (CH), 111.4 (CH), 111.9 (Q),
114.8 (CH), 117.2 (CH), 119.4 (CH), 122.8 (CH), 125.9 (CH), 127.8
(CH), 129.5 (CH), 130.9 (CH), 132.2 (C), 138.1 (CH), 1553 (Q),
190.7 ppm (CH); IR (Csl): #=1665 cm™' (s, CHO); UV (MeOH): A,,.,,=
240, 320, 460 nm; MS (EI*): m/z (%): 237 [M]* (55), 208 (75), 193
(47), 168 (61), 143 (62), 142 (58), 130 (100); HRMS (EI*) calcd for
Cy6H;5sNO: 237.1154; found 237.1158.

(2E,4E,6E)-7-(Indolizin-3-yl)-3-methylhepta-2,4,6-trienal (10c): Al-
lylic alcohol 15¢ (0.05 g, 0.21 mmol) was treated with NMO (0.04 g,
0.32 mmol), molecular sieves (4 A, 0.10g) and TPAP (4 mg,
0.01 mmol) in CH,Cl, (2 mL) by the General Procedure, to afford,
after crystallization, pure all-trans-10c as an orange solid (mp:
122-124°C, hexane/EtOAc). 'H NMR (250 MHz, CDCls): 6=2.31 (s,
3H), 5.96 (d, J=8.2Hz, 1H), 6.37 (d, J=15.1Hz, 1H), 6.53 (d, J=
43 Hz, 1H), 6.64 (t, J=69Hz, 1H), 6.75 (dd, /=8.8, 6.9Hz, 1H),
6.77 (dd, J=15.1, 10.1 Hz, 1H), 6.95 (dd, J=14.3, 10.1 Hz, 1H), 6.99
(d, /=143 Hz, 1H), 712 (d, J=4.3 Hz, 1H), 7.39 (d, J/=8.8 Hz, TH),
8.04 (d, J=6.9Hz, TH), 10.09 ppm (d, J=8.2Hz, 1H); CNMR
(75 MHz, CDCly): 6=13.4 (CH,), 102.9 (CH), 112.4 (CH), 114.4 (CH),
119.0 (CH), 120.1 (CH), 122.7 (CH), 123.8 (CH), 123.9 (CH+C), 128.7
(CH), 132.9 (CH), 136.0 (C), 137.8 (CH), 155.4 (C), 191.4 ppm (CH); IR
(Csl): =1653 cm™' (s, CHO); UV (MeOH): A, =240, 324, 472 nm;
MS (EI*): m/z (%): 237 [MI* (62), 208 (74), 193 (46), 168 (79), 130
(76), 117 (61), 58 (100); HRMS (EI*) calcd for C,¢H,sNO: 237.1154;
found 237.1156.

Preparation of the Schiff bases and protonated Schiff bases: n-
Butylamine (0.2 mL) was added under nitrogen to a solution of the
retinal analogue (1.0 mL, 5.0x1073wm) in anhydrous ether. After ad-
dition of a few molecular sieves (4 A), the mixture was kept at 4°C
under nitrogen overnight. Filtration and solvent evaporation under
a stream of nitrogen and then under vacuum (pump) provided the
desired Schiff base. Its protonation was effected in the UV cuvette
by addition of a drop of methanolic HCl (3%) to the Schiff base
(3.0 mL of a 5.0x 10 °m solution in methanol).

Preparation of bacterioopsin and incubation of analogues: The
apoprotein bacterioopsin (bOP) was prepared by bleaching the
purple membrane of H. salinarum by the procedure described earli-
er? |ts functionality was confirmed by its ability to regenerate bR
upon addition of retinal (1).

Suspensions of bOP (1.0x107°m) in phosphate buffer (50 mm,
pH 6.5) were incubated with the retinal analogues dissolved in eth-
anol. The ethanol concentration in all samples was always kept
below 0.5% of the total volume. The analogue/apoprotein ratio
used for pigment reconstitution was 1.5:1 (mol/mol), as deter-
mined from the values of the extinction coefficients of bOP
(90000m'cm™" at 280 nm) and the retinal analogues. Samples
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were incubated at room temperature and sonicated (2x10”) to
improve reconstitution and to decrease protein aggregation.?!
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Synthesis and Proinflammatory Properties of
Muramyl Tripeptides Containing Lysine and
Diaminopimelic Acid Moieties

Abhijit Roychowdhury, Margreet A. Wolfert, and Geert-Jan Boons*®

The unusual amino acid diaminopimelic acid (DAP) was prepared
by cross metathesis of appropriately protected vinyl glycine and
allyl glycine derivatives. Catalytic hydrogenation of the cross-cou-
pling product resulted in reduction of the double bond and the
removal of protecting groups. The resulting compounds were ap-
propriately protected for the polymer-supported and solution-
phase synthesis of muramyl tripeptides 2 and 3, which differ in
the amidation of the a-carboxylic acids of the isoglutamine and
DAP moieties. Muramyl dipeptide (1, MDP), the DAP-containing
muramyl tripeptide 3, and the lysine-containing muramyl tripep-
tides 4 and 5 induced TNF-a. gene expression without TNF-a. pro-
tein production in a human monocytic cell line. The observed

Introduction

The ability to recognize microbial components rapidly and to
respond by initiating an acute inflammatory response is a cru-
cial first line of defense against a microbial challenge. Overacti-
vation of this inflammatory response, however, can result in
the clinical symptoms of septic shock, which in the United
States results in 100000 deaths annually.™ It has been estimat-
ed that 1% of hospitalized patients and 20-30% of patients in
intensive care units develop sepsis. The advent of new antimi-
crobial resistance patterns, the increasing use of chemothera-
peutic agents, and the emergence of diseases characterized by
immunosuppression has caused the incidence of septic shock
to increase dramatically.

Lipopolysaccharides (LPSs), peptidoglycans (PGNs), and lipo-
teichoic acid (LTA) comprise three principal bacterial cell wall
components implicated in inducing the clinical manifestations
of septic shock.” These components exert their biological ef-
fects by stimulating the host’s monocytes and macrophages to
produce proinflammatory mediators, such as TNF-q, IL-1, and
IL-6. These mediators in turn elicit a variety of inflammatory
responses in the host.

LPSs, vital components of the outer leaflet of the Gram-neg-
ative bacterial outer membrane, are comprised of three struc-
tural units: an outer polysaccharide component, a core oligo-
saccharide region, and the innermost portion, lipid A% The
lipid A region is largely responsible for the proinflammatory
activity of LPSs and generally consists of a hexaacylated bis-
1,4'-phosphorylated glucosamine disaccharide.
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block in translation could be removed by co-incubation with LPS,
resulting in an apparent synergistic effect. Compound 2 did not
induce TNF-a. gene expression, neither did it exhibit a synergistic
effect with LPS; this indicates that amidation of the a-carboxylic
acids of the isoglutamine and DAP moieties results in a loss of
biological activity. It is proposed that amidation of a-carboxylic
acids is a strategy that may be used by pathogens to avoid de-
tection by the innate immune system. Furthermore, the pattern
recognition receptors Nod1 and Nod2 have been implicated in
the possible induction of a synergistic effect of muropeptides
with LPS.

PGNs are particularly abundant in Gram-positive bacteria, in
which they account for approximately half of the cell-wall
mass. On the other hand, Gram-negative bacteria contain only
a relatively thin PGN layer in the periplasmic space.*”’ PGNs
are large polymers composed of alternating p(1-4)-linked
N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid
(MurNAc) residues, cross-linked by short peptide bridges
(Scheme 1). These peptides consist of four or five alternating
- and p-amino acids that are attached to the carboxylic acid
of MurNAc®? Lysine is commonly the third amino acid in
the peptide moieties of PGNs of Gram-positive bacteria, while
Gram-negative bacteria have a diaminopimelic acid (DAP) resi-
due at this position."” Muramyl dipeptide (MDP) is the minimal
structural subunit of PGN, accounting for some of its immuno-
genicity."1?

The discovery of the Toll-like receptors (TLRs) less than a
decade ago has advanced our understanding of early events in
microbial recognition and response.'*' To date, eleven mem-
bers of the mammalian TLR family have been identified, each
potentially recognizing a discrete class of pathogen-associated

[a] Dr. A. Roychowdhury, Dr. M. A. Wolfert, Prof. G.-J. Boons
Complex Carbohydrate Research Center, University of Georgia
315 Riverbend Road, Athens, GA 30602 (USA)
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compounds.”” Lipopolysaccharides (LPSs), for exam-
ple, are recognized by TLR4, bacterial flagellin by
TLR5, double-stranded RNA by TLR3,?” and bacterial
DNA by TLR9. The most recently discovered member
of this family, TLR11, plays a critical role in the recog-
nition and control of uropathogenic bacteria. Two
recent studies have demonstrated that TLR3 is in-
volved in recognition of single-stranded viral RNA.
Contrary to initial beliefs that TLR2 in combination
with TLR1 or TLR6 recognizes peptidoglycans (PGNs),
recent studies with highly purified PGNs indicate that
this might not be the case.?" Instead it appears that
Nod receptors (Nod1 and Nod2)® and peptidogly-
can recognition proteins (PGRPs)>*?" are the pattern
recognition receptors that recognize PGNs (Figure 1).

We recently demonstrated that MDP induces TNF-
o gene expression, but without significant TNF-a
protein production.”® This block in translation is re-
moved, however, in the presence of LPSs and PGNs,
which accounts for an apparent synergistic effect of
MDP with LPSs or PGNs on TNF-a protein production.
It is unclear whether any PGN breakdown products
other than MDP can induce a synergistic effect with
LPSs and PGNs. In this respect, it has been found
that Bordetella pertussis, the causative agent of the
respiratory disease pertussis, releases relatively large
quantities of the muramyl peptide tracheal cytotoxin
(TCT), a subunit of Gram-negative bacterial peptido-
glycans.” When applied to hamster trachea epithe-
lial cells, TCT and LPSs were found to be highly syner-
gistic in the induction of IL-1a and nitric oxide syn-
thase.”” Others, however, have found that this com-
pound and other PGN part-structures do not induce
a synergistic effect.2”

As part of a study to determine the immunological
properties of PGN part-structures in detail, we report
here the synthesis of muramyl tripeptides 2, 3, 4, and
5, each containing either a diaminopimelic acid
(DAP) or a lysine residue. The ability of these com-
pounds to induce TNF-o. mRNA and protein produc-
tion in a human monocytic cell line was determined
and the results were compared with previously ob-
tained data for MDP. Furthermore, the effect of pre-
incubation of human monocytes with 2, 3, 4, and 5
and MDP on TNF-a secretion induced by LPSs was
compared to that of incubation with LPSs alone.
These studies established that the DAP- and lysine-
containing tripeptides 3, 4, and 5 induce a synergistic
effect with LPSs. Furthermore, the observation that
compound 2—the a-carboxylic acids of which are
modified as amides—has no activity indicates that
these functionalities play crucial roles in the observed
biological activity.

ChemBioChem 2005, 6, 2088 — 2097
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Figure 1. Cellular activation by TLRs and Nod proteins. Recognition of microbial compo-
nents by the extracellular domains of TLRs leads to homo- or heterodimer formation.
Subsequently, the intracellular domains of TLRs recruit adaptor proteins, which initiate
the activation of a cascade of kinases, ultimately resulting in the activation of the tran-
scription factor NF-kB. This transcription factor activates numerous genes for cytokines
and chemokines. In mammals, Nod proteins mediate the intracellular recognition of pep-
tidoglycan part-structures. Although the cellular activation of Nod proteins is independ-
ent of TLRs, it leads to activation of NF-kB. The results described in this paper indicate
that cell signaling through Nods leads to the transcription of mRNA for cytokines such
as TNF. However, no proteins are formed due to a translational block.
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Results and Discussion

In general, lysine-containing muramyl peptides can be conven-
iently synthesized by standard solution- or polymer-supported
approaches.”"* The chemical synthesis of DAP-containing
fragments, however, is hampered by the difficulty involved in
obtaining this unusual amino acid. The reported synthetic pro-
cedures for DAP either are lengthy or require the separation of
enantiomers or epimers.5*3%

We envisaged that DAP might be conveniently prepared by
cross metathesis between readily available allyl glycine and
vinyl glycine derivatives, followed by reduction of the double
bond of the resulting compound.®® High selectivity in olefin
cross metathesis reactions has been achieved when two olefins
have significantly different reactivities. Furthermore, the intro-
duction of Grubbs’ second-generation catalyst has made it
possible to perform cross metathesis reactions with sterically
demanding substrates,®” " so it was expected that a reaction
between suitably protected vinyl glycine and allyl glycine de-
rivatives in the presence of this catalyst should give a cross-
coupling product in good vyield. Indeed, reactions between
tert-butyl carbamate-protected allyl glycine 6 and small excess-
es (1.8 equiv.) of suitably protected vinyl glycines 7 or 8 in the
presence of Grubbs’' second-generation catalyst gave, after a
reaction time of 16 h, the cross-coupling products 9 and 10,
respectively, in acceptable yields (Scheme 2). Apart from these
compounds, unreacted vinyl glycine and homodimerized allyl
glycine were also present, but could easily be removed by
silica gel column chromatography. The yield of this reaction
was not improved by use of a larger excess of vinyl glycine or
of a prolonged reaction time of 2 days. The protecting groups
of 9 and 10 were selected because they allow conversion of
these derivatives into amino acid building blocks suitable for

Synthesis and Proinflammatory Properties of Muramyl Tripeptides
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Scheme 3. a) Piperidine in DMF (20%). b) PyBOP, HOBt, DIPEA in DMF. c) TFA
in DCM (2%). d) TFA in DCM (20%). e) Pd/C, EtOH/H,0/HCI (1 n; 4:2:0.01).

Muramyl tripeptide 2 was assembled by classical 9-

BocHN-.B- COOtBu
1’ R?HN.. _COOR® RHN.S COOR? fluorenylmethoxycarbonyl (Fmoc) chemistry in combi-
6 | a) \/\ b) : nation with standard manual solid-phase peptide syn-
+ - COOtBuU T,,.,ﬁCOOtBu thetic techniques (Scheme 3). The extremely acid-sen-
R?HN.S COOR® NHBoc NHBoc sitive Sieber Amide resin (13) was selected as the
i polymeric support to allow the release of protected

9 R’=Z R*=tBu
10: R? = Fmoc, R® = Bn

7:R?=Z R¥=1Bu
8:R’= Fmoc, R®=Bn

Scheme 2. a) Grubbs’ Il gen., DCM, (yields for compound 9 and 10, 55 %, 64 %, respec-
tively). b) For 11: 10% Pd/C, H, gas, EtOH/H,0/DCM (9:1:1), 99 %. For 12: 3%Pt/C, H, gas,

MeOH/H,0/DCM (9:1:1), 97 %.

solid-supported and solution-phase peptide synthesis. Thus,
catalytic hydrogenation of 9 over Pd/C resulted in reduction of
the double bond with concomitant removal of the benzylcar-
bonate (Z) group to give 11, which is suitably protected for so-
lution-phase peptide synthesis. Careful hydrogenation of 10
over Pt/C in a mixture of MeOH, H,0, and HOAc resulted in the
formation of compound 12 without the Fmoc protecting
group being affected.”” This derivative is suitably protected
for solid-supported peptide synthesis.
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peptide amides by treatment with 2% trifluoroacetic
acid (TFA). It was expected that these cleavage condi-
tions would not affect other protecting groups of the
glycopeptide, thus facilitating the purification of the
released derivatives. Sieber Amide resin™®? (13) was
swelled in dry dimethylformamide (DMF) and treated
with piperidine in DMF (20%) to remove the Fmoc
protecting group of the resin. The resulting amine 14 was cou-
pled with Fmoc-protected derivative 12 by use of benzotri-
azol-1-yl-oxytripyrrolidinophosphonium  hexafluorophosphate
(PyBOP),"** 1-hydroxy-1H-benzotriazole (HOBt),"”' and N,N-di-
isopropylethylamine (DIPEA) as the activating reagent to give
resin-bound 15. Each reaction component was used in twofold
excess with respect to the loading of the resin, and progress of
the reaction was monitored by the Kaiser test."® After comple-
tion of the coupling, the resin was washed with DMF, and the
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Fmoc protecting group of 15 was removed with piperidine in
DMF (20%). The reaction cycle was repeated by subsequent
use of Fmoc-p-isoglutamine, Fmoc-.-alanine, and 2-N-acetyl-1-
B-O-allyl-4,6-benzylidene-3-muramic acid (17)*” to give resin-
bound glyco-tripeptide 18. This glycopeptide was released
from the solid support by treatment of the resin with TFA in
dichloromethane (DCM; 2%) to give partially deprotected gly-
copeptide 19. Glycopeptide 19 was treated with TFA in DCM
(20%) to remove the Boc and the tert-butyl protecting groups
of the DAP fragment. The anomeric allyl moiety was removed
by isomerization and in situ cleavage of the intermediate vinyl
ether with Pd/C in an EtOH/H,O/HCl mixture to give the target
compound 2 after purification by G-15 size exclusion column
chromatography.

The target compound 3, containing a-carboxyl groups, was
prepared by a solution-phase approach because the alternative
polymer-supported synthesis would require a large excess of a
suitably protected DAP derivative, thus making the synthesis
impractical (Scheme 4). The suitably protected DAP-containing
derivative 11 was coupled with Fmoc-protected glutamic acid
20 in the presence of N,N,N',N'-tetramethyl-O-(7-azabenzotri-
azol-1-yl)uronium hexafluorophosphate (HATU)“®' and DIPEA in
DMF to give the protected dipeptide 21 in a yield of 88%. At-
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N

1 N~ ..COOfBu
2 Coom a) IL
+ >
|~CO0IBu

COOBn

FmocHN COO0Bn

ZNIﬂCOOtBu
NHBoc
L ~COOtBu 21, R? = Fmoc
1 JHBoc ° [22 R?=H
0 pr O
oot o, PR,
O NHAc NHAC
Ho\z— 17 0:<\
0o HN-_-COOR'
+
FN-.~COO(CH,)SiCHy), 5 [ 24,R' = (CH,),Si(CHy)s
) 23 25 R'=H
Ph/V O/\/o \J
NHAc
e) Oi f)
22+25 HN\/CONH COOBn ——» 3
H
O"”\NI\COOtBu
26 ~COOtBuU
NHBoc

Scheme 4. a) HATU, DIPEA, DMF, 88 %. b) Piperidine in DMF (20%), 91%.

¢) HOA, DIC, DIPEA, DMF, 77%. d) TBAF/THF, 84%. e) HOAt, DIC, DIPEA,
64%. f) ) TFA in DCM (20%), ii) Pd/C, EtOH/H,0/HOAC (4:2:2), ii)) Pd/C, EtOH/
H,O/HOAC (4:2:2), H,.
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tempts to perform this coupling by use of PyBOP, HOBt, and
DIPEA resulted in lower yields and more difficult purifications.
The Fmoc group of compound 21 was removed with piperi-
dine in DMF (20%) to give the free amine 22 in a yield of 91 %.
In the first instance, the latter dipeptide was coupled with
Fmoc--Ala to give a tripeptide, which was subjected to piperi-
dine in DMF (20%) followed by coupling with 17 by use of
HATU and DIPEA. The free amine of the L-Ala moiety of the in-
termediate tripeptide, however, entered into an intramolecular
cyclization to give a diketopiperazine derivative as the major
product. To avoid this side reaction, a suitably protected ala-
nine derivative was first coupled with muramic acid derivative
16, followed by attachment to dipeptide 22. The carboxyl
group of Boc-i-Ala was thus protected as a trimethylsilylethyl
(TMSE) ester™ by treatment with 2-(trimethylsilyl)ethanol, 4-di-
methylaminopyridine (DMAP), and N-ethyl-N'-(3-dimethylami-
nopropyl)carbodiimide, followed by removal of the Boc pro-
tecting group with TFA in DCM (20%) to afford amine 23.
Next, compound 23 was coupled with suitably protected mur-
amic acid derivative 17 in the presence of HOAt, DIC, and
DIPEA in DMF to give MurNAc-i-Ala 24 in a good yield of 77 %.
MurNAc-t-Ala 24 was treated with TBAF in THF to unmask the
carboxylic acid of the alanine moiety (25), which was coupled
with dipeptide 22 with the aid of HOAt, DIC, and DIPEA in
DMF to give the desired muramyltripeptide 26 in an accepta-
ble yield of 64%. Finally, the target muramyl tripeptide 3 was
obtained by removal of the benzylidene acetal, tert-butyl
esters, and Boc groups from 26 by use of TFA in DCM (20 %)
for 5 h, followed by cleavage of the allyl moiety by treatment
with Pd/C in a mixture of EtOH, H,0, and HOAc.

The lysine-containing muramyl tripeptide 4 was prepared by
a procedure similar to that employed for 2, but in which
Fmoc-L-Lys(Mtt)-OH was used instead of the DAP derivative 12
(Scheme 3). The advantage of using Mtt (4-methyltrityl) as a
side-chain protecting group is that it can be removed with 1%
TFA in DCM, so cleavage of the glycopeptide (MTP-Lys) from
the Seiber amide resin also resulted in cleavage of the Mtt pro-
tecting group. The lysine-containing compound 5 was also as-
sembled by a polymer-supported approach, but in this case
the HMPB-AM resin was employed as the solid support. Re-
lease of the compound from this support results in the forma-
tion of a terminal acid. Fmoc--Lys(MTT)-OH was coupled with
the HMPB-AM resin® by an anhydride formation protocol em-
ploying DIC and DMAP. After coupling of the first amino acid
the synthesis was continued in a manner similar to that de-
scribed for 4 to yield compound 5.

Biological evaluation

The synthetic MTP derivatives 2-5 were tested for their ability
to induce TNF-a. protein and mRNA production in a human
monocytic cell line (Mono Mac 6 cells), and the results were
compared with similar data for MDP (1). Furthermore, the
effect of preincubation of human monocytes with MDP (1) or
2-5 on TNF-a secretion induced by LPSs was compared with
that observed on incubation with LPS alone.
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It was found that the incubation of Mono Mac 6 cells with
compounds 1-5 (100 uwm) for 5 h resulted in each case in mini-
mal production of TNF-a protein (Figure 2). On the other hand,
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15004

TN

5004

D_
QS LPSMDP 2 3 4 5
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Figure 2. TNF-a protein production by Mono Mac 6 cells incubated with 1-
5. Mono Mac 6 cells were incubated with LPS (0.5 ngmL™"), the synthetic
compounds MDP (1), 2, 3, 4, and 5 (100 pm each), or medium as control for
5 h, after which TNF-a was determined by ELISA. Treatment with LPS, MDP
(1), 2, 3, 4, and 5 did not affect cell viability, as judged by cellular exclusion
of trypan blue.

MDP (1) and the muramyl tripeptides 3, 4, and 5 were each
able to stimulate the production of significant levels of TNF-a
mRNA after an incubation time of 1.5 h (Figure 3). Surprisingly,

I

TNF-o 20
mRNA
{fold
increase 104

& LPSMDP 2 3 4 5
(m

Figure 3. Induction of TNF-a mRNA by Mono Mac 6 cells incubated with
MDP (1), 2, 3, 4, and 5. Mono Mac 6 cells were stimulated with medium
alone, medium containing LPS (10 ngmL™"), or the synthetic compounds
MDP (1), 2, 3, 4, or 5 (100 um each) for 1.5 h, after which RNA was isolated
for RT-PCR analysis of TNF-o. message (40 PCR cycles). mRNA of the 18S ribo-
somal gene amplified under the same conditions was used as an internal
control.

derivative 2 did not induce any production of TNF-a mRNA.
Similar results were obtained for each compound when the
cells were co-incubated with polymyxin B, indicating that the
mRNA production was not a result of contamination of the
samples (data not shown).

It was next investigated whether the observed block in
translation of TNF-a. mRNA could be removed by co-incubation
with LPSs, as had been reported for MDP (1).2% Treatment of
the Mono Mac 6 cells with a wide range of LPS concentrations
resulted in a clear dose/response curve with maximum super-
natant concentrations of 3723 pgmL™' TNF-o. caused by
10 ngmL™" of LPS. The results of these experiments yielded an
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ECs, (concentration producing 50% activity) value of
0.5ngmL™" and a Hill slope of 1.4 (Figure 4). Pretreatment of
cells with MDP (1; 100 pm) followed by the addition of LPSs re-
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Figure 4. Effect of MDP (1) on LPS dose response. Mono Mac 6 cells were
preincubated with MDP (1; 100 uv; @) or medium (m) as control for 30 min
at 37°C. Increasing concentrations of LPS were added and, after an incuba-
tion period of 5 h, TNF-a protein was measured by ELISA. Stimulation with
MDP (1) alone (100 um) resulted in a TNF-a. concentration of 112+

20 pgmL~".

sulted in substantial increases in supernatant concentrations of
TNF-a relative to results obtained with LPSs alone. This pre-
incubation yielded a maximum level of 8880 pgmL~' TNF-q, a
Hill slope of 1.4, and an EC,, of 0.3 ngmL™". Next, the effect of
co-incubation of compounds 2-5 with LPSs at the ECs, concen-
tration was studied. Preincubation of cells with 3, 4, and 5
(100 uwm) resulted in two- to threefold increases in TNF-a pro-
tein production, similar to the increase observed with 100 um
MDP (1; Figure 5). As expected, co-incubation of LPSs with
compound 2 did not result in an increase in TNF-a protein
production.
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Figure 5. Induction of TNF-a. production by Mono Mac 6 cells treated with
MDP (1), 2, 3, 4, or 5 and LPS. Mono Mac 6 cells were preincubated with the
synthetic compounds MDP (1), 2, 3, 4, or 5 (100 um each) or medium as con-
trol for 30 min at 37°C. After 5 h of stimulation with LPS (0.5 ngmL™"), TNF-
o was determined. TNF-a values were normalized for LPS alone (100 %).

The results presented here demonstrate that lysine- and
DAP-containing muropeptides 1 and 3-5 induce TNF-a gene
expression without significant TNF-a translation. The block in
translation is removed in the presence of LPSs, however, ac-
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counting for an apparent synergistic effect of these com-
pounds on TNF-a protein production. Importantly, compound
2 did not induce TNF-a. gene expression, and nor did it exhibit
a synergistic effect with LPSs. The structure of 2 is similar to
that of the DAP-containing muramyl tripeptide 3 except for
the fact that the a-carboxylic acids of the isoglutamine and
DAP moieties are modified as amides. The cellular activation
results thus suggest that at least one of these carboxylic acids
of 3 is critical for induction of TNF-a gene expression. Interest-
ingly, the a-carboxylic acids of the isoglutamine and the lysine
moieties of compound 4 are also modified as amides, but this
modification apparently does not affect the biological proper-
ties of this derivative. The observation that the DAP- and
lysine-containing muramyl tripeptides display different struc-
ture/function relationships indicates that they initiate cellular
activation through different receptors.

Initially, TLR2 was implicated in the initiation of cellular acti-
vation by peptidoglycans. However, recent studies have dem-
onstrated that purification of PGNs results in a loss of activity
on exposure to cells transfected with CD14 and TLR2.%" It ap-
pears that the Nod receptors (Nod1 and Nod2)*? and peptido-
glycan recognition proteins (PGRPs) > are the pattern rec-
ognition receptors that sense PGNs. Although crystal structures
of mammalian PGRPs are beginning to shed light on the
ligand requirements of these proteins,®" little is so far known
about their modes of cellular activation. The Nod proteins
have been studied in greater detail. There is evidence, for ex-
ample, supporting recognition of DAP-containing muropep-
tides by Nod1, whilst Nod2 has been implicated in cellular acti-
vation by MDP and lysine-containing muropeptides. Further-
more, several studies have shown that mice pretreated with
MDP are sensitized to endotoxic shock induced by LPSs where-
as Nod2-deficient mice were resistant to such a challenge.”? In
addition, it has been observed that a synergistic effect of lipo-
peptide Pam;C(K), and MDP in wild-type mice is absent in
mice macrophages deficient in Nod2. Although more research
is required, it appears that the Nod proteins are involved in
the apparent synergistic effect of muropeptides with LPSs.

The observation that small structural differences in muro-
peptides, such as in compounds 2 and 3, have a major impact
on the apparent synergistic effect with LPSs may explain con-
flicting reports.?>*% Furthermore, amidation of the carboxylic
acids of PGN fragments may be a strategy that could be used
by pathogens to avoid host recognition and immune respons-
es. To this end, PGN fragments from several bacilli such as
Bacillus licheniformis and Bacillus subtilus are modified by ami-
dation at the o-Glu and meso-DAP residues, respectively.”
Notably, these pathogens possess reduced Nod1-stimulatory
activity relative to their amidation free counterparts.”*>%

Conclusion

In conclusion, it has been shown that MDP is not the only mur-
opeptide able to induce a synergistic effect with LPSs. This
effect arises from the removal of a block in translation by co-
incubation with LPSs. Small structural modifications such as
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the amidation of a-carboxylic acids may result in loss of bio-
logical activity.

Experimental Section

Synthesis

General methodology: Chemicals were purchased from Aldrich,
Fluka, and Novabiochem and were used without further purifica-
tion. Allyl glycines were purchased from Peptech. All solvents were
dried in the appropriate manner and stored over 4 A molecular
sieves. All reactions were performed under anhydrous conditions
under argon and monitored by TLC on Kieselgel 60 F254 (Merck).
Detection was by examination under UV light (254 nm) and by
charring with 10% sulfuric acid in methanol or ninhydrin in etha-
nol. Extracts were concentrated under reduced pressure at <40°C
(bath). Silica gel column chromatography was performed on Merck
70-230 mesh. "H NMR (1D, 2D) and *C NMR spectra were recorded
on Varian Merc300 and Varian 500 MHz spectrometers supported
by Sun workstations. High-resolution mass spectra were obtained
with a Voyager extraction STR instrument with 2,5-dihydroxybenzo-
ic acid as matrix.

General method for cross-metathesis between allyl glycine and
vinyl glycine derivatives: A solution of allyl glycine derivative 6
(0.46 mmol) and vinyl glycine derivative 7 or 8 (0.83 mmol) in DCM
(1.5 mL) was placed under an atmosphere of Ar. Grubbs’ 2nd gen-
eration catalyst (0.02 mmol) was added and the reaction mixture
was stirred at room temperature for 18 h. The mixture was concen-
trated in vacuo and the residue was purified by flash silica gel
column chromatography (eluent: hexane/ethyl acetate 8:1 v/v) to
afford 9 or 10, respectively.

1,7-Di-tert-butyl  (2S,6R)-2-[(benzyloxycarbonyl)aminol-6-[(tert-
butyloxycarbonyl)aminolhept-3-enedioate (9): Yield: 55%, R=
0.71 (eluent: hexane/ethyl acetate 2:1 v/); [0]3=+30.2; 'H NMR
(300 MHz, CDCly): 6=7.28-7.32 (m, 5H; arom., Z), 5.50-5.68 (m,
2H; v,06-CHCH), 5.42 (d, J=7.8 Hz, 1H; NH), 5.08 (s, 2H; CH,, Bn, 2),
499 (d, J=6.9Hz, TH; NH), 4.70, 4.20-4.23 (m, 2H; a-CH, 6-CH),
2.47-2.48 (m, 2H; B-CH,), 1.42 ppm (brs, 27 H; C(CH,);, 2 x tBu, Boc);
3C NMR (75 MHz, CDCl,): 6 =182.45, 182.44, 170.72, 169.53, 155.42,
155.13, 155.11, 136.24, 129.07, 128.47, 128.11, 127.88, 82.60, 82.02,
79.70, 66.94, 56.01, 53.17, 35.23, 29.65, 28.29, 27.98, 27.90 ppm;
HRMS- MALDI-TOF calcd for C,gH,,N,O5 [M+Nal: 534.2941; found
534.2568.

1-Benzyl 7-tert-butyl (2S,6R)-2-[(fluoren-9-ylmethoxycarbonyl)-
amino]-6-[(tert-butyloxycarbonyl)amino]hept-3-enedioate  (10):
Yield: 64%, R;=0.70 (eluent: hexane/ethyl acetate 2:1 v/v); [aly =
+2.9; '"HNMR (300 MHz, CDCly): 6=7.77 (d, J=7.5Hz, 2H; arom.,
Fmoc), 7.61 (d, J=6.9Hz, 2H; arom., Fmoc), 7.28-7.42 (m, 9H;
arom., Fmoc, Bn), 5.66-5.69 (m, 2H; v,6-CHCH), 5.52 (d, J=8.1 Hz,
1H; NH) 5.07-5.24 (m, 3H; CH,, Bn, NH), 4.94 (brs, 1H; e-CH), 4.36—
4.41 (m, 2H; CH,, Fmoc), 4.21-4.23 (m, 1H; a-CH, Fmoc), 2.42-2.53
(m, 2H; B-CH,), 1.42ppm (s, 18H; C(CHs); Boc, COO C(CH,)s);
3C NMR (75 MHz, CDCl;): 6 =170.68, 170.40, 155.51, 155.17, 143.82,
143.71, 141.26, 135.04, 128.72, 128.62, 128.50, 128.22, 127.79,
127.68, 127.05, 125.07, 119.94, 82.10, 79.76, 67.48, 67.20, 55.44,
53.30, 47.09, 35.55, 31.55, 29.66, 28.29, 27.95, 22.61, 14.08 ppm;
HRMS- MALDI-TOF calcd for CiH,,N,Og [M+Nal: 679.3098; found
679.2981.

Compound 2: The DAP-containing muramyl tripeptide (2) was syn-
thesized by standard Fmoc solid-phase peptide synthesis. Sieber
Amide resin (100 mg, 42 umol; Novabiochem) was swelled in dry
dimethylformamide (DMF; ~120 min, 3 mL), treated with 20% pi-
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peridine in DMF (3 x5 min, 3x2 mL), washed with freshly distilled
DMF (3x3 mL), and then treated with DAP derivative 12 (38.7 mg,
42 pmol) in DMF in the presence of PyBOP (43.7 mg; Novabio-
chem), HOBt (11 mg; Aldrich), and DIPEA (29.2 uL; Alfa Aesar, Ward
Hill, MA). Progress of the reaction was monitored by Kaiser test.
After completion of the coupling, the resin was washed with DMF
(3x3 mL), and the Fmoc protecting group was removed with pi-
peridine in DMF (20%; 3 x5 min, 3x2 mL). The reaction cycle was
repeated with Fmoc-p-isoglutamine (30.94 mg, 84 umol), Fmoc-i-
alanine (26.12 mg, 84 umol; Novabiochem), and subsequently 2-N-
acetyl-1-p-0O-allyl-4,6-benzylidene-3-O-muramic acid (17; 35.4 mg,
84 pumol). The resulting resin-bound glycopeptide (18) was washed
with DMF (3x3 mL), dichloromethane (7x3 mL), and methanol
(3x3 mL). The resin was dried in vacuo for 4 h, reswelled in DCM
(~5 mL), and filtered. The glycopeptide (19) was released by treat-
ment of the resin with trifluoroacetic acid in DCM (2%, 10x2 mL).
The combined washings were concentrated under reduced pres-
sure and coevaporated with toluene (3x10 mL) to remove traces
of TFA. After cleavage from the resin, the MTP-DAP (19) was treat-
ed with TFA (20%) to remove the Boc and tBu protecting groups.
The deprotected derivative was precipitated from cold diethyl
ether to afford an off-white product. A suspension of this com-
pound and Pd/C (10%, 5 mg) in a mixture of EtOH/H,O/HCI (1;
4:2:0.01, 0.6 mL) was stirred at r.t. for 16 h. The solution was fil-
tered and the filtrate was purified by Sephadex G10 size exclusion
column chromatography (eluent H,0) to afford the target com-
pound 2 as a mixture of a/f anomers (9.3 mg, 30% overall yield).
[0]°=+0.2; "H NMR (500 MHz, D,0): 6="5.08 (d, J=3.2 Hz, 0.16H;
H-1(a), 4.32 (d, J=8.4 Hz, 0.84H; H-1(f)), 4.07-4.23 (m, 5H; a-CHx
2, DAP, a-CH, Ala, a-CH, Glu, a-CH, Lac), 3.67-3.89 (m, 3H; H2,
Héab), 3.38-3.50 (m, 3H; H3, H4, H5), 2.27-2.36 (m, 2H; y-CH,, Glu),
2.10 (m, 1H; B-CHH, Glu), 1.65-1.93 (m, 8H; (,8-CH,, Dap, p-CHH,
Glu, NH(COCH,)), 1.42-1.45 (m, 2H; y-CH,, Dap), 1.29-1.35 ppm (m,
6H; CH; Lac, CH; Ala); C-13 (HSQC): 0=102.18 (C-1-f}), 91.74 (C-1-
a), 83.31, 78.93, 76.24, 69.16, 60.66 (C6), 60.65, 60.06, 58.04, 55.68,
55.01, 54.33, 53.66, 50.29, 32.09 (y-C, Glu), 30.75 (C-Dap), 27.71 (3-C,
Glu), 23.00 (NHCH,), 21.98, 19.29, 17.27 ppm; HRMS- MALDI-TOF
calcd for CysH,sN;0;, IM+HCI]: 700.1355; found 700.1058.

Compound 24: HOAt (107 mg, 0.79 mmol) and DIC (39 uL,
0.26 mmol) were added to a solution of 2-N-acetyl-1-3-O-allyl-4,6-
benzylidene-3-O-muramic acid (17; 111 mg, 0.26 mmol) in dry DMF
(1 mL). After the reaction mixture had been stirred for 30 min at
RT, a mixture of H--Ala-OTMSE (23, 50 mg, 0.26 mmol) and DIPEA
(93 pL, 0.52 mmol) in dry DMF (1 mL) was added and stirring was
continued for 2 days. On completion of the reaction, the solution
was filtered and the filtrate was concentrated in vacuo. The solid
residue was dissolved in EtOAc (20 mL) and was washed with H,0O
(5x2mL), NaHCO; (5%x2 mL), and brine (5x2 mL). The organic
layer was dried (MgSO,) and filtered, and the filtrate was concen-
trated in vacuo. The residue was purified by silica gel column chro-
matography (MeOH in DCM, 2%) to afford 24 as a white solid
(121 mg, 77%). R;=0.80 (MeOH/DCM 5:95); [a]X¥=—3.73; 'H NMR
(300 MHz, CDCly): 6=7.20-7.43 (m, 5H; arom, Ph), 6.64 (d, J=
7.8 Hz, TH; NH), 5.76-5.89 (m, 1H; OCH,CH=CH,), 5.48 (s, 1H; CH,
Ph), 5.21 (d, J=18.9 Hz, 1H; OCH,CH=CHH), 5.12 (d, J=10.5 Hz,
1H; OCH,CH=CHH), 4.80 (d, /=8.4Hz, 1H; H1), 438 (t, J=6.9 Hz,
1H; a-CH, Lac), 4.26-4.32 (m, 3H; H6a, H4, OCHHCH=CH,), 4.12—
421 (m, 3H; COOCH, o-CH, Ala), 4.00-4.09 (m, 2H; H3,
OCHHCHCH,), 3.75 (t, J=10.5Hz, 1H; H6b), 3.57 (dd, J=9.3 Hz,
1H; H2), 1.93 (s, 3H; NHCH,), 1.34-1.40 (m, 6H; 2xCH,, Ala, Lac),
0.96 (t, J=16.8 Hz, 2H; CH,S), 0.00 ppm (s, 9H; Si(CH,);); >*C NMR
(75 MHz, CDCly): 6=173.01, 171.06, 137.06, 133.64, 128.97, 128.22,
125.87, 11743, 101.22, 99.96, 81.62, 78.66, 78.01, 70.09, 68.64,

2094

www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Synthesis and Proinflammatory Properties of Muramyl Tripeptides

65.84, 63.86, 57.09, 48.12, 41.91, 23.55, 1938, 17.96, 17.27,
—1.58 ppm; HRMS- MALDI-TOF calcd for C,HuN,0.Si [M+Na]:
615.2706; found 615.2394.

Compound 25: TBAF (1m in THF, 95 pL) was added to a cooled
(0°C) solution of 24 (47 mg, 0.08 mmol) in THF (1 mL), and the re-
action mixture was stirred for 5 h at RT. On completion of the reac-
tion (as indicated by TLC analysis), the reaction mixture was con-
centrated in vacuo and the residue was subjected to silica gel
column chromatography (2% MeOH/DCM) to yield compound 25
as a colorless oil. (33 mg, 84%). R;=0.30 (MeOH in DCM: 8:92);
[a]2D6:—9.6; 'HNMR (500 MHz, CD,0OD): 6=7.28-739 (m, 5H;
arom, Ph), 5.79-5.83 (m, 1H; OCH,CH=CH,), 5.56 (s, 1H; CH, Ph),
5.18 (d, J/=17.5Hz, 1H; OCH,CH=CHH), 5.07 (d, J=11.0Hz, 1H;
OCH,CH=CHH), 4.51 (d, J=8.5Hz, 1H; H1), 4.21-4.23 (m, 2H; H6a,
OCHHCH=CH,), 3.99-4.10 (3H; OCHHCH=CH,, a-H, Ala, Lac), 3.88 (t,
J=9.5Hz, 1H; H2), 3.75 (t, J=10.5 Hz, 1H; H6b), 3.68 (t, /=9.5 Hz,
1H; H3), 3.58 (t, J=9.0 Hz, 1H; H4), 3.38-3.43 (m, 1H; H5), 1.32 and
1.25 ppm (d, 6H; 2xCH,, Lac, Ala); *C NMR (75 MHz, CD;0D): 6 =
174.55, 174.23, 138.96, 135.23, 130.00, 129.16, 127.25, 117.27,
102.68, 102.51, 82.77, 81.08, 79.48, 71.25, 69.59, 67.34, 59.51, 59.47,
56.81, 24.79, 23.43, 20.71, 19.85, 19.21, 13.92 ppm; HRMS- MALDI-
TOF calcd for C,,H;,N,04 [M+Nal: 515.1198; found 515.1931.

1,7-Di-tert-butyl (25,6R)-N*-(N-fluoren-9-ylmethoxycarbonyl-o-
isoglutamyl a-benzyl ester)-N*-(tert-butoxycarbonyl)-2,6-diami-
nopimelate (21): Pd/C (5%, 50 mg) was added to a solution of 9
(70 mg, 0.12 mmol) in a mixture of EtOH/H,0/DCM (10:1:1 v/v/v,
2 mL). The mixture was placed under an atmosphere of hydrogen
and stirred for 16 h. On completion of the reaction (TLC analysis),
the suspension was filtered through a pad of celite, washed with
EtOH, and the filtrate was concentrated in vacuo. The free amine
(11) was used immediately in the next reaction step. HATU (49 mg,
0.12 mmol) and DIPEA (46 pL, 0.25 mmol) were added to a solution
of FmocGIuOBn (59 mg, 0.12 mmol) in dry DMF, and a solution of
the free amine 11 in dry DMF and DIPEA (23 pL, 0.12 mmol) was
then added. The resulting reaction mixture was stirred at RT for
20 h, after which it was concentrated in vacuo and the residue was
subjected to size exclusion column chromatography over LH-20
(DCM/MeOH 1:1) to afford 21 (96 mg, 88%) as a colorless syrup.
R=071 (MeOH/DCM 5:95); [0]*=+44.0; 'HNMR (300 MHz,
CDCly): 6=7.78 (d, J=7.5Hz, 2H; arom., Fmoc), 7.59 (d, /=7.2 Hz,
2H; arom., Fmoc), 7.26-7.37 (m, 9H; arom., Fmoc, Bn), 6.44 (d, J=
7.5Hz, 1H; NH), 5.80 (d, J=7.5Hz, 1H; NH), 5.15 (s, 2H; CH,Bn),
5.03-5.08 (m, 1H; NH), 4.33-4.43 (m, 4H; CH,, Fmoc, a, e-CH, Dap),
4.18 (t, TH; CH, Fmoc), 4.10 (m, 1H; a-CH, Glu), 2.23 (m, 3H; y-CH,,
B-CHH, Glu), 1.54-1.98 (7H; B-CHH, Glu, f,y,06-CH,, Dap), 1.39 ppm
(s, 27H; C(CH,);, Boc, 2xtBu); *C NMR (75 MHz, CDCl,): =171.85,
171.68, 17157, 17132, 156.28, 155.46, 143.90, 143.68, 141.26,
135.17, 128.59, 128.46, 128.30, 127.66, 127.05, 125.15, 119.92, 82.05,
81.84, 79.63, 67.28, 67.10, 53.57, 53.49, 53.45, 52.57, 47.12, 32.68,
32.13, 31.82, 28.43, 28.29, 27.94, 20.87 ppm; HRMS- MALDI-TOF
calcd for C,;Hg;N;0;, [M+Nal: 866.4306; found 866.4518.

Compound 22: A solution of 21 (35 mg, 0.04 mmol) in piperidine
in dry DMF (20%, 1 mL) was stirred at RT for 3 h. On completion of
the reaction (as indicated by TLC analysis), the solvent was evapo-
rated in vacuo and the residue was subjected to silica gel column
chromatography (MeOH/DCM 2:98) to afford compound 22 as a
colorless gel (24 mg, 93%). R;=0.29 (MeOH/DCM 4:96); [0 =
—0.3; "H NMR (500 MHz, CDCl,): 6=7.29-7.35 (m, 5H; arom H, Bn),
6.49 (d, J=7 Hz, TH; NH), 5.14 (s, 2H; CH,Bn), 5.04 (d, /=8 Hz, 1H;
NH), 4.39-4.43, 4.10 (m, 2H; a-CH, Dap, &-CH, Dap), 3.52 (brs, TH;
a-CH, Glu), 2.33-2.39 (m, 1H; y-CHH, Glu), 2.24-2.29 (m, TH; y-
CHH, Glu), 2.10-2.12 (m, 2H; B-CH, Glu), 1.56-1.82 (m, 4H; 3,0-CH,,

ChemBioChem 2005, 6, 2088 — 2097



www.chembiochem.org



G.-J. Boons et al.

Dap), 1.42 (brs, 27H; C(CH,);, Boc, 2xtBu), 1.25-1.36 ppm (m, 2H;
v-CH,-Dap); *CNMR (HSQC): 128.76 (arom H, Bn), 68.04 (CHBn),
53.70, 55.61, 55.62 (a,e-CH-Dap, o-CH-Glu) 33.14, 32.66, 31.70,
28.83(C (CH5);, Boc, 2xtBu) 21.66 ppm; HRMS- MALDI-TOF calcd for
C;,Hs5:N;04 [M+Na]: 644.3515; found 644.3002.

Compound 26: HOAt (16 mg, 90 umol) and DIC (5.9 uL, 30 pmol)
were added to a solution of 25 (19 mg, 38 umol) in DMF (0.5 mL)
and the mixture was stirred at RT for 1 h. A solution of 22 (24 mg,
38 umol) and DIPEA (13.4 pL, 77 umol) in dry DMF (0.05 mL) was
added to the reaction mixture and stirring was continued at RT for
16 h. The solvents was evaporated and the residue was subjected
to silica gel column chromatography (MeOH/DCM 2:98) to afford
compound 26 as a colorless gel (27 mg, 64%). R;=0.56 (MeOH/
DCM 4:96); [a]2=—15.71; 'H NMR (500 MHz, CD;0D): §=7.40 (m,
2H; arom H), 7.23-7.28 (m, 8H; arom H), 5.78-5.83 (m, TH;
OCH,CH=CH,), 5.56 (s, 1H; CH, Ph), 519 (d, J=17.0Hz, 1H;
OCH,CH=CHH), 5.07 (d, J=11.0 Hz, 3H; CH,Bn, OCH,CH=CHH), 4.51
(d, J=8.0Hz, 1H; H1), 4.39-4.41 (m, 1H; a-CH, Glu), 4.22-4.30 (m,
5H; a-CH, Dap, a-CH, Ala, a-CH, Lac, H6a, OCHHCH=CH,), 4.13 (t,
J=6.5Hz, 1H; &-CH, Dap), 3.97-4.01 (m, 1H; OCHHCH=CH,), 3.86
(t, J=9.0Hz, 1H; H2), 3.75 (t, J=10Hz, 1H; H6b), 3.61-3.70 (m,
2H; H3, H4), 3.39-3.41 (m, 1H; H5), 2.21-2.24 (m, 2H; y-CH,, Glu),
2.09 (m, 4H; B-CHH, Glu, NHCOCH,), 1.92-1.88 (m, 1H; $-CHH, Glu),
1.68-1.51 (6H; B,y,0-CH,, Dap), 1.23-1.38 ppm (15H; C(CH,);, Boc,
2xCH,, Ala, Lac); *CNMR (75 MHz, CD,0D): 6=175.31, 174.85,
174.65, 174.63, 173.81, 172.88, 172.68, 172.67(CO), 139.01, 137.14,
135.39, 135.34 (CH-allyl), 130.44, 130.12, 129.97, 129.65, 129.60,
129.40, 129.34, 129.27, 129.17, 127.30, 127.27 (arom, Ph, Bn) 117.15
(CH-allyl), 102.65, 102.48 (PhCH, C1), 82.80, 82.57, 82.49, 80.51,
78.98, (C(CH5);x3, €3, C4) 71.07, 69.61, 68.07, 67.44, 56.81, 55.60,
54.48, 53.49, 50.24 (0-C, Ala, Glu, Dap, Lac) 32.82, 32.27, 32.04,
28.77, 28.46, 28.30, 28.17, 23.26, 19.78, 18.51 ppm (C(CH5);x 3, CH,,
Ala, CHs, Lac); HRMS- MALDI-TOF calcd for CssHg,N5O,; [M+H+Nal:
1120.2548; found 1120.2733.

Muramyl tripeptide 3: The fully protected muramyl tripeptide de-
rivative 26 (11 mg, 0.001 mmol) was treated with TFA in DCM
(20%, 0.5 mL) for 5 h. The solution was coevaporated from toluene
to remove traces of TFA. The resulting white compound was dried
in vacuo for 5 h. Pd/C (10%, 10 mg) was added to a solution of the
crude compound in an EtOH/H,O/HOAc (4:2:2, 0.8 mL) mixture
and the reaction mixture was stirred for stirred for 5 days, after
which it was filtered through a thin pad of celite and the resulting
filtrate was concentrated under reduced pressure. A crude NMR
confirmed the complete removal of the allyl group. The benzyl
ester was removed by stirring the compound under H, in the pres-
ence of Pd/C in an EtOH/H,0/HOAc (4:2:2, 0.8 mL) mixture for
16 h. On completion of the reaction, Pd/C was filtered off and the
solvents were evaporated in vacuo. The crude product subjected
to G-15 column chromatography (H,0) to afford compound 3 as
white solid (3.9 mg, 58%) upon lyophilization. [a]2*=—8.1; '"H NMR
(500 MHz, D,0): 6=5.08 (d, TH; H1), 3.59-4.59 (m, 10H; a,e-CH,
Dap, a-CH, Ala, a-CH, Glu, a-CH, Lac, H2, H3, H4, H5, H6), 2.46 (brs,
2H; y-CH,, Glu), 2.00-2.28 (m, 7H; B-CH,, Glu, CH,, Dap, NHCOCHS),
1.87 (m, 2H; CH,, Dap), 1.59-1.66 ppm (m, 6H; 2xCH,, Ala, Lac); C-
13 (HSQQ): 6=91.71 (C-1), 82.79 (C2), 82.33, 82.10, 78.68, 76.63 (o
G, Ala, Glu, Dap, Lac), 75.95, 69.79 (C2, C3), 60.09, 61.36, 59.99,
57.71, 56.11, 55.89, 55.43, 55.20, 50.41, 49.79, 32.78 (y-C, Glu),
31.64, 31.41, 2891, 28.68, 27.54, 22.52 (§-C, Glu), 21.84, 21.61,
17.96, 17.74 ppm; HRMS- MALDI-TOF calcd for CyHysNsOys [M/
2+Nal: 355.6268; found 355.5276.

MTP-Lys (4): Sieber Amide resin (100 mg, 42 umol; Novabiochem)
was swelled in dry dimethylformamide (DMF; 5mL, ~120 min),
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treated with piperidine in DMF (20%, 3 x5 mL, 3x2 mL), washed
with freshly distilled DMF (3x3 mL), and then treated with Fmoc-L-
Lys(Mtt)-OH (52.4 mg, 84 umol; Novabiochem) in DMF in the pres-
ence of PyBOP (43.7 mg; Novabiochem), HOBt (11 mg; Aldrich),
and DIPEA (29.2 uL; Alfa Aesar, Ward Hill, MA). Progress of the reac-
tion was monitored by the Kaiser test. After completion of the cou-
pling, the resin was washed with DMF (3x3 mL), and the Fmoc
protecting group was removed with piperidine in DMF (20%, 3 x
5 min, 3x2 mL). The reaction cycle was repeated with Fmoc-p-iso-
glutamine (30.9 mg, 84 umol), Fmoc-t-alanine (26.1 mg, 84 umol;
Novabiochem), and, subsequently, 2-N-acetyl-1-3-O-allyl-4,6-benzyl-
idene-3-O-muramic acid (17, 35.4 mg, 84 umol). The resulting resin-
bound glycopeptide was washed with DMF (3x3 mL), dichlorome-
thane (7x3 mL), and methanol (3x3 mL). The resin was dried in
vacuo for 4 h, reswelled in DCM (~5 mL), and filtered. The glyco-
peptide was released by treatment of the resin with trifluoroacetic
acid in DCM (2%, 10x2 mL). The resin washings were combined,
concentrated under reduced pressure, and coevaporated with tolu-
ene to remove traces of TFA, and the residue was dried in vacuo.
The crude product was subjected to TFA in DCM (20%, ~2 mL) to
ensure complete removal of the benzylidene protecting groups.
The resulting product was purified by Sephadex G15 size exclusion
column (Amersham Biosciences) chromatography (eluent H,0) to
give  [2-N-acetyl-1-B-O-allyl-3-O-muramyl]-L-alanyl-p-isoglutamyl-L-
lysine (8.7 mg, 75%) as a white, amorphous solid. [a]?*=-5.9;
'H NMR (500 MHz, D,0): 6=5.75-5.80 (m, 1H; OCH,CH=CH,), 5.13
(dd, 2H; OCH,CH=CH,), 4.12 (d, J=8.43 Hz, 1H; H1), 4.00-4.23 (m,
6H; a-CH, Ala, a-CH, Lys, a-CH, Glu, a-CH, Lac, OCH,CH=CH,), 3.83
(d, J=10.7 Hz, 1H; H6a), 3.73 (t, TH; H2), 3.63-3.67 (dd, 1H; H6b),
3.33-3.34 (m, 3H; H3, H4, H5), 3.05 (t, 2H; &-CH,, Lys), 2.27-2.31 (m,
2H; y-CH,, Glu), 2.05-2.09 (m, 1H; p-CH,, Glu), 1.85-1.87 (m, 4H; B-
CH,, Glu, NHAc), 1.67-1.69 (m, 1H; B-CH,, Lys), 1.59-1.62 (m, TH; -
CH,, Lys), 1.37-1.42 (m, 2H; 3-CH,, Lys), 1.32 (m, 5H; CH,, Lac, y-
CH,, Lys), 1.26 ppm (d, J=7.13 Hz, 3H; CH,, Ala); *C NMR (75 MHz,
D,0): 6=177.06, 176.02, 175.99, 17530, 175.25, 174.27, 133.52,
118.24, 100.27, 82.97, 78.41, 75.78, 70.67, 68.85, 60.86, 55.21, 53.63,
52.87, 49.97, 39.33, 31.57, 30.54, 26.93, 26.42, 22.34, 22.28, 18.89,
16.69 ppm; HRMS- MALDI-TOF calcd for C,gH,N,O;; [M+Na]:
682.3380; found 682.3062.

The  [2-N-acetyl-1-p3-O-allyl-3-O-muramyl]-L-alanyl-o-isoglutamyl-i-
lysine (8.7 mg, 10.3 umol) was dissolved in an ethanol/acetic acid/
water (2:1:1, 0.8 mL) mixture, and Pd on charcoal (10%, 9 mg) was
added. After stirring at room temperature for 48 h, the reaction
mixture was filtered, the filtrate was concentrated under reduced
pressure, and the residue was coevaporated from toluene (3x
10 mL). The residue was subjected to Sephadex G15 size exclusion
column chromatography (eluent H,0) to give the target com-
pound (4) as a mixture of a/f anomers (5.3 mg, 61%). [a]’=
+20.6; 'H NMR (500 MHz, D,0): =5.16 (d, J=3.3 Hz, 0.69H; H1-a
anomer), 4.67 (d, J=8.1 Hz, 0.31H; H-1-f§ anomer), 4.20-4.34 (m,
4H; a-CH, Lys, a-CH, Glu, a-CH, Ala, a-CH, Lac), 3.50-4.00 (m, 6H;
H2,H3,H4,H5,H6), 3.01 (t, 2H; € CH,, Lys), 2.39-2.45 (m, 2H; vy CH,,
Glu), 2.15-2.23 (m, 1H; B CH,, Glu), 1.65-2.00 (m, 8H;  CH,, Glu,
B,0-CH,, Lys, NH(COCH,), 1.37-1.47 ppm (m, 8H; vy CH,, Lys, CH;,
Lac, CH,, Ala); ®*C NMR (75 MHz, D,0): d=177.06, 176.02, 175.25,
174.14, 101.03, 95.07, 91.13, 82.77, 79.85, 78.46, 78.24, 77.89, 75.87,
73.51, 71.66, 69.05, 60.88, 60.67, 56.34, 53.86, 53.63, 52.87, 49.98,
49.03, 39.33, 31.57, 30.53, 26.93, 26.42, 22.65, 22.37, 22.28, 22.15,
18.79, 16.70 ppm; HRMS- MALDI-TOF calcd for C,sH,sN,O;; [M+Na]:
642.3067; found 642.3777.

MTP-Lys-acid (5): HMPB-AM resin (100 mg, 91 umol; Novabiochem)
was swelled in dry dimethylformamide (DMF; ~30 min). 1,3-Di-
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isopropylcarbodiimide (DIC, 70 L, 450 umol) was added at 0°C to
a solution of Fmoc-Lys(Mtt)-OH (567 mg, 900 umol) in dry DCM
(~5 mL) and the resulting reaction mixture was stirred for 20 min.
This solution was then concentrated to dryness (~1 h over vacuum
pump) and dissolved in dry DMF (2 mL), which was added to the
swelled resin. DMAP (11.1 mg, 90 umol) was added to this solution,
and the reaction was mixed by bubbling of N, gas for 6 h. The re-
action mixture was then treated with piperidine in DMF (20%, 3 X
5 min, 3x3 mL) to remove the Fmoc group on the Fmoc-Lys(Mtt)-
OH moiety. Completion of reaction was monitored by Kaiser test.
The reaction cycle was repeated with Fmoc-o-Glu(OtBu) (77.1 mg,
182 umol), Fmoc-t-alanine (56 mg, 182 pmol; Novabiochem), and,
subsequently,  2-N-acetyl-1-p-O-allyl-4,6-benzylidene-3-O-muramic
acid (17, 76 mg, 182 pumol). The resulting resin-bound glycopeptide
was washed with DMF (3x2 mL), dichloromethane (5x2 mL), and
methanol (3x2 mL). The resin was dried in vacuo for 4 h, reswelled
in DCM (~5mL), and filtered. The glycopeptide was released by
treatment of the resin with trifluoroacetic acid in DCM (1%, 10x
2 mL). The resin washings were combined and concentrated under
reduced pressure and the residue was dried in vacuo. The crude
product was treated with TFA in DCM (20%, 2 mL) to ensure com-
plete removal of the benzylidene protecting groups. The resulting
product was purified by Sephadex G15 size exclusion column chro-
matography (Amersham Biosciences) to give 5 (8.7 mg, 75%) as a
white, amorphous solid. 'H NMR (500 MHz, D,0): 6=5.17 (d, J=
3.0 Hz, 0.41H; H1(a)), 4.67 (d, J=8.5 Hz, 0.59H; H1(B)), 4.23-4.42
(m, 4H; a-CH, Lys, a-CH, Ala, a-CH, Glu, a-CH, Lac), 3.46-3.99 (m,
6H; H2, H6ab, H3, H4, H5), 3.00 (t, 2H; eCH,, Lys), 2.40 (t, 2H; yCH,,
Glu), 2.21 (m, 1H; BCHH, Glu), 1.88-2.05 (m, 5H; NHCH,, BCHH, Glu,
CH, Lys), 1.70-1.88 (m, 3H; 3xCH, Lys), 1.36-1.45 ppm (m, 8H;
YCH,, Lys, CH; Lac, CH; Ala); C-13 (HSQC): =95.13 (aC-1), 91.51
(BC-1), 82.98, 81.69, 78.53, 78.25, 73.65 (0-C, Ala, Glu, Lys, Lac),
80.11, 76.09, 71.93, 66.34, 61.16, 61.02, 60.87, 59.27, 57.57, 55.85,
54.12, 53.26, 52.69, 50.25, 39.57 (eC Lys), 32.00 (yC-Glu), 30.11,
26.92 (BC-Glu), 26.80, 25.97, 22.66, 22.43, 19.12, 17.70, 17.22 ppm;
HRMS- MALDI-TOF caled for CysHysNsOp5 [MI: 621.2857; found
621.2571.

Biological Studies

Reagents: MDP (N-acetylmuramyl-t-alanyl-p-isoglutamine) was ob-
tained from Calbiochem, polymyxin B from Bedford Laboratories,
and E. coli 055:B5 LPS from List Biological Laboratories. All studies
were performed with a same batch of E. coli 055:B5 LPS, which is
further referred to in the text as LPS.

Cell maintenance: Mono Mac 6 cells, provided by Dr. HW.L. Zie-
gler-Heitbrock (University of Munich, Germany), were cultured in
RPMI 1640 medium with -glutamine (Mediatech) supplemented
with penicillin (100 umL™")/streptomycin (100 pg mL™"; Mediatech),
OPI supplement (1%; Sigma; containing oxaloacetate, pyruvate,
and bovine insulin), and fetal bovine serum (10%; HyClone). The
cells were maintained in a humid 5% CO, atmosphere at 37°C.
New batches of frozen cell stock were grown up every 2-3 months
and growth morphology was evaluated. Before each experiment,
Mono Mac 6 cells were allowed to differentiate for 2 days in the
presence of calcitriol (10 ngmL™'; Sigma).

ELISA TNF-a: Cells were harvested by centrifugation and were
gently resuspended (10° cellsmL™") in prewarmed (37°C) medium.
Cells were then incubated for 5 h with different combinations of
stimuli in the presence or absence of polymyxin B as described
below. At the end of the incubation period, cell supernatants were
collected and stored frozen (—80°C) until assayed for TNF-o. pro-
tein. Concentrations of TNF-a in culture supernatants were deter-
mined in duplicate by a solid-phase sandwich ELISA. Briefly, 96-well
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plates (Nalge Nunc International) were coated with purified mouse
anti-human TNF-o. monoclonal antibody (mAb; Pharmingen). TNF-
o in standards and samples was allowed to bind to the immobi-
lized mAb for 2 h at room temperature. Biotinylated mouse anti-
human TNF-a mAb (Pharmingen) was then added, producing an
antibody-antigen-antibody “sandwich”. After addition of avidin-
horseradish peroxidase conjugate (Pharmingen) and ABTS perox-
idase substrate (Kirkegaard & Perry Laboratories), a green color was
produced in direct proportion to the amount of TNF-o. present in
the sample. The reaction was stopped by addition of peroxidase
stop solution (Kirkegaard & Perry Laboratories), and the absorb-
ance was measured at 405 nm with a microplate reader (Bio-Tek In-
struments). All data for TNF-a are presented as the means =+ SD of
duplicate cultures. Each experiment was repeated at least twice.

Evaluation of materials for contamination by LPS: To ensure that
any increase in TNF-a production was not caused by LPS contami-
nation of the solutions containing the various stimuli, the experi-
ments were performed in the absence and in the presence of poly-
myxin B, an antibiotic that binds avidly to the lipid A region of LPS,
thereby preventing LPS-induced monokine production.”” TNF-a
concentrations in supernatants of cells preincubated with polymyx-
in B (25 ugmL™") for 30 min before incubation with 0.5 ngmL™" LPS
for 5h were reduced from 1738+£96 pgmL™" to 3+£2pgmL~’,
whereas preincubation with polymyxin B had no effect on TNF-a
synthesis by cells incubated with 100 uv MDP (1; ~112 pgmL™")
or the synthetic compounds 2, 3, 4, and 5 (~87, ~209, ~206 and
~0pgmL~, respectively). Therefore, LPS contamination of these
preparations was inconsequential.

Preparation of RNA and quantification of TNF-o mRNA by real-
time polymerase chain reaction (PCR) analysis: Cells were har-
vested by centrifugation and were gently suspended (2.25x
108 cellsmL™") in prewarmed (37 °C) medium. Cells were incubated
with the indicated concentrations of the stimuli in the presence or
absence of polymyxin B for 1.5 h, after which cells were harvested,
and total RNA was isolated by use of the StrataPrep Total RNA Min-
iprep Kit (Stratagene) according to the manufacturer’s protocol.
TNF-a gene expression was quantified in a two-step reverse tran-
scription-PCR (RT-PCR). In the RT step, cDNA was reverse transcri-
bed from total RNA samples (0.625 pg/50 pl) by use of random
hexamers from the TagMan RT reagents (Applied Biosystems). In
the PCR step, PCR products were synthesized from cDNA (11.25 ng/
10 L) by use of the Tagman universal PCR master mix and TagMan
PDARs for human TNF-a (Applied Biosystems). Measurements were
carried out by use of the ABI Prism 7900 HT sequence detection
system (Applied Biosystems), according to the manufacturer’s pro-
tocols. As an endogenous control for these PCR quantification
studies, 18S ribosomal RNA gene expression was measured by use
of the TagMan ribosomal RNA control reagents (Applied Biosys-
tems). Results represent means+SDs of quadruplicate measure-
ments. Each experiment was repeated at least twice.

Data analysis: LPS concentration/response data for stimulation of
TNF-a production in Mono Mac 6 cells were analyzed by nonlinear
least-squares curve fitting in Prism (GraphPad Software, Inc.). These
data were fitted with the following logistic equation:

Y = o/ (1 + (ECso/X)™*P°) Q)

where Y is the TNF-a response, X is the LPS concentration, E,,, is
the maximum response, and ECs, is the concentration of LPS pro-
ducing 50% stimulation.
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As Fast and Selective as Enzymatic Ligations:
Unpaired Nucleobases Increase the Selectivity
of DNA-Controlled Native Chemical PNA

Ligation

Simon Ficht, Christian Dose, and Oliver Seitz*®

DNA-controlled reactions offer interesting opportunities in biolog-
ical, chemical, and nanosciences. In practical applications, such
as in DNA sequence analysis, the sequence fidelity of the chemi-
cal-ligation reaction is of central importance. We present a liga-
tion reaction that is as fast as and much more selective than en-
zymatic T4 ligase-mediated oligonucleotide ligations. The selec-
tivity was higher than 3000-fold in discriminating matched from
singly mismatched DNA templates. It is demonstrated that this
enormous selectivity is the hallmark of the particular ligation ar-
chitecture, which is distinct from previous ligation architectures

Introduction

In DNA excision-repair processes, DNA ligases efficiently join
nicked DNA duplexes that have been corrected to perfect
complementarity, without resealing strand breaks that contain
damaged or mismatched bases.'" For example, in a Tth ligase
reaction, ligation on matched templates occurs more than
1000-fold faster than ligation on single-base mismatched tem-
plates.”’ Such high discriminative powers are required in early
detection of cancer, as here the challenge arises to detect ac-
quired single-base mutations over the background of predomi-
nant wild-type sequences. The high sequence fidelity and the
high rates of DNA-ligase-mediated reactions provide the basis
for the powerful oligonucleotide ligation assay (OLA), in which
single-nucleotide-specific formation of DNA ligation products
serves as the most accurate means of analyzing DNA single-
base mutations.”

The exceptional properties of enzymatic ligation systems as
well as the desire to overcome restricted tolerance to modifica-
tions of substrates and media, stimulated chemists to explore
the utility of chemical ligation methods. While elegant meth-
ods for achieving sequence-specific chemical ligation on DNA
templates have been shown, the speed and accuracy of prod-
uct formation were still lagging behind Tth enzyme-mediated
ligations.®"" In addition, the extension of chemical techniques
to genuine double-stranded DNA provided a major challenge.
We have recently shown that the use of peptide nucleic acids
(PNA), nonionic, biostable DNA analogues, and a native chemi-
cal-ligation-based chemistry">'¥ allowed product formation to
occur even on double-stranded PCR DNA templates." Previ-
ous ligation systems have been designed in analogy to nicked
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designed as “nick ligations”. Interestingly, the fidelity of the native
chemical ligation of peptide nucleic acids was increased by more
than one order of magnitude when performing the ligation in
such a way that an abasic-site mimic was formed opposite an
unpaired template base. It is shown that the high sequence fideli-
ty of the abasic ligation could facilitate the MALDI-TOF mass-
spectrometric analysis of early cancer onset by allowing the de-
tection of as little as 0.2% of single-base mutant DNA in the
presence of 99.8 % wild-type DNA.

DNA duplex substrates of DNA ligase.”® We now provide
clear evidence that the fidelity of a chemical ligation syst'em,
such as the PNA native chemical ligation, can be improved by
more than one order of magnitude when avoiding contiguous
base-stacking between the fragments to be ligated. A new 1,2-
aminothiol-containing PNA monomer is presented that enables
PNA fragment couplings with PNA thioesters. It is shown that
the PNA native chemical ligation succeeds as rapidly and as se-
lectively as the best performing DNA-ligase-mediated oligonu-
cleotide ligation reactions.

Results and Discussion

In prior chemical DNA-ligation systems, the two fragments to
be ligated, 1 and 2, were aligned on the DNA template, 3, so
as to allow base stacking between bases at the ligation site
(Scheme 1A). We have recently introduced a PNA-based liga-
tion in which base stacking between two DNA-bound PNA
fragments, 5 and 6, was hindered by allowing the ligation to
form an abasic site in 8 (Scheme 1B).'"*¥?® However, the en-
hanced flexibility of the reactive groups in such a ligation ar-
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Scheme 1. DNA-controlled A) nick and B) abasic ligation of SH
two nucleic acid conjugates 1 and 2 or 5 and 6, respectively a
(A, B: reactive groups). )
AciNttccecac(HS YacctacaGlyGlyCONt2
chitecture might result in reductions of the effective NiL-Pr
molarity, thereby diminishing the sequence selectivity g, o 5 °
and/or rate accelerations exerted by the template.”® . O\P/, O\P// 0.0
On the other hand, it is conceivable that the disrup- AAGGGGT, o o oo O,P\O\GAXYTCS
tion of the cooperativity of “unselective” base stack- ZB\/ ZSV o}
ing would lead to enhancements of sequence fidelity G T G ::zgg ))éfg tg
due to the increased contribution of more selective C C ras2TA: X=T, Y=A
Watson-Crick hydrogen bonding. Kfo \l//o fasg'_rr'(":- i? $=(T:
O (o] ras . , Y=
Ac N N R N
. . . ttcceca N/\/ \)]\N/ﬁl/s HN/\/ \)J\ctacagGlyGIyCONHz
Ligation reactions H Ho OHN
e . AbL-EI © AbL-Nut
We explored the two distinct ligation architectures Hs

by using native chemical ligation of PNA on mutant
ras-gene segment ras1AT as a paradigm. The evalua-
tion of a nick PNA ligation (Scheme 2A) required a
new PNA monomer 9, which was designed as a
structural analogue of a PNA adenine monomer, 10,
that contained the 1,2-aminothiol structure needed C)
for native chemical ligation-like reactions (Scheme
20)." The abasic ligation format was put into
practice by allowing PNA glycine thioester AbL-El to
react with cysteinyl-PNA AbL-Nu1l. Upon ligation, a

:

AhNttccecacGlyCyscctacagGlyGly
AbL-Pr1

CONH2

NH, NH,

</Ik)

PNA-dipeptide hybrid AbL-Pr1 is formed in which
the central dipeptide (highlighted in 11) serves as the
isosteric replacement of a PNA monomer, such as ad-
enine 10. The ligation probes NiL-El and NiL-Nu (nick
ligation) and AbL-El and AbL-Nu1 (abasic ligation)
were allowed to react in the presence of perfectly
matched and singly mismatched DNA and in the ab-
sence of DNA. HPLC analysis revealed that neither

REe

(HS)a 9 Gly-Cys 11
Scheme 2. A) Nick PNA ligation of PNA conjugates NiL-El and NiL-Nu on matched DNA
template ras1AT and singly mismatched templates ras1AG-GT. B) Abasic PNA ligation of
PNA conjugates AbL-El and AbL-Nu1 on matched DNA template ras2TG and singly mis-
matched templates ras2GG-TC. a) 1 um probes (1:1 molar ratio), 1 um template, 10 mm
NaCl, 10 mm NaH,PO, (pH 7.4), saturated benzyl mercaptan at 25°C. R=SCH,C¢Hs. C) In
nick PNA ligation, the thiol group adenine monomer 9 replaces the “conventional” ade-
nine PNA monomer 10. In the abasic ligation architecture, the formed Gly-Cys dipeptide

nick ligation (Figure 1A) nor abasic ligation (Fig-
ure 1B) proceeded in the absence of DNA template
(<0.2% product after 60 min). The addition of matched DNA
templates led to strong increases in the rates and yields of
product formation. For example, in the abasic ligation on
matched DNA ras2TG, 20% yield of product AbL-Pr1 was ob-
tained after 90 s. An apparent second-order rate constant of
2470 Lmol™'s™" was determined, which is faster by almost two
orders of magnitude than previous nonenzymatic DNA ligation
reactions.® ™" Interestingly, nick ligation of NiL-El and NiL-Nu
proceeded even faster than the abasic PNA ligation, as evi-
denced by the 1.6-fold enhanced second-order rate constant
of 3973 Lmol's™".

ChemBioChem 2005, 6, 2098 -2103
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11 serves as isosteric replacement of adenine monomer 10.

Most noticeable were the results of the ligation experiments
on singly mismatched templates. While abasic ligation proved
inefficient (less than 0.2% vyield of AbL-Pr1 after 60 min), nick
ligation still proceeded remarkably well on mismatched tem-
plate ras1AG. The initial rates of ligation indicated that abasic
ligation of AbL-El and AbL-Nu1 on matched DNA ras2TG oc-
curred 3450-fold faster than on singly mismatched DNA
ras2GG. In contrast, only sevenfold rate differences were deter-
mined when analyzing matched and mismatched nick ligation
of NiL-El with NiL-Nu. Ligation experiments on templates
ras1TT, ras1CT, ras1GT, ras2TA, ras2TT, and ras2TC were per-
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formed in order to evaluate the roles of the position and iden-
tity of mismatched base pairs. Ligation of NiL-El and NiL-Nu in
the nick architecture on mismatched templates ras1TT, ras1CT,
and ras1GT furnished product NiL-Pr in 6.0, 4.5, and 5.5%
yield, respectively (Table 1). In contrast, abasic ligations on mis-
matched DNA templates ras2TA, ras2TT, and ras2TC were vir-
tually indistinguishable from template-free controls (< 0.2% li-
gation product). These results suggest that abasic ligation pro-
ceeded with higher sequence selectivity than nick ligation irre-
spective of the identity and position of mismatched bases. It is
interesting to note that the selectivity of up to 270-fold rate
differences obtained in nick PNA ligation resembles the orders
of match/mismatch discrimination reported for other DNA
ligation systems that featured contiguously paired template
bases.[®'6-2

Stability of binary and ternary complexes

The high reaction rates and the >3000-fold match/mismatch
selectivities obtained with abasic ligation are without prece-
dence in chemical nucleic acid ligation formats. It is commonly
assumed that the fidelity of a given DNA-controlled chemical-
ligation reaction is governed by the selectivity of probe hybrid-
ization. The T,,=37°C measured for a DNA duplex containing
matched thiol probe NiL-Nu and the T,,=42°C measured for
thiol probe AbL-Nu1 indicated that, at 25°C, both probes are
bound by the template (Table 2 A). Hybridization of both thiol
probes NiL-Nu and AbL-Nu1 with mismatched DNA ras1AG
and ras2GG failed to give sigmoid melting curves; this sug-
gests that formation of singly mismatched duplexes is a less
favoured event at 25°C. However, in ligation reactions, both
thioester probes NiL-El or AbL-El and thiol probes NiL-Nu or
AbL-Nu1 must bind simultaneously. Differences in cooperative
stabilization in contiguously stacked (nick) nonligated com-
plexes as opposed to abasic-site-containing complexes might
account for the different ligation selectivities. We therefore de-
termined the stability of nonligated ternary complexes. The
lengths of the DNA template and the thioester probes were
extended in order to allow the resolution of the two hybridiza-
tion events by analysis of biphasic melting curves (see Sup-
porting Information). The concomitant hybridization of NiL-
PNA probe (T,,=75°C) in the nick complex enhanced the affin-
ity of thiol probe NiL-Nu for template ras3T by AT,=2°C
from T,,=39°C in the binary complex (NiL-Nu-ras3T, Table 2 B)
to Tyw=41°C in the ternary complex (NiL-Nu-ras3T-NiL-PNA,
Table 2C). Just as high was the increase of the template affinity
of abasic ligation probe AbL-Nu1 that was brought about by
simultaneous hybridization of probe AbL-PNA (AbL-Nu1-ras3T,
Tm=43°C; AbL-Nu-ras3T-AbL-PNA, T,,=45°C). Ternary hybridi-
zation including mismatched DNA templates (NiL-Nu-ras3G-
NiL-PNA, Nu-ras3G-AbL-PNA) failed to give biphasic melting
curves (Supporting Information). The identical cooperative sta-
bilization (AT,=2°C) conferred by simultaneous hybridization
of two ligation probes in both ligation architectures, the
higher stability of nonligated abasic ligation complexes, and
the observation that hybridization is extremely fast and cer-
tainly not rate-limiting apparently contradict the notion of
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probe binding being the only determinant of ligation fidelity.
There must be additional parameters than the selectivity of
probe binding that determine the sequence fidelity of DNA-
controlled chemical ligation reactions. At present, the origin of
the superior ligation fidelity of abasic PNA ligation remains un-
clear. We do, however, note that the abasic PNA-ligation
format also provides high match/mismatch discriminations
when using other PNA ligation chemistries (data not shown). It
is conceivable that the positive effect of forming abasic sites
might be common to chemical DNA-controlled nucleic acid li-
gations in general, provided that binding at the template does
not impose steric constraints on transition-state geometry.

Towards detecting acquired single-base mutations present
as minor compounds

In order to be considered as true alternatives to commonly
used ligase-catalyzed reactions, chemical-ligation strategies
must proceed as rapidly and as selectively as enzymatic ones.
Moreover, in a “real-world” scenario, ligations must succeed on
genuine double-stranded DNA, which is usually obtained by
PCR. We have recently shown that native chemical PNA liga-
tion allowed the single-base-mutation analysis of double-
stranded PCR DNA."™ The results of the present study demon-
strated the high selectivity and rate of abasic PNA ligation.
These features should allow the design of very precise and
very fast single-nucleotide polymorphism detection assays.
Highest selectivities are demanded by assays aiming to detect
acquired single-base mutations present as a minority of the
DNA sample. Codon 12 ras wild-type and mutant templates
were mixed in varying ratios to emulate early cancer onset.
Figure 2 shows that single-nucleotide-specific ligation products
can be detected by MALDI-TOF mass spectrometry after only
20 min reaction time in spite of high backgrounds of wild-type
DNA.BY The formation of mutant ligation product AbL-Pr1
(m/z=4260) and, hence, occurrence of mutant DNA was de-
tected when present as a mixture of ras4G(wt)/ras4T(mt) DNA
in 9:1 and 99:1 ratios (Figure 2A). Even 0.2% of mutant DNA
was still detectable (signal-to-noise ratio=32) in the presence
of 99.8% of wild-type DNA, while virtually no signal appeared
on pure wild-type DNA (signal-to-noise ratio <3). In a duplex
assay, the formation of a wild-type specific ligation product
can serve as internal positive control. Figure 2B shows the liga-
tion products formed in a reaction of thioester AbL-El with
competing mutant thiol probe AbL-Nu1l and wild-type thiol
probe AbL-Nu2. Wild-type DNA ras4G was the major compo-
nent of the template mixture, and, indeed, wild-type-specific li-
gation product AbL-Pr2 was the dominating peak in all instan-
ces. The smallest detectable proportion of the mutant tem-
plate was 0.2% (signal-to-noise ratio=6); this testifies to the
high selectivity of native chemical PNA ligation.

Conclusion

In conclusion, we have provided evidence that the ligation ar-
chitecture is of critical importance for the sequence selectivity
of chemical PNA ligation. It was shown that the fidelity of a

ChemBioChem 2005, 6, 2098 -2103
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. ) ras1 .
NiL-El + NiL-Nu — NiL-Pr

A) 85 -
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40
Yield/%
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0 >I< X X X X
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AbL-El + AbL-Nu1 —> AbL-Pr1
B) 85 1
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55
40
Yield/%
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Figure 1. Time course of A) nick and B) abasic PNA ligation of PNA oligomers
NiL-El and NiL-Nu or AbL-El and AbL-Nu1 in the presence of matched DNA
template ras1AT or ras2TG (m), mismatched DNA template ras1AG or
ras2GG (o) and without DNA template (x) as revealed by HPLC analysis.
Insets show early time courses.

“conventional” nick ligation system can be increased by more
than one order of magnitude when performing the ligation
such that an abasic site was formed. The abasic PNA ligation is
as selective against single-base mismatches as the best per-
forming Tth DNA ligase and exceeds the fidelity of previous
chemical DNA ligations by one order of magnitude. The rates
of native chemical PNA ligation surpass those of other chemi-
cal-ligation techniques used in DNA analysis by two orders of
magnitude and are in the range of velocities of enzymatic liga-
tion reactions. This chemical-ligation system could therefore
offer a true alternative to enzymatic oligonucleotide ligation in
DNA and RNA-mutation analysis.

Experimental Section

General procedures and materials: Analytical HPLC was run on a
Merck-Hitachi Elite LaChrom chromatograph with an RP-C18A5u
“Polaris” column (PN 2000-250x% 0.46, Varian). Detection of the sig-
nals was achieved with a photodiode array detector at wave-
lengths 1 =260 and 280 nm. Eluents A (0.1% TFA in water + 1%
MeCN) and B (0.1% TFA in MeCN + 1% water) were used in a
linear gradient at 55°C with a flow rate of 1 mLmin™'. Gradient:
3% B—30% B in 30 min. Preparative HPLC was performed on a
Gilson Nebula 321 Series chromatograph with a semipreparative
column (VP 250/10 Nucleosil (100-7) HD or SP 125/10 Nucleodur
Gravity (5u; Macherey&Nagel, Diiren). Flow rate 3.5 or 6 mLmin™"
at 55°C.

MALDI-TOF mass spectra were measured on a Voyager-DE Pro Bio-
spectrometry Workstation from PerSeptive Biosystems (Foster City,
USA). A solution of sinapinic acid (10%) in MeCN/1%TFA (1:1) was
used for generating the probe-matrix mixture. The concentrations
of the stock solutions of the oligonucleotides were determined by
measuring the optical density at =260 nm on a Varian Cary 100
UV/Vis spectrometer. The specific absorption coefficients & of the
oligonucleotides were calculated by using the nearest-neighbor
method.

DNA was purchased from MWG (Ebersberg, Germany) at high-
purity, salt-free quality. Water was taken from a Milli-Q® Ultrapure
Water Purification System (Millipore Corp.).

Ty measurements: UV melting curves were measured at 260 nm
by using a Varian Cary 100 spectrometer equipped with a peltier
block. A degassed aqueous solution of NaCl (10 mm) and NaH,PO,
(10 mm) adjusted to pH 7.0 by using NaOH (2wm) was used as buffer.
The oligonucleotides were mixed at 1:1 stoichiometry, and the sol-
utions were adjusted to a final duplex concentration of 1 um. Prior
to analysis, the samples were heated to 85°C at a rate of

Table 1. Properties of nick and abasic ligation on matched and singly mismatched DNA templates.

Nick ligation Abasic ligation
DNA template yield initial rate selectivity™ DNA template yield initial rate selectivity™
[%]% Ms~'x107"] [9%]@ [ws™'x107 "]
ras1AT (match) 70 326 ras2TG (match) 76 206
ras1AG (mismatch) 53 50 1.7 ras2GG (mismatch) <0.249 <0.06 > 1:3450
ras1TT (mismatch) 6.0 1.6 1:204 ras2TA (mismatch) <0.249 <0.06 > 1:3450
ras1CT (mismatch) 45 1.2 1:272 ras2TT (mismatch) <0.29 <0.06 >1:3450
ras1GT (mismatch) 5.5 14 1:233 ras2TC (mismatch) <0.249 <0.06 > 1:3450

[a] Yields after 60 min. [b] Ratio between the initial rates of product formation on matched and mismatched DNA. [c] Smallest reliable yield to be deter-
mined (HPLC traces are presented in Figure S2 in the Supporting Information).
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Nicked Ligation

Table 2. Melting temperatures of the nick and abasic ligation probes in complex with target DNA.

[a]

Abasic Ligation

A)  ras1XY JAAGGGGTGTGGXYGT®

(HS)acctacaGlyGly“ONH2
NiL-Nu
ras1AT ras1AG
Tw/°C 37 ns.!

B) ras3T SCCCGTGAGAAGGGGTGTGGATGTC®

(HS)acctacaGlyGlyCONH2
NiL-Nu
Tu/°C 39
O ras3X ¥CCCGTGAGAAGGGGTGTGGAXGTC®

AciNgggcactcttcoccac ONH(HS)acctacaGlyGlyCONT
NiL-PNA NiL-Nu
ras3T,G ras3T ras3G
Tw°C 75 41 n.s.

ras2XY ¥AAGGGGTGTGGAXYTC®

CyscctacagGlyGlyCOnHz
AbL-Nu1
ras2TG ras2GG
Tw/°C 42 ns.

ras3T 3CCCGTGAGAAGGGGTGTGGATGTC®

CyscctacagGlyGlyCONH2
AbL-Nu1
Tw/°C 43
ras3X ¥CCCGTGAGAAGGGGTGTGGAXGTCY
AcHNgggcactcttccecacGly®ONM2 CyscetacagGlyGlyCONM2
AbL-PNA AbL-Nu1

ras3T,G ras3T ras3G

Tw/°C 75 45 n.s.

[a] Conditions: 1 uw probe and template, 10 mm NaCl, 10 mm NaH,PO, (pH 7.0).
of 1.0°Cmin~", data interval 0.1°C. [b] n.s.=not sigmoidal.

Denaturation curves were determined at 260 nm from 5 to 85°C at a rate

A
) ras4G (wt) / ras4T (mt)
AbL-El + AbL-Nu1 »  AbL-Pr1 (mt)
wt/mt 9:1 99:1 499:1 100:0
1007 ) 4259 | b) o) d)
80
T 60
40
Int./% 4260
20 4259
0 ._,__L N,
4000 4300 4000 4300 4000 4300 4000 4300
mlz —»
B)
AbL-Nu1 ras4G (wt) / ras4T (mt)
AbL-El + AbL-Nu2 » AbL-Pr1 + AbL-Pr2
wt/mt 9:1 99:1 499:1 100:0

101, 4180 |b) [4180 o) [4179 gy |4180

80
401 '
Int./%
201 J j4261 L_‘_

0 bt IS S | A
4000 4300 4000 4300 4000 4300 4000 4300
mlz —»

Figure 2. MALDI-TOF/MS analysis of abasic ligation in the presence of 28-
mer wild-type DNA ras4G = 3'-CGTGAGAAGGGGTGTGGAGGTCGCGGAT-5'
and 28-mer mutant DNA ras4T7=3"-CGTGAGAAGGGGTGTGGATGTCGCGGAT-
5" in the presence of A) AbL-El and AbL-Nu1(mt) and B) AbL-El, AbL-
Nu1(mt), and AbL-Nu2(wt) = CyscctccagGly“2, Peak heights are calibrated
on signal-to-noise ratios. Conditions: 1 uv probes, sum of mutant + wild-
type DNA: 1 um, 2 mg mL~" sodium 2-mercaptoethanesulfonate, 10 mm NaCl,
10 mm NaH,PO, (pH 7.4) at 25°C, t=20 min, (m/z: 4260 AbL-Pr1, 4179 AbL-
Pr2 ="*“ttccccacGlyCyscctccagGly“°"*).
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1°Cmin~" and cooled within 3 h to a starting temperature of 5°C.

Tw values were defined as the maximum of the first derivative of
the melting curve.

PNA ligations: Aqueous DNA or PNA stock solutions (1-5 mm)
were prepared. The ligation buffer was comprised of an aqueous
solution of NaCl (10 mm) and NaH,PO, (10 mwm) and was freshly pre-
pared prior to use. The pH was adjusted to 7.4 by using NaOH (2m)
solution. Subsequent manipulations were carried out while avoid-
ing unnecessary exposure to oxygen. The ligation buffer was
placed in Eppendorf tubes and the appropriate amount of PNA
thioester conjugate and template were added together with ben-
zylmercaptan (4%) or sodium 2-mercaptoethanesulfonate (2%) for
conversion into the desired thioester. The corresponding cysteine-
PNA conjugates were added, and the reaction mixture (1:1:1 molar
ratio) was allowed to react for the denoted time by vortexing at
25°C. For measurements of the initial rates, the benzylmercaptan
was separated from the reaction mixture by centrifugation and re-
moved after the conversion into the benzylthioester prior to the
addition of the cysteine-PNA conjugate.

HPLC analysis: If not already done (measurement of the initial
rates), the benzylmercaptan was separated from the reaction mix-
ture by centrifugation. After disposal of the benzylmercaptan layer,
the reaction was quenched by adding TFA (10%). After 30 min, the
solvent was removed in vacuo, the residue was dissolved in water
containing MeCN (1 %) and TFA (0.1%), and analyzed by analytical
HPLC.

Yields were determined according to:

PA
Yield = broduct x 100 %
I:)Athiol +PAthioester+PAhydrolyzed thioester+PAproduct 0

where PA_ .= peak area corresponding to ligation product NiL-
Pr or AbL-Pr1, PA,,, =peak area corresponding to PNA probe NiL-
Nu or AbL-Nu1, PA ..qer = Peak area corresponding to benzylmer-
captan converted PNA probe NiL-El or AbL-El, and PAy, q.iyzed thicester
=peak area corresponding to hydrolyzed PNA probe NiL-El or
AbL-EI
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MALDI-TOF/MS analysis: The chemical ligation was quenched by
adding TFA (19%). The reaction was extracted (~10x) by using a
water-equilibrated RP-C18 OMIX® 100 uL micro pipette (Varian).
After the reaction mixture had been washed with water (1x50 pL)
and eluted with water/MeCN 1:1 (4 x50 pL), the solvent was evapo-
rated under reduced pressure. The residue was dissolved in TFA
(5L, 10%), and five spots were placed on the MALDI-plate.
Matrix: sinapinic acid.
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