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Changing Orders—Primary and Secondary
Membrane Transporters Revised
Chris van der Does and Robert Tamp�*[a]


Cells are surrounded by membranes,
which protect them from a hostile envi-
ronment and allow the maintenance of
an internal compartment with a defined
composition. In eukaryotes, one or more
membranes surround subcompartments,
where biochemical processes can take
place under compartmentalized condi-
tions. Countless compounds and signals
have to be transmitted across these
membranes without compromising their
important barrier function. Analysis of
the growing number of sequenced ge-
nomes has revealed that approximately
30 to 40 % of encoded proteins contain
at least one transmembrane domain,
and approximately 10 to 20 % of these
proteins are thought to be involved in
transport processes.[1] Thus, membrane
transporters form the largest functional
group of proteins, containing more
members than, for example, functional
groups encoding proteins involved in
regulation, transcription, translation, or
energy metabolism (for a database and
classification of transport proteins see:
http://www.biology.ucsd.edu/~msaier/
transport/).


Based on their driving force, three
classes of active transporters have been
defined (Figure 1). Primary transporters
use electrical, light, or chemical energy.
Well-known examples are the proton-
translocating subunits of the respiratory
chain, where electron transfer is coupled
to the electrogenic transport of protons
or sodium ions, or the photosynthetic re-
action centers, where absorption of pho-
tons is coupled to translocation of pro-
tons. Although these systems are ex-
tremely important in biology, most pri-


mary transport systems use chemical
energy, especially ATP, to transport
highly diverse substrates. The ATP-bind-
ing cassette (ABC) proteins comprise the
largest superfamily of primary transport-
ers.[2] Members of this family drive the
import as well as export of a wide spec-
trum of substrates, covering sugars,
amino acids, drugs, lipids, peptides and
even large proteins. In contrast, secon-
dary transporters use chemiosmotic
energy, such as sodium, proton, or
charge gradients created by primary-
active transporters, to power substrate
transport. Since the driving force (proton
or sodium gradient) is normally directed
inwards, antiport mechanisms are gener-
ally used to export substrates, while
symport mechanisms operate for import.
The class of secondary transporters con-
tains many different families, but approx-
imately 25 % belong to the major facilita-
tor superfamily (MFS).[3] The third class of
active transporters comprises the phos-
phoenolpyruvate/carbohydrate phospho-
transferase systems (PTS), which phos-
phorylate the carbohydrate substrate
during transport, thereby maintaining


the concentration gradient.[4] The PTS
consist of two general phosphocarrier
proteins, Enzyme I and HPr, and a trans-
porter, Enzyme II. The transporter has
three domains (IIA, IIB, and IIC), which
can be separate proteins or be linked
in any combination (Figure 1). This class
of transporters contains relatively few
members and is only found in bac teria.


After many years of research and in an
impressive “tour de force”, the crystal
structures of several members of the
two largest superfamilies of primary
(ABC) and secondary transporters (MFS)
were solved;[5–9] this marked a new era in
membrane biology. The structures
showed striking similarities. These simi-
larities were further demonstrated for
the homodimeric ABC transporter LmrA
of Lactococcus lactis, which could be
converted from an ATP-dependent trans-
porter to a proton symporter after dele-
tion of the ATP-hydrolyzing domain.[10]


This review will focus on what we have
learned from similarities and differences
in the structures and mechanisms of the
two largest families of primary (ABC) and
secondary (MFS) transporters.
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Johann Wolfgang Goethe University
Marie-Curie-Strasse 9, 60439 Frankfurt am Main
(Germany)
Fax: (+49)69-798-29495
E-mail : tampe@em.uni-frankfurt.de


Figure 1. Examples of the structural organization of primary (the E. coli maltose transporter MalFGK, blue),
secondary (the E. coli lactose transporter LacY, pink), and PTS transporters (the E. coli glucose transporter
PtsG, green). The E. coli maltose transporter consists of a maltose-binding protein (MBP), two transmem-
brane domains (MalF and MalG), and the nucleotide-binding domain (MalK). The E. coli glucose transporter
system comprises the general phosphocarrier proteins, HPr and Enzyme I, the cytosolic IIA domain, and the
fused IIB and IIC domains.
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Members of both superfamilies are
found in all three kingdoms of life, but
eukaryotes have relatively more secon-
dary than primary active transporters.
MFS transporters show only low se-
quence homology, but their hydropathy
profiles are remarkably similar. MFS
transporters commonly have 12 trans-
membrane helices (TMs).[3] Proteins with
14 or 24 TMs have also been found, but
these proteins could be truncated to 12
TMs without loss of activity. The N- and
C-terminal 6 helices, which are grouped
in two separate transmembrane domains
(TMDs), possess weak sequence homolo-
gy and are normally separated by a long
cytoplasmic loop. Interestingly, ABC
transporters also contain two TMDs. A
canonical TMD of an ABC transporter
possesses six TMs, although some have
TMDs with either more or less than six
TMs.[2] For example, the transporter asso-
ciated with antigen processing (TAP) is a
heterodimer of TAP1 and TAP2, which
contain ten and nine TMs, respectively.
Interestingly, TAP can be truncated to a
6+6 TM core without affecting the trans-
port function.[11] The truncated domains
are, however, essential for the recruit-
ment of tapasin, an accessory protein in-
volved in assembly of a macromolecular
peptide-loading complex. Possibly, in
other, but certainly not all, ABC trans-
porters containing more than 12 TMs,
the transport activity is also located in a
6+6 TM core. ABC proteins also have
two conserved nucleotide-binding do-
mains (NBDs) and a binding protein in
the case of bacterial importers. The bind-
ing protein collects the substrate and
delivers it to the transporter, where the
NBDs energize its transport by ATP hy-
drolysis.[12] ABC transporters that func-
tion as importers are often composed of
an additional fifth protein, while many,
especially eukaryotic exporters are as-
sembled by one or two polypeptides.


The NBDs contain several highly con-
served motifs, the Walker A and Walker B
motifs, which are characteristic of ATP-
binding proteins, and the C-loop motif
(LSGGQ), unique to ABC proteins, which
is also known as the ABC signature
motif. X-ray structures of several NBDs
have been solved.[13] The NBD forms an
L-shaped molecule with two arms, one
including the ATP/GTP-binding domain


containing the Walker A and B motifs
and the other comprising the C-loop.
The NBDs are considered to be function-
al as a dimer. The X-ray structures of the
Rad50 dimer,[14] a DNA repair enzyme
that shares homology with ABC proteins,
a mutated NBD from M. jannaschii
MJ0796,[15] and E. coli MalK are assumed
to represent physiologically relevant
dimers.[16] In these dimers, the mono-
mers are oriented in a head-to-tail con-
figuration. The two ATP molecules are
bound at the interface of the two mono-
mers and sandwiched between the
Walker A and B motifs from one mono-
mer and the C-loop of the other mono-
mer.


Crystallization of transport proteins
appear to be extremely difficult, but
most recently, the structures of two
major facilitators, the lactose/proton
symporter, LacY[8] and the glycerol-3-
phosphate/Pi antiporter, GlpT,[9] both
from E. coli, have been unraveled
(Figure 2). The LacY finally crystallized
contained a lactose homologue and the
C154G mutation that arrested the pro-
tein in the inward facing conformation.[8]


GlpT was crystallized as the wild type in
the absence of substrate. LacY and GlpT


turned out to be very similar and com-
posed of N- and C-terminal TMDs, each
with six TMs, symmetrically positioned[17]


(Figure 2, lower panel). TM2 and TM5 of
the N-terminal domain, and TM7 and
TM11 of the C-terminal domain form the
dimer interface. Both structures showed
a large hydrophilic cavity open to the cy-
toplasmic side. Moreover, structures of
ABC transporters, the lipid A flippase
MsbA,[5, 6] and the vitamin B12 importer
BtuCD[7] have been recently solved
(Figure 2). MsbA functions as a dimer.
The crystal structures showed an opened
(E. coli) and more closed (V. cholera) con-
formation with strong differences in the
orientation of both NBDs. In the open
state, the NBDs are distantly located,
while in the closed state they are in
direct contact (Figure 1). The orientation
of the NBDs in the more closed structure
may, however, not represent the physio-
logically relevant dimer. Remarkably, the
TMD dimer interface is formed by the
same TMs as in the LacY and GlpT struc-
tures, namely TM2 and TM5 of both sub-
units. The organization of the other heli-
ces is, however, different (Figure 2, lower
panel). A large cone-shaped cavity open
to the cytoplasmic side is observed


Figure 2. X-ray structures of E. coli LacY, E. coli GlpT, V. cholera MsbA, and E. coli BtuCD. The side view is
shown in the upper panel (periplasmic side uppermost), whereas the transmembrane domains are viewed
from the cytoplasmic side in the lower panel. The nucleotide-binding domains are shown in yellow and
green, the transmembrane domains in cyan and magenta, b-d-galactopyranosyl-1-thio-b-d-galactopyrano-
side is in orange and the intracellular domain and “L” loop region are in red. The figure is based on the
protein databank entries 1PV7, 1PW4, 1PF4, and 1L7V and was generated by using Pymol.
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within the TMDs. The volume of this
cavity is strongly reduced in the V. chol-
era structure. However, since in E. coli
MsbA the buried surface interface be-
tween the TMDs is rather small, it seems
unlikely that the opened structure repre-
sents a physiologically relevant inter-
mediate. In both MsbA structures, the
TMDs and NBDs are connected by an a-
helical intracellular domain (ICD), which
may transfer signals between the NBD
and TMD. The vitamin B12 importer,
BtuCD, comprises two TMDs (BtuC) and
two NBDs (BtuD) (Figure 2). BtuC consists
of ten helices instead of six TMs, and
their packing is fundamentally different
from that observed in MsbA. The inter-
face of the two TMDs is formed by TM5
and TM10, and the TMDs form a cavity
at the interface that is open to the peri-
plasmic space. Although the NBDs seem
to be slightly separated, they are in the
head-to-tail conformation, organized
similarly to the sandwiched NBD dimer.
Interestingly, the NBDs are in direct con-
tact with a cytoplasmic loop located be-
tween TM6 and TM7. This loop folds into
two short helices adopting an “L” shape.
This “L” loop coincides with the “EAA”
motif of many bacterial ABC importers,
and has been shown to be involved in
communication between the TMD and
the NBD.


Only in the LacY structure has a sub-
strate been found. The lactose homo-
logue, b-d-galactopyranosyl-1-thio-b-d-
galactopyranoside, was bound at the
bottom of the cytosolic cavity between
the two TMDs.[8] This binding pocket is
in the middle of the membrane
(Figure 2, upper panel). Similarly, based
on the surface electrostatic potential and
the presence of two arginines that are
supposed to interact with the phosphate
groups of both glycerol-3-phosphate
and inorganic phosphate, the binding
site of glycerol-3-phosphate in GlpT was
predicted to be at the bottom of the cy-
tosolic cavity between the two TMDs.[9]


For ABC transporters, it is generally ac-
cepted that the substrate-binding site is
situated in the TMDs, but the architec-
ture of this site is unknown. Given the
size and architecture of MsbA, the cone-
shaped cavity between the TMDs facing
the cytoplasm was thought to be the
substrate-binding site. In BtuCD, the


cavity facing the periplasmic space may
accommodate vitamin B12. The cavity is,
however, less deep than observed in the
LacY, GlpT, and MsbA structures. Possibly,
this cavity is opened further after inter-
action with the binding protein or the
NBD, as was suggested for the E. coli
maltose transporter.[16] The vitamin B12-
loaded binding protein (BtuF) may dock
directly to this putative substrate-bind-
ing site.[18] Thus it seems that the sub-
strate-binding site of several members of
the MFS and the ABC superfamilies is lo-
cated between the two pseudosymmet-
rical TMDs, rather deep in the mem-
brane. This strongly suggests that the
translocation pathway is also organized
between the two TMDs.


The mechanism of many transporters
has long been discussed in terms of an
alternating-site model. In this model, a
high-affinity binding site facing one side
of the membrane is flipped to a low-af-
finity site on the other side, resulting in
transport of the substrate. Evidence for
such a mechanism was found for, for ex-
ample, the multidrug exporter LmrA of
L. lactis, which exposes a high-affinity
substrate-binding site on the inner mem-
brane surface.[19] After vanadate trap-
ping, the high-affinity site on the inner
membrane surface was occluded, and a
low-affinity site appeared on the outer
membrane surface.


The structures of LacY and GlpT sup-
port the “alternating access” mechanism
of transport. For GlpT, it is speculated
that a slight rotation (108) of the two do-
mains is sufficient to close the pore on
the cytosolic site and to open it to the
periplasmic site.[9] Based on thiol cross-
linking experiments, a larger rotation
(~608) is proposed for LacY.[8] It has been
suggested that substrate binding lowers
the energy barrier between the two con-
formations and thus facilitates their con-
version. In terms of mechanism, two dif-
ferent models are proposed for LacY and
GlpT. In the LacY model (Figure 3 A),[8, 20]


the empty outward-facing conformation
is more stable than the inward-facing
conformation. Protonation of a gluta-
mate or histidine residue and binding of
substrate to the outward-facing confor-
mation decreases the energy barrier
enough to trigger a switch to the
inward-facing conformation. Proton


transfer to a glutamate on the cytosolic
side destabilizes substrate binding and
leads to release of the substrate and
then the proton. The unstable, empty,
inward-facing conformation subsequent-
ly returns to the outward-facing confor-
mation. For GlpT, the empty inward-
and outward-facing conformations are
thought to be equally stable.[9] Binding
of glycerol-3-phosphate pulls two argi-
nines, located on either side of the
dimer interface, together; this lessens
the energy barrier enough to allow the
switch to the inward-facing conforma-
tion. In the inward-facing conformation,
glycerol-3-phosphate is released, and re-
placed by inorganic phosphate because
of its higher cytosolic concentration.
Phosphate binding also attracts the two
arginines and reduces the energy barrier
to switch back to the outward-facing
conformation. After release of the phos-
phate on the periplasmic side, glycerol-
3-phosphate is again bound because it
has a higher affinity (Figure 3 B).


It is very likely that ABC transporters
also operate via an alternating-access
model. How ATP binding/hydrolysis
drives the conversion between an
inward- and an outward-facing confor-
mation is, however, still under intense
debate. Since most isolated ABC trans-
porters show a basal ATPase activity, it
was difficult to measure the amount of
ATP needed to transport one substrate
molecule. Recently, it was demonstrated
that two molecules of ATP are hydro-
lyzed per transported substrate by the
glycine–betaine transporter OpuA of
L. lactis.[21] Several experiments on the
human multidrug transporter P-gp/MRP1
have provided evidence that the two
ATP-binding sites act in an alternating
mode to hydrolyze ATP.[22–24] Hydrolysis
of one ATP results in translocation of the
substrate whereas hydrolysis of the
other ATP has regulatory functions, pos-
sibly returning the complex to the start-
ing point of the ATPase cycle (Figure 3 C).
Remarkably, all structures of NBD dimers
are highly symmetric with an equiva-
lence of both ATP-binding sites.[13, 25]


Thus, other models propose that both
ATPs are hydrolyzed in the transport
step. In the processive clamp model,
binding of the substrate to the cytosolic
high-affinity site leads to a conforma-
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tional change of the TMDs and removes
a restraint on the NBD.[15, 26] This induces
dimer formation and subsequent ATP hy-
drolysis. Either formation of the dimer or
a conformational change induced by
ATP hydrolysis results in displacement of
the substrate-binding site and transport
of the substrate across the membrane,
where the substrate is released. Dissocia-
tion of the dimer subsequently resets
the transporter (Figure 3 D). In the case
of the maltose transporter of E. coli,
docking of the substrate-loaded binding
protein could trigger formation of the
NBD dimer via conformational changes
in the TMD.[16] The processive clamp
model and the model for maltose trans-
port are mechanistically similar, only the
binding protein changes the direction of
transport. Whether different ABC trans-
porters have different transport mecha-
nisms, or which of the proposed models
of the catalytic cycle is correct remains a
subject of intensive research.


As summarized above, primary and
secondary transporters of the MFS and
ABC superfamilies share several fascinat-


ing structural and mechanistic similari-
ties. Could these protein families have
evolved from one another? An extensive
sequence analysis revealed that integral
membrane proteins have probably
arisen from small membrane-spanning
peptides.[27] These peptides served as
building blocks for construction of larger
transport proteins through intragenic
duplication, triplication, and quadruplica-
tion. For example, in the structures of
LacY and GlpT, the pseudo-twofold sym-
metry between the two TMDs and the
helix arrangement in two three-helix
bundles (TM1/5/6 and TM2/3/4) indicates
that the TMDs arose by gene duplica-
tion, while the helix bundles evolved by
a gene insertion event.[8, 9] Protein topol-
ogy was further shaped by gene fusions,
splicing, deletions, insertions, and amino
acid substitutions. Apparently, active
transport is more easily driven by larger
transmembrane proteins that comprise a
stable helical bundle than oligomeric as-
semblies of smaller peptides. Since 6+6,
in comparison to 5+5 or 7+7, is statisti-
cally a more likely way by which a larger


transmembrane protein can be formed
by duplication, such a scheme could ex-
plain why most, but not all, ABC and
MFS transporters consist of a 6+6 dimer-
ic assembly.[27] It has been suggested
that primary transporters have evolved
from secondary transporters by associa-
tion with cytosolic energy-coupling sub-
units (motor domains), thereby acquiring
higher transport capacities.[28] An excit-
ing example of such an evolution is the
bacterial arsenite transporter ArsAB.[29]


Transport of both arsenite and antimon-
ite is driven by hydrolysis of ATP; here
ArsA acts as an ATPase that stably associ-
ates with the membrane protein ArsB
(12 TMs). Transport by the ArsAB com-
plex can only be driven by ATP and is
clearly independent of the PMF. It was,
however, shown that ArsB alone still pro-
vides reduced, but moderate, resistance
to arsenite and antimonite. It has been
further demonstrated that ArsB extrudes
arsenite by a PMF-dependent mecha-
nism and thus works as a secondary
transporter. Further indications of such
an evolution were recently published


Figure 3. Models for substrate transport by using alternating access. A) proton/substrate symport as proposed for LacY. B) glycerol-3-phosphate/Pi antiport as
proposed for GlpT. C) Alternating site model for substrate export by an ABC transporter. D) Processive clamp model for substrate export by an ABC transporter.
Substrates (lactose (blue), glycerol-3-phosphate (green), and Pi (yellow)) are depicted by squares. Protons are depicted as white circles.
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concerning the multidrug ABC trans-
porter LmrA of L. lactis.[10] In analogy to
ArsAB, the authors show that a truncat-
ed version of LmrA, which lacks the
NBDs, transported ethidium in symport
with a proton and thus functions as a
secondary transporter. Although the in-
terpretation of the presented data
could still be complicated by the pres-
ence of other multidrug transporters in
L. lactis (J. Lubelski, R. van Merkerk,
W. N. Konings, A. J. M. Driessen, unpub-
lished data) and difficulties in control-
ling the conditions of the ethidium bro-
mide uptake in proteoliposomes, the
idea that ABC transporters have evolved
from secondary transporters by the ac-
quisition of cytosolic energy-coupling
systems and that both use an alternat-
ing access mechanism in which the sub-
strate is transported through the middle
of the two TMDs, remains very appeal-
ing.
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Adding New Tools to the Arsenal of Expressed
Protein Ligation
Nediljko Budisa*[a]


“My entire yearning is directed toward the first synthetic enzyme.” Emil Fischer (in a letter to Adolf Baeyer, 1905)[+]


The “peptide theory” put forward in
1902 by Emil Fischer and Franz Hofmeis-
ter correctly postulated that proteins are
made up of a-amino acids that are
linked head-to-tail by amide bonds.[1]


However, it is less well known that one
of Fischer’s main goals was the total
chemical synthesis of an enzyme mole-
cule. This dream has been realized
almost half a century later. Great advan-
ces in the chemical synthesis of peptides
and smaller proteins, including solid-
phase peptide synthesis,[2] have led to
the synthesis of the first enzyme, ribonu-
clease S.[3,4] These initial results have
been followed by a series of successful
syntheses of a variety of enzymes.[5] The
recent synthesis of green fluorescent
protein (GFP) by Sakakibara’s group[6]


certainly crowns these efforts.
Parallel to these developments, the


strategy of a convergent assembly (i.e. ,
condensation) of synthetic and natural
peptide fragments termed “protein semi-
synthesis” has also emerged. The basic
requirements for semisynthesis are: i) the
synthetic donor peptide has to be pro-
tected and activated, ii) an acceptor pro-
tein fragment, which has to be prepared
by enzymatic or chemical fragmentation
of the parent protein, should be availa-
ble and properly protected. Offord and
Rose pioneered the use of hydrazone-,
and oxime-forming reactions for chemi-
cally ligating such fragments.[7] Although
these chemistries are selective, they
were in practice often hampered by the


insolubility of the large protected pep-
tide building blocks.
Early studies by Wieland[8] on the thio-


l–thioester exchange reaction, and the
procedures by Blake[9] and Yamashiro[10]


for thioester preparation by solid-phase
synthesis paved the way for generating
native amide bonds between peptide
fragments through a spontaneous S!
N-acyl shift. A step further in this devel-
opment was the achievement of a thiol–
thioester exchange reaction between un-
protected fragments in aqueous solu-
tion.[11] The N-terminal fragment contains
a C-terminal electrophilic a-thioester
that can be conjugated to the N-terminal
thiol-harboring fragment through a
thiol–thioester exchange reaction, as
shown in Scheme 1A. This technique,
termed “native chemical ligation” (NCL)
was developed in Kent’s laboratory.[12]


Most recently, recruitment of the Stau-
dinger ligation[13,14] for chemical ligations
represents an additional great break-
through in the field.[15,16] From a purely
chemical perspective, it is an excellent
tool for protein/peptide ligation that
allows different protein/peptide frag-
ments to be coupled at any desired posi-
tion, and not only at XXX-Cys bonds
(Scheme 1B).
Two of the most striking examples


that demonstrate the advantages of
these methods are the synthesis of an
all-d chiral form of the HIV-1 protease
(100 residues)[12] and the preparation of
the post-translationally modified artificial
variant of erythropoetin (polymer-modi-
fied; 166 residues).[17] These examples
illustrate the considerable potential of
NCL as a complementary approach to
protein engineering methods based on
ribosome-mediated protein synthesis.
The potential of NCL for the introduction
of noncanonical amino acids and bio-
physical probes into peptides and pro-
teins, total isotopic labeling, and chemis-


tries for homogeneous preparation of
post-translationally modified proteins are
well documented and have recently
been comprehensively reviewed.[18–20]


Since all these aspects can also be cov-
ered by the reprogramming of the ribo-
some-mediated translational appara-
tus,[21] the method of choice will ulti-
mately be dictated by the envisaged
practical applications. On the other
hand, it seems that both NCL and Stau-
dinger ligations currently face no rivalry
in experimental design of proteins that
include sequential isotopic labeling,
preparation of circular proteins, and in-
sertion of non-native polypeptide frag-
ments or nonpeptide molecules at pre-
defined sites.
Besides these pure chemical-ligation


strategies, biochemical approaches that
involve molecular biology techniques
have emerged from a burgeoning revo-
lution in proteomics that is fuelling the
need for proteins with tailored modifica-
tions. After the discovery of protein
splicing in 1987[22] and its subsequent re-
cruitment by Muir and co-workers[23] for
chemoselective ligations, the expressed
protein ligation (EPL) technique was de-
veloped. EPL essentially exploits the
same principles as NCL but in addition
takes advantage of recombinant-DNA
technology to generate protein frag-
ments by ribosomal synthesis. In this
way large proteins become accessible
for chemoligation. Intein-mediated pro-
tein splicing is a process that consists of
a series of intramolecular reactions that
lead to the excision of inteins from a
larger precursor protein and the con-
comitant ligation of the flanking poly-
peptide segments, called exteins.[19] Ge-
netically modified inteins have been de-
signed that impair self splicing, so that
partially processed C-terminal thioester-
tagged recombinant proteins can be
trapped and submitted to routine NCL


[a] Dr. N. Budisa
Max-Planck-Institut f�r Biochemie
Am Klopferspitz 18a, 82152 Martinsried
(Germany)
Fax: (+49)89-8578-3516
E-mail : budisa@biochem.mpg.de


[+] This letter is quoted in Nature’s Robots—A
History of Proteins by C. Tanford, J. Reynolds,
Oxford University Press, New York, 2001,
p. 43)
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Scheme 1. Some basic approaches to chemoselective ligations. A) Native chemical ligation (NCL) is the reaction that takes place in water at or around neutral pH
between unprotected peptide fragments that contain the requisite reactive groups (N-terminal Cys and C-terminal thioester).[12] In the Scheme presented above, NCL
is characterized by transthioesterification of the thioester by the thiol function of an N-terminal Cys, followed by the spontaneous S!N-acyl shift to obtain the
native peptide bond.[8] Other chemistries are also possible, as has been extensively reviewed elsewhere.[45] B) Staudinger ligation,[13] as an alternative ligation
method, forms an amide bond from an azide and a specifically fictionalized phosphine (in this particular case triarylphosphine). Since its final product has no resid-
ual atoms, this approach is often termed as “traceless”.[16] In fact, this method allows independent amino acid sequences to be coupled at any desired Xxx�Yyy
bond and is in this respect potentially as universal, if not more so, as the EEL and sortase-mediated ligation (vide infra). C) To bypass the requirement for cysteine
at the ligation site, expressed enzyme ligation (EEL) uses specific thioesters (generated by “classical” intein-mediated approaches) as substrate mimetics for a
Staphylococcus aureus V8 serine protease.[35] D) Sortase from Staphylococcus aureus, a membrane-anchored transpeptidase, cleaves any polypeptide provided
with a C-terminal sorting signal, between the threonine (T) and glycine (G) of the LPXTG motif. Then it catalyses the formation of an amide bond between the car-
boxyl group of threonine and the amino group of pentaglycine from cell-wall peptidoglycans.[46] The extension of this strategy to tagged green fluorescent protein
(Nt-GFP-LPXTG-6His-Ct) enables its successful conjugation with various donor molecules containing two or more N-terminal glycines (d and l peptides, nonpeptide
fragments and even other GFPs).[42]
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by following the same principles as
described in Scheme 1A. This approach
(often called intein-mediated ligation or
IML) for the generation of C-terminally
thioester-tagged proteins is now even
commercially available (e.g. , IMPACTO
system from New England Biolabs). Con-
versely, the generation of proteins and
peptides that contain an N-terminal Cys
by expression systems strictly rely on the
cleavage of appropriate precursor amino
acids or of sequences (e.g. , endogenous
methionylpeptidases or the use of exog-
enous proteases such as factor Xa).
The ligation of fragments by EPL is


general, efficient, and robust. Further-
more, other nucleophilic residues might
be used to replace the N-terminal Cys
(so-called cysteine mimetics) in the
donor peptide or protein fragments. Ex-
amples include homocysteine,[24] seleno-
cysteine,[25,26] thiaproline,[27] selenohomo-
cysteine,[28] glycine,[29] and histidine.[30] In
exceptional cases and only when thiol
groups can be removed without harmful
effects, it is possible to substitute cys-
teine with alanine in the ligation site by
desulfuration with palladium or Raney
nickel.[31] The already mentioned Stau-
dinger ligation[13] might, in this context,
represent an alternative not only to the
classical NCL but also to EPL approaches
since it does not require a donor frag-
ment containing an N-terminal residue
with a nucleophilic side chain. The Stau-
dinger ligation (Scheme 1B) can also be
employed in combination with NCL in
order to generate large proteins from
more than two fragments, as illustrated
by the synthesis of isotopically labeled ri-
bonuclease A.[32] Interestingly, Tirrel, Ber-
tozzi, and co-workers demonstrated that
the noncanonical methionine surrogate
azidohomoalanine can be introduced
into proteins.[33] Such proteins can be
selectively modified in the presence of
other cellular proteins by means of the
Staudinger reaction. Since in most E. coli
proteins methionine is the N-terminal
amino acid, it remains to be seen to
what extent this approach (based on an
in vivo expanded amino acid repertoire)
can be combined with native chemical
ligation.
Nevertheless, both NCL and EPL are


severely limited in the choice of residues
at the ligation site. For this reason, vari-


ous attempts have been made to over-
come the requirement for cysteine in the
ligation reaction. Although some of the
above-mentioned examples were suc-
cessful, this feature still limits the flexibil-
ity of both methodologies. An enzyme-
catalyzed condensation could offer an
interesting alternative to these chemoli-
gation procedures. This possibility was
demonstrated in 1938 by the papain-cat-
alyzed synthesis of benzoyl-leucyl-leu-
cine anilide.[34] More recently, Machova
et al. reported an approach for ex-
pressed enzymatic ligation (EEL) that
combines the advantages of EPL and the
substrate-mimetic strategy of protease-
mediated ligation (Scheme 1C).[35] The
thioester substrate mimetic (i.e. , the spe-
cific leaving group S-CH2-COO


�) is gener-
ated by routine EPL by using the intein-
chitin binding tag. Ligation with a syn-
thetic peptide containing an N-terminal
serine residue was catalyzed by V8, the
Glu/Asp-specific serine protease from
Staphylococcus aureus.
On the other hand, there are currently


very few enzyme-based approaches for
peptide ligation beside EPL. For example,
the earlier studies of Kaiser and co-work-
ers on subtilisin[36] provided a solid base
for the success of Wells and associates
in engineering an active site for this
enzyme.[37] They generated an enzyme
(“subtiligase”) capable of efficiently cata-
lyzing the ligation of peptide frag-
ments.[38] Subtiligase exhibit a largely
reduced proteolytic activity and is func-
tionally active as an acyltransferase.[39]


This property was exploited for enzymat-
ic condensation of six peptide fragments
of ribonuclease A (each 12–30 residues
long, one of them containing the nonca-
nonical amino acid 4-fluorohistidine). Re-
cently, Bordusa reported that nonactiva-
ble zymogens have a potential as novel
catalysts for peptide synthesis.[40] Zymo-
gens are slightly active towards activated
peptide esters in an irreversible fashion.
On the other hand, efficient manipula-
tion is necessary in order to shift the
native enzyme activity from cleavage to
synthesis of peptides. At this stage of
development, the rates of synthetic reac-
tions with nonactivable zymogens are
still too low and are therefore not suita-
ble for preparative purposes.[41]


Most recently, with the report from
Mao et al. , the sortase-catalyzed prote-
olysis reaction entered the arena of
enzyme-mediated native-protein liga-
tion.[42] Sortases are bacterial enzymes
that are responsible for the covalent at-
tachment of specific proteins to the cell
wall of Gram-positive bacteria.[43] These
enzymes have been proved to play a key
role in the pathogenicity of these bacte-
ria. Proteins that are substrates of sor-
tase, have a “sorting signal” at the C ter-
minus that consists of the LPXTG motif
(where X could be any amino acid), a hy-
drophobic region, and a tail of charged
residues. Sortase can catalyse a two-step
transpeptidation reaction either in vivo
or in vitro. First, the LPXTG motif is
cleaved between threonine and glycine;
then the threonine is covalently attached
to the amino group of pentaglycine of
the cell-wall peptidoglycan; this results
in a protein attached to the cell wall.[44]


In their experimental set up, using S.
aureus sortase Mao et al. “borrowed” this
strategy from nature and demonstrated
the suitability of this enzyme in protein–
peptide and protein–protein ligations.
Furthermore, they have also shown that
non-native peptide fragments including
d-peptides and nonpeptide derivatives
(e.g. , folate) of glycine (mono-, to trigly-
cine) can also be efficiently conjugated
by sortase to the acceptor protein
(green fluorescent protein containing
the LPXTG motif, Scheme 1D). In this
way, the arsenal of tools for EPL is en-
riched by an additional procedure with
great potential to become a part of rou-
tine recipes used for the assembly of se-
lectively modified peptides and proteins.
Such, and similar, surprising findings


will most probably be further extended
in future genome and proteome map-
ping among different species. In fact,
there are enough documented cases in
which the discovery of particular biologi-
cal processes during studies of microbial
pathogenicity mechanisms or unique
biological phenomena in rather obscure
microorganisms, like protein splicing,
might serve as a direct input for the
development of novel technologies.
At present we are privileged to live


the dream of Emil Fischer. But to make it
richer and more accessible, we need to
look for the strategies that living or-
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ganisms have optimized and developed
during their evolution. However, the
goal should not just be to provide their
mere descriptions (which seems to be a
somewhat dominant trend nowadays),
but rather to put it together with the
chemist’s conceptual intuition and in-
ventive spirit. If Emil Fischer were still
alive, he would certainly have been
happy to see how fruitful such a mar-
riage between organic chemistry and bi-
ology can be in realizing his dream.
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Genetic Organization of the Biosynthetic Gene
Cluster for the Antitumor Angucycline
Oviedomycin in Streptomyces antibioticus
ATCC 11891
Felipe Lomb
, Alfredo F. Bra�a, Jos� A. Salas, and Carmen M�ndez*[a]


Introduction


Among the actinomycetes, members of the genus Streptomy-
ces account for the biosynthesis of approximately two-thirds of
all known bioactive secondary metabolites. They are Gram-
positive bacteria, forming filamentous mycelium and spores
during their life cycles, and their main habitat is the soil. One
of the most important families of bioactive compounds pro-
duced by the streptomycetes is the polyketides. Polyketides
are complex natural products and comprise one of the most
important and structurally diverse families of pharmaceutical
natural products. There are about 10000 known polyketides,
some of which have pharmaceutical applications in many ther-
apeutic areas such as antibiotics (erythromycin, tetracyclines)
and antitumor (doxorubicin), antifungal (amphotericin B), im-
munosuppressant (FK506) and cholesterol-lowering agents
(lovastatin, pravastatin), and also as important compounds in
different areas of agriculture, such as insecticides (spinosyn).
Information arising from analysis of the two so far freely availa-
ble fully sequenced streptomycete genomes, Streptomyces coe-
licolor[1] and Streptomyces avermitilis[2] has revealed that the
ability of these organisms (and very probably others) to syn-
thesize bioactive natural products may be greater than was
previously thought. In S. avermitilis, 30 secondary-metabolite
gene clusters were predicted, of which eight clusters code for
type I modular polyketides and two clusters for type II aromat-
ic polyketides.[2] In S. coelicolor, 23 clusters encoding for secon-
dary metabolites were identified, of which three code for
type I polyketides and two for iterative type II polyketides.[1] Se-
quencing of other streptomycete genomes will probably
extend the number of secondary metabolite clusters in these
organisms and reveal new insights into the chemical diversity
and great potential of the actinomycetes for the biosynthesis
of secondary metabolites.


Streptomyces antibioticus ATCC 11891 is the producer of the
macrolide antibiotic oleandomycin. The oleandomycin cluster
has been fully sequenced and characterized.[3–8] This strain is


not known to produce any other secondary metabolites, al-
though other strains of this species are known to produce
other antibiotics such as dactinomycin (actinomycin D[9]), anti-
mycin A[10] or simocyclinone.[11] In the course of extensive work
in our laboratory on the S. antibioticus ATCC 11891 strain, we
observed the existence of different hybridization bands on its
chromosomal DNA when the actI and actIII regions of the acti-
norhodin polyketide synthase were used as probes. Since we
were interested in finding novel clusters for the biosynthesis of
previously unknown secondary metabolites, we decided to
analyse the actI/actIII-hybridizing clones for the production of
novel polyketides through heterologous expression. As a
result, we identified the novel and unusual angucyclinone
polyketide oviedomycin (Scheme 1). The structural elucidation
of oviedomycin has been reported previously.[12] Here we
report the complete nucleotide sequence and organization of
the oviedomycin gene cluster (ovm cluster) and the generation
of a nonproducer mutant in S. antibioticus.


[a] Dr. F. Lomb�, Prof. Dr. A. F. Bra�a, Prof. Dr. J. A. Salas, Prof. Dra. C. M#ndez
Departamento de Biolog'a Funcional, e
Instituto Universitario de Oncolog'a del Principado de Asturias (IUOPA)
Universidad de Oviedo, 33006 Oviedo (Spain)
Fax (+34)985-103652
E-mail : cmendezf@uniovi.es


The oviedomycin biosynthetic gene cluster from Streptomyces
antibioticus ATCC 11891 has been sequenced and characterized.
It contains all the necessary genes for oviedomycin biosynthesis,
together with several genes for the generation of malonyl-CoA
extender units. Production of this unusual angucyclinone in its
natural host occurs only in solid cultures in parallel with aerial


mycelium and spore formation. A mutant that did not produce
oviedomycin was generated by disruption of the b-ketoacyl syn-
thase gene ovmK. No other physiological process in the mutant
appears to be affected; this rules out a direct relationship be-
tween oviedomycin production and cell differentiation in S. anti-
bioticus.


Scheme 1. Structure of oviedomycin. Carbon atoms presumably derived from
acetate during polyketide biosynthesis are highlighted.
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Results and Discussion


We have previously reported[12] the isolation of several cosmid
clones from a chromosomal library from S. antibioticus that
specifically hybridized with the actI and actIII regions of S. coe-
licolor.[13–15] Heterologous expression of some of these cosmids
into S. albus J1074 and S. lividans TK21 resulted in the produc-
tion of a novel natural nonglycosylated angucyclinone, oviedo-
mycin[12] (Scheme 1).


Sequence and organization of the oviedomycin gene cluster


A region of 24720 nt comprising two overlapping cosAB3 and
cosAB4 cosmid clones was sequenced and analysed for the
presence of open reading frames (ORFs) by use of the UWGCG
software package and BLAST program for comparison with
proteins in databases. The sequence has been deposited at the
EMBL Nucleotide Sequence Database under accession number
AJ632203. Sequence analysis revealed 22 complete ORFs and
two incomplete ORFs (Figure 1). The G+C content of this DNA
region was 72.8%, in accordance with the typical Streptomyces
G+C bias content. The proposed functions of each ORF and its
closest homologues are shown in Table 1.


Genes involved in the biosynthesis of the polyketide moiety


Most sequenced angucycline gene clusters have a conserved
gene organization core composed of an oxygenase, a cyclase,
a- and b-ketoacyl synthases, a C9 ketoreductase, an aromatase
and another oxygenase. The oviedomycin gene cluster con-
tains all these expected biosynthetic genes for the generation
of the angucyclinone polyketide, probably forming a transcrip-
tional unit. All these deduced proteins show the highest simi-
larities with several other angucycline antitumor gene clusters
such as those for simocyclinone,[11] landomycin A,[16] jadomy-
cin[17] and urdamycin.[18] All these compounds share as a
common element a tetracyclic angular benz[a]anthraquinone
ring system.[19]


Genes ovmP, ovmK and ovmS codify for a type II minimal
PKS. The keto-acyl synthase a OvmP and the ketoacyl synthase
b OvmK contain the conserved Cys174 and Gln166 residues
characteristic of these enzymes, respectively. The acyl carrier
protein OvmS also contains the conserved Ser144, which is in-
volved in the 4’-phosphopantetheine attachment site. These
three enzymes would be responsible for the assembly of nine
malonyl-CoA extender units to the initial acetyl-CoA starter
through Claisen condensations for generation of a decaketide.


The product of the ovmT gene contains a short-chain alco-
hol dehydrogenase domain and is probably involved in the re-
duction of the keto group at C9 of the nascent polyketide
chain to a hydroxy group, a modification required for the sub-
sequent aromatization. As in the case of OvmPKS, its closest
relatives are from other angucycline gene clusters. Aromatic
polyketide biosynthetic routes in which this enzymatic activity
is present produce a final aglycon in which the final hydroxy
group (from malonyl-CoA) at this C9 position is lost during the
first ring aromatization (Scheme 2).


The ovm gene cluster contains two possible cyclase genes
that are thought to carry out subsequent intramolecular aldol
reactions, producing the stepwise ring closures that lead to the
angular tetracyclic structure. OvmA contains two cyclase do-
mains and it is believed to act as a cyclase/aromatase during
the formation of the first two rings, a biosynthetic event which
takes place between C7–C12 and C5–C14, respectively. For the
formation of the final rings at positions C4–C17 and C2–C19,
the activity of the other cyclase present in the gene cluster,
OvmC, together with the minimal PKS, must be required.


At least three tailoring oxygenations take place during ovie-
domycin biosynthesis (Scheme 2). The products derived from
ovmOI, ovmOII and ovmOIII show high similarity to oxygenases
from other angucycline gene clusters, especially the first two.
Each of these three oxygenases only contains one domain as-
sociated with FAD-dependent oxidoreductases. The ovmOI and
ovmOII genes are located in the same relative positions with
respect to the PKS-cyclases region in many of these clusters, as
in urdamycin,[18,20] landomycin,[16] simocyclinone[11] and auri-
cin.[21] The oxygenase OvmOI is highly similar to UrdE, LanE
and other monooxygenases responsible for the introduction of
a keto group during the initial steps of angucyclinone biosyn-
thesis.[18,20] This oxygenation step gives rise to the quinone
ring C, which is present in all these angucyclines including
oviedomycin. OvmOII is most similar to UrdM, SymA8 and
LanM hydroxylases, which are responsible for the angular hy-
droxylations present at rings A–B in their corresponding agly-
cons.[11,16,18] However, OvmOII does not contain a fused dehy-
drogenase domain at the C terminus, as UrdM, SymA8 and
LanM do. Moreover, oviedomycin does not contain these angu-
lar hydroxylations but has a hydroxylation and a keto group at
ring A. OvmOIII presents the most different pattern in the data-
bases, and some of its closest similarities are with hydroxylases
from Rhodococcus species that modify 7-ethoxycoumarin[22]


and rifampin.[23] According to these similarities we propose
that OvmOII and OvmOIII are involved in catalysing the hy-
droxylation or the formation of the keto group at ring A
(Scheme 2).


Figure 1. Genetic organization of the oviedomycin biosynthetic gene cluster. B=BamHI restriction sites. Minimal PKS genes are highlighted. ORFs indicated by
numbers are not believed to be involved in oviedomycin biosynthesis.


1182 ? 2004 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 1181 – 1187


C. M#ndez et al.



www.chembiochem.org





Table 1. Deduced functions for the ORFs in the oviedomycin gene cluster.


ORF aa Similar protein Access. No. ,
(% id./%sim.)


Proposed function


ORF1 405[a] Glutamyl-tRNA synthetase, Streptomyces coelico-
lor A3(2)


NP 629681, 44/56 truncated Glu-tRNA-synthetase


ORF2 211 conserved hypothetical protein Atu5548, Agrobac-
terium tumefaciens plasmid AT


AD3227, 48/61 predicted flavin-nucleotide-binding protein structurally
related to pyridoxine 5’-phosphate oxidase


ORF3 120 transcriptional regulator from ArsR family, Bacillus
cereus ATCC 14579


NP 831767, 49/64 ArsR family repressor


OvmE 412 chloramphenicol resistance protein, Streptomyces
lividans


P31141, 27/42 permease of the major facilitator superfamily


OvmX 278 putative hydroxylase, Streptomyces nogalater AAF01810, 45/56 unknown
OvmY 216 putative TetR-family transcriptional regulator,


Streptomyces avermitilis MA-4680
NP 825892, 30/47 transcriptional repressor for resistance permease


OvmZ 241 unknown, med-ORF27, Streptomyces sp. AM-7161 BAC79023, 34/48 unknown
OvmR 255 arginine degradation regulator, ArcR, Halobacteri-


um salinarum,
CAA56903, 39/54 transcriptional regulator


OvmOI 494 C12 oxygenase, UrdE, Streptomyces fradiae Tu 2717 S54810, 67/76 ring C oxygenase
OvmC 110 jadomycin cyclase, JadI, Streptomyces venezuelae AAD37852, 83/87 cyclase
OvmP 374 ketosynthase SimA1, S. antibioticus Tu 6040 AAK06784, 81/87 ketoacyl synthase a


OvmK 407 chain length factor, LanB, Streptomyces cyano-
genus S136


AAD13537, 66/76 ketoacyl synthase b


OvmS 90 acyl carrier protein, Streptomyces venezuelae AAB36564, 62/69 acyl carrier protein
OvmT 260 ketoreductase, Streptomyces venezuelae AAB36565, 89/94 C9-ketoreductase
OvmA 315 vyclase, UrdL, Streptomyces fradiae Tu 2717 AAF00205, 77/86 aromatase
OvmOII 490 oxygenase, LanM, Streptomyces cyanogenus S136 AAD13541, 64/72 oxygenase
OvmOIII 506 flavin-type hydroxylase, Rhodococcus sp. NCIMB


9784
AAM67415, 39/51 oxygenase


OvmF 293 phosphopantetheinyl transferase Med-ORF24,
Streptomyces sp. AM-7161


BAC79025, 51/62 phosphopantetheinyl transferase, lipid-polyketide-metabolism


OvmG 514 carboxyl transferase/decarboxylase, Sim11, Strep-
tomyces antibioticus Tu 6040


AAL15589, 83/90 acetyl-CoA carboxylase, b chain (carboxyl transferase subunit),
lipid metabolism


OvmH 572 acyl-CoA carboxylase complex, A-subunit, Strepto-
myces venezuelae


AAD37851, 77/82 acetyl-CoA carboxylase, a chain (biotin-containing subunit),


ORF4 172 putative MarR family transcriptional regulator,
Streptomyces avermitilis MA-4680


BAC73105, 35/53 MarR family repressor (multiantibiotic resistance)


ORF5 267 3-oxoacyl-ACP reductase, Bacillus cereus ATCC
14579


AAP10490, 41/61 b-ketoacyl-ACP reductase, lipid metabolism


ORF6 171 none – unknown
ORF7 101[a] none – unknown


[a] Incomplete ORF.


Scheme 2. Proposed biosynthetic steps during oviedomycin biosynthesis. Oxygen atoms introduced by the action of oxygenases are shown in bold.
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Other genes related to polyketide biosynthesis


The ovm gene cluster contains several genes related to poly-
ketide biosynthesis that are not usually present in these gene
clusters. OvmF shows high sequence similarity to 4’-phospho-
pantetheinyl transferases. Although this enzyme is necessary
for oviedomycin biosynthesis, this function is generally present
as part of the primary metabolism of the cell. A few secondary
metabolite gene clusters contain an extra copy of this gene
a priori, as in the case of the benzoisochromanequinone me-
dermycin from Streptomyces sp. AM-7161,[24] the lipopeptide
antibiotics iturin and surfactin from Bacillus subtilis RB14[25] and
the epoxyspiroketal griseorhodin A.[26] It is more frequently
found in angucycline gene clusters, such as simocyclinone
from Streptomyces antibioticus TN 6040,[11,27] jadomycin from
Streptomyces venezuelae[28] and auricin from Streptomyces aur-
eofaciens CCM 3239.[21]


As in the case of OvmF, the gene products of ovmG and
ovmH genes are related to polyketide metabolism. They are
not usually part of biosynthetic gene clusters, however, but are
found elsewhere in the bacterial chromosome, where they also
participate in primary metabolism functions such as fatty acids
biosynthesis. OvmG and OvmH are very similar to the b- and
a-chains, respectively, of the acetyl-CoA carboxylase complex.
OvmH contains the conserved motif EAMKM at positions 534–
538, which is the biotin attachment site for the BCCP domain
(biotin-carboxylase carrier protein). This enzymatic complex
catalyses the first committed step in fatty acid biosynthesis in
animals, plants and bacteria : the conversion of acetyl-CoA into
malonyl-CoA. Firstly, the a-chain (biotin-containing subunit) is
thought to act as a biotin carboxylase (this domain is located
at the OvmH N terminus), incorporating CO2 into its biotin resi-
due (located at the OvmH C terminus). Secondly, the b-chain
(carboxyl transferase subunit, OvmG) would carry out the
transcarboxylation from biotin-CO2 to acetyl-CoA, affording
malonyl-CoA. Interestingly, other angucycline antibiotic gene
clusters also contain genes for one or both subunits, as in the
cases of jadomycin,[28] landomycin[16] and simocyclinone.[11] In-
terestingly, the mutant affected in the equivalent gene to
ovmH from the jadomycin pathway (jadJ) in S. venezuelae
shows only 15% residual jadomycin production.[29] This means
that, at least in this organism, the JadJ protein has been re-
cruited specifically for polyketide biosynthesis, and that the pri-
mary metabolism acetyl-CoA carboxylase counterpart can not
complement this function properly. However, S. albus or S. livid-
ans harbouring cosAB50, an ovmH-less cosmid clone, still pro-
duce oviedomycin at normal rates, indicating that this gene is
not absolutely essential for oviedomycin biosynthesis, al-
though it might be necessary for a more efficient process.


Genes probably involved in oviedomycin resistance and
regulation


The 5’ DNA region of the gene cluster contains several genes
that could be involved in resistance and regulation of the
pathway. OvmE is the only protein in the sequenced region
showing high similarity to transmembrane proteins. Its closest


relatives are chloramphenicol resistance proteins from Strepto-
myces lividans[30] and Bacillus species.[31] All these drug/H+ anti-
porters belong to the major facilitator superfamily of exporters.
OvmE could therefore be the secretion mechanism for oviedo-
mycin in the producer organism, and so a self-resistance
mechanism.


OvmY shows sequence similarities to several predicted TetR-
family transcriptional repressors. This kind of regulator usually
controls the expression of permeases of the major facilitator
superfamily, as in the case of TetR repressor on the TetA resist-
ance permease for tetracycline in several Gram-negative bacte-
ria.[32] We therefore propose OvmY as the transcriptional regu-
lator of the predicted oviedomycin export permease OvmE.


The deduced gene product of ovmR contains the conserved
domain IclR, which is characteristic of many bacterial transcrip-
tional regulators. This family of regulators includes the glycerol
operon regulator from S. coelicolor[33] and the acetate operon
repressor. These proteins have the corresponding helix-turn-
helix motif at the N terminus. OvmR presents similarity with
regulators of this family, two of them involved in arginine deg-
radation in halobacteria[34] and one from the catechol degrada-
tion operon from Rhodococcus erythropolis (accession number
CAE53840). According to this, OvmR could play a role in ovie-
domycin regulation.


The product of ovmX contains the conserved domain
COG0702 and it shows similarity to nucleotide-diphosphate-
sugar epimerases and to putative hydroxylases such as SnoaW
from the anthracycline nogalamycin biosynthetic cluster,[35] in
Streptomyces nogalater. A function, if any, for this protein in
oviedomycin biosynthesis is unknown.


OvmZ shows no conserved domains and resembles four
database proteins of unknown function. All these relatives
belong to polyketide biosynthetic clusters: a silent angucy-
cline-type gene cluster from a rubromycin B-producing Strepto-
myces sp. PGA64, Med-ORF27 from the benzoisochromanequi-
none medermycin,[24] Aur10 from the angucycline auricin[21]


and Tyl-ORF12 from the macrolide tylosin.[36] The fact that
these genes are present in polyketide gene clusters suggests
that they could play a role in their corresponding pathways.


Other genes


Flanking the gene cluster are several genes that do not show
any relation with polyketide biosynthesis and are probably not
involved in oviedomycin biosynthesis : orf1, orf2, orf3, orf4, orf5,
orf6 and orf7. ORF1 shows similarity to glutamyl- and glutamin-
yl-tRNA synthetases and is incomplete. ORF2 shows sequence
similarity to flavin-nucleotide-binding proteins structurally re-
lated to pyridoxine 5’-phosphate oxidases. Some of these pro-
teins are described as possible NTP-pyrophosphohydrolases.
ORF3 shows high similarity with the ArsR family (from “Arseni-
cal Resistance”) of metal-regulated transcriptional repressors.


At the other end of the sequenced region, ORF4 is probably
a member of the MarR (multiple antibiotic resistance) family of
repressors. The ORF5 protein shows similarities with 3-ketoac-
yl-acyl carrier protein reductases such as FabG, which reduces
the initial keto group at carbon 3 in the ACP thioester sub-
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strate to a hydroxy group during fatty acid biosynthesis in bac-
teria. The deduced products from ORF6 and ORF7 (incomplete)
do not have conserved domains nor similar proteins in the
public databases.


On the basis of the deduced functions of all these genes
and of the common DNA region present in the four cosmid
clones producing oviedomycin (cosAB3, cosAB4, cosAB16 and
cosAB50), the boundaries defining the necessary genes for
oviedomycin biosynthesis were established. The ends of
cosAB16 and cosAB50 have been sequenced for this purpose.
According to all these data the limits of the cluster would
probably be the ovmE gene in the 5’ region and the ovmH on
the 3’ region and comprise a DNA region of about 20 kb
(Figure 1).


Production of oviedomycin by S. antibioticus and generation
of a nonproducer mutant


Oviedomycin had not previously been reported as a natural
product by any other organism and had never previously been
detected in cultures of S. antibioticus ATCC 11891. We therefore
carried out a more exhaustive and careful examination of cul-
tures of this organism under different culture conditions,
trying to detect either oviedomycin itself or an oviedomycin
derivative. We could not detect oviedomycin production after
growth of S. antibioticus ATCC 11891 in different liquid media.
However, oviedomycin was readily detected when the organ-
ism was cultivated on solid GAE medium. Under these incuba-
tion conditions, biosynthesis of oviedomycin was a growth
phase-dependent process, its biosynthesis occurring in parallel
with the transition from substrate to aerial mycelium, with a
further increase during spore formation (Figure 2A), as identi-
fied by HPLC and MS analysis. This suggested that oviedomy-
cin biosynthesis was a developmentally regulated process. The
oviedomycin compound isolated from these S. antibioticus
solid cultures was exactly the same compound as previously
described from S. albus (cosAB3) liquid cultures, with the same
HPLC mobility, absorption spectrum and mass as oviedomycin
(Figure 2B). This indicates that oviedomycin is the final product
of the biosynthetic pathway.


We tried to extend these observations by looking for oviedo-
mycin production in other Streptomyces species, on the as-
sumption that oviedomycin might be a widely distributed
compound in this genus. However, no oviedomycin was de-
tected in cultures of S. coelicolor, S. lividans, S. argillaceus, S. gri-
seus subsp. griseus, S. brasiliensis, S. cattleya, S. clavuligerus or
S. albus on solid media at any developmental stage under the
tested culture conditions (data not shown). It thus appears
that oviedomycin is a product specific to S. antibioticus, only
synthesized under specific conditions on solid cultures. There
are several sequenced silent biosynthetic routes from strepto-
mycetes for which final products still remain uncharacterized
in the host. In some of these cases this is due to the fact that
some secondary metabolites are produced under very specific
culture conditions that might remain unknown. For example,
jadomycin B, from S. venezuelae,[28] is produced only in the
presence of high amounts of ethanol in liquid culture media.


In other cases a biosynthetic pathway can lose the regulatory
network that connects it to the host metabolism.


In order to test if growth development in S. antibioticus was
actually linked to oviedomycin production, we decided to gen-
erate a non-producing mutant by disrupting the gene ovmK,


Figure 2. A) Oviedomycin production during the S. antibioticus ATCC 11891 cell
cycle, growing on solid GAE medium. The arrows indicate the onset of substrate
mycelium (sm) formation, aerial mycelium (am) formation and sporogenesis
(sp). B) HPLC chromatograms of culture extracts from wild-type S. antibioticus
ATCC 11891, S. antibioticus mutant O3K1 (ovmK-minus mutant) and S. albus
(cosAB3). Detection was carried out at 298 nm. Arrows show the mobility corre-
sponding to oviedomycin.
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which forms part of the minimal ovm PKS. Plasmid pFL974, a
pOJ260 suicide derivative containing an internal fragment
from ovmK under the control of the ermE* promoter to facili-
tate transcription of downstream genes (see Experimental Sec-
tion), was introduced into S. antibioticus by conjugation from
E. coli ET12567 (pUB307). S. antibioticus is an organism highly
refractory to genetic manipulation: 120 conjugation experi-
ments were necessary to provide a single mutant colony. Gene
disruption in this mutant was confirmed by Southern hybridi-
zation of BamHI-digested wild-type and mutant chromosomal
DNAs (Figure 3), with use of a 1.3 kb NcoI fragment containing
ovmK as a probe. The mutant strain O3K1 was cultivated on
GAE agar plates containing apramycin, and no oviedomycin
production was detected by HPLC (Figure 2B), confirming that
the mutant was affected in oviedomycin production. Under
these culture conditions, no differences in the growth cycle rel-
ative to the wild-type strain were observed. This mutant had
normal substrate and aerial mycelium formation, and it gener-
ated spores normally, so oviedomycin does not seem to be in-
volved in cellular differentiation, although its biosynthesis and
this process probably share some kind of common regulation.


Experimental Section


Microorganisms, culture conditions and plasmids : Streptomyces
albus J1074 (ilv-1, sal-2)[37] and Streptomyces lividans TK21[38] were
used as hosts for expression of oviedomycin genes. E. coli DH10B
(Invitrogene) was used as host for subcloning. E. coli ED8767[39] was
used for gene library construction. E. coli ET12567 (pUB307)[40] was
used as donor for intergenic conjugation. For growing of E. coli,
TSB medium (Merck) was used. GAE medium[41] was used for spor-
ulation of S. antibioticus and for detection of oviedomycin produc-
tion during growth and development. R5A[42] was used for oviedo-
mycin production in liquid cultures. “A” Medium[42] was used for


sporulation of S. albus and S. lividans. When plasmid-containing
clones were grown, the medium was supplemented with the
appropriate antibiotics: ampicillin (100 mgmL�1), kanamycin
(25 mgmL�1), apramycin (25 mgmL�1) and nalidixic acid
(100 mgmL�1). The bifunctional (E. coli–Streptomyces) cosmid
pKC505[42] was used to construct the Streptomyces antibioticus
ATCC11891 DNA library;[12] pUC18,[44] pUK21,[45] pIJ2925,[46] pEM4,[47]


pCRBlunt (Invitrogene) and pOJ260[48] were used for subcloning.


DNA manipulation : Plasmid DNA preparations, restriction endonu-
clease digestions, alkaline phosphatase treatments, DNA ligations,
Southern hybridization and other DNA manipulations were per-
formed by use of standard techniques for Escherichia coli[49] and
Streptomyces.[38] Preparation of S. albus and S. lividans protoplasts,
transformation and selection of transformants were carried out as
described.[38] Intergenic conjugation from E. coli ET12567 (pUB307)
to S. antibioticus was performed as described[38] with 48 h-old my-
celium cultures in TSB. Transconjugants were plated on A medium
plates containing MgCl2 (10 mm).


DNA sequencing : Sequencing was performed on double-stranded
templates derived from different clones in pUC18 and pUK21 and
by use of the dideoxynucleotide chain termination method[50] and
the Cy5 AutoCycle Sequencing Kit (Amersham Pharmacia Biotech).
Both DNA strands were sequenced with primers supplied in the
kits or with internal oligoprimers (17-mer) by use of an ALF-express
automatic DNA sequencer (Amersham Pharmacia Biotech). Com-
puter-aided database searching and sequence analysis were carried
out with the UWGCG[51] program package and the BLAST[52]


program.


Generation of mutant O3K1: For the generation of an non-ovie-
domycin-producing mutant, two oligoprimers were designed for
amplification of an internal 0.89 kb fragment within the ovmK
gene: FL-ovmKup 5’-GCATCGGCCGCATCACCCGCTTCG-3’ and FL-
ovmKrp 5’-CATGGTCTTGGGCGCGGTGACCGGG-3’. This amplicon
was cloned into pCRBlunt, generating pFL969. By use of polylinker
restrictions sites from pFL969, the amplicon was subcloned as a


Figure 3. Generation and analysis of mutant O3K1. A) Scheme representing gene disruption in the ovmK gene. Abbreviations: aac(3)IV, apramycin resistance gene;
PermE*, ermE* promoter. B) Southern hybridization on BamHI-digested chromosomal DNA with use of a 1.3 kb NcoI fragment containing ovmK as probe.
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PstI-NsiI fragment into the PstI site of pEM4, giving rise to pFL973.
Finally a 1.1 kb HindIII-SpeI DNA fragment from pFL973 including
the ermE* promoter was subcloned into pOJ260 previously digest-
ed with HindIII and XbaI, generating pFL974. This was the final con-
struct for conjugation from E. coli ET12567 (pUB307).


HPLC analysis for oviedomycin : HPLC was performed on a Waters
Alliance instrument, with a photodiode array detector model 996.
Conditions used for analysis by reversed-phase HPLC were the
same as previously described.[12]


Solid cultures were prepared in plates containing solid GAE
medium (30 mL) that were uniformly inoculated with spores and
incubated at 28 8C. Every 12 or 24 h, three plates were processed,
and each culture was extracted with ethyl acetate (15 mL) contain-
ing formic acid (1%). Liquid cultures were performed in 250 mL Er-
lenmeyer flasks containing GAE medium (50 mL), which was inocu-
lated with spores and incubated at 30 8C and 250 rpm. The cultures
were sampled at daily intervals by extraction of culture (3 mL) with
ethyl acetate (1.5 mL) containing formic acid (1%). In each case the
organic extract was evaporated in vacuo and redissolved in meth-
anol for subsequent HPLC analysis.
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An Approach towards the Quantitative
Structure–Activity Relationships of Caffeic Acid
and its Derivatives
Rajeshwar P. Verma* and Corwin Hansch[a]


Introduction


Caffeic acid and its derivatives are ubiquitously distributed in
the plant kingdom and have been reported to be present in
propolis, olives, coffee beans, fruits, and vegetables. They are
found in both simple forms, including esters, sugar esters,
amides, and glycosides, and in rather more complex forms,
such as dimers, trimers, and flavonoid-based derivatives.[1]


These naturally occurring or synthetic phenolic compounds
elicit several interesting and varied biological responses, such
as antibacterial,[2–6] antifungal,[6, 7] antiinflammatory,[4,8] antipla-
telet,[9, 10] antiviral,[3, 11–17] anticancer,[18–24] antiatherosclerotic,[25]


antioxidant,[7, 26–28] immunomodulatory,[29] neutrophile elas-
tase,[30–32] lipoxygenase,[33,34] vasorelaxant,[35] apoptosis,[36] radi-
cal-scavenging,[37] and antimutagenicity[37] activities ; they also
activate TREK-1 potassium channels.[38] Caffeic acid derivatives
have also been reported to block completely the production
of reactive oxygen species in human neutrophils and in the
cell-free xanthine/xanthine oxidase system.[39]


The radical-scavenging and antioxidative activities of caffeic
acid and its derivatives are mainly due to the presence of two
phenolic alcohol groups at ortho positions. These electron-
donating groups at ortho positions are also responsible for
lowering the O�H bond dissociation enthalpy and increasing
the rate of hydrogen-atom transfer to peroxyl radicals.[40] The
olefinic linkage in the side chain also maximizes the stabiliza-
tion of the phenoxyl radical.[41]


In a recent study on the cytotoxicity of a series of caffeic
acid esters versus L1210 leukemia and MCF-7 breast cancer
cells, the quantitative structure–activity relationships (QSARs)
described by Equations (1) and (2) were obtained, respec-
tively.[23]


Inhibition of growth of L1210 cells by caffeic acid esters :


log 1=C ¼ 0:46ð�0:12Þlog Pcalcdþ3:84ð�0:37Þ ð1Þ


n ¼ 9, r2 ¼ 0:915, q2 ¼ 0:881, s ¼ 0:165


Inhibition of growth of MCF-7 cells by caffeic acid esters :


log 1=C ¼ 0:37ð�0:07Þlog Pcalcdþ2:64ð�0:20Þ ð2Þ


n ¼ 9, r2 ¼ 0:956, q2 ¼ 0:931, s ¼ 0:075


In these equations, C is the molar concentration of caffeic
acid ester that induces 50% inhibition of growth after 48 h.
logPcalcd is the calculated partition coefficient of each com-
pound. The number of data points in the study is represented
by n, the correlation coefficient by r, the standard deviation by
s, and the cross-validated r2 by q2. QSARs 1 and 2 showed that
the cytotoxicity of caffeic acid esters against L1210 leukemia
and MCF-7 breast cancer cells, respectively, are well correlated
by hydrophobicity alone. In these equations, the absence of an
electronic term, such as sigma-plus (s+) or homolytic bond dis-
sociation energy (BDE), is to be expected since the catecholic
moiety is present and constant in all of the analogues.


In this paper, we would like to report QSAR studies on differ-
ent series of caffeic acid derivatives (including caffeic acid)
with respect to the different biological activities. In the past
42 years, since the advent of this methodology,[42] the use of
QSARs has become increasingly helpful in understanding
chemical–biological interactions in drug and pesticide research,
as well as in areas of toxicology.[43] This method is useful in elu-
cidating the mechanisms of chemical–biological interaction in
various biomolecules, particularly enzymes, membranes, organ-
elles, and cells.[43,44] It has also been utilized for the evaluation
of absorption, distribution, metabolism, and excretion (ADME)
phenomena in many organisms and in whole animal studies.
The QSAR approach employs extrathermodynamically derived
and computational-based descriptors to correlate biological


[a] Dr. R. P. Verma, Prof. Dr. C. Hansch
Department of Chemistry, Pomona College
Claremont, CA 91711 (USA)
Fax: (+1)909-607–7726
E-mail : rverma@pomona.edu


Caffeic acid and its derivatives are already known to possess a
wide range of biological activities. We have developed quantita-
tive structure–activity relationships (QSARs) for different series of
caffeic acid derivatives (including caffeic acid) in order to under-
stand the chemical–biological interactions governing antitumor
activity against six different tumor cell lines, nitric oxide produc-


tion, anti-HIV and enzymatic activities, and binding affinity to the
lck domain. QSAR results have shown that the different activities
of caffeic acid and its derivatives are largely dependent on their
hydrophobicity or molar refractivity, with a bilinear correlation
being the most important.
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activity in isolated receptors, cellular systems, and in vivo. The
three standard classifications routinely used in QSAR analysis,
electronic, hydrophobic, and steric, including topological indi-
ces, have been invaluable in helping to delineate a large
number of receptor–ligand interactions that are critical in bio-
logical processes.[43] QSAR models can stand alone, augment
other graphical approaches, or be examined in tandem with
equations of a similar mechanistic genre to establish authentic-
ity and reliability.[45]


Results and Discussion


QSAR for antiproliferative activity


Nagaoka et al.[20] studied the antiproliferative activity of caffeic
acid phenethyl ester (CAPE) together with its twenty-two ana-
logues 1 (Table 1) towards six different tumor cell lines, that is,
the murine Lewis lung carcinoma (LLC), murine B16-BL6 malo-
noma (B16-BL6), murine colon 26-L5 carcinoma (colon 26-L5),
human HT-1080 fibrosarcoma (HT-1080), human cervix HeLa
adenocarcinoma (HeLa), and human lung A549 adenocarcino-
ma (A549) cell lines. We derived six equations [Eqs. (3)–(8)] ,
where b is a disposable parameter, from their results. The hy-
drophobicity of the molecules correlates with the activity in a
bilinear fashion in five equations [Eqs. (3)–(7)] . This suggests
that the activity of caffeic acid esters 1 first increases with an
increase in hydrophobicity to an optimum logPcalcd value (6.69,
5.74, 5.38, 5.26, and 6.79, respectively) and then decreases line-
arly. In Equation (8), we obtained a bilinear correlation with the
calculated molar refractivity (CMR), which is in contrast to the
implications of Equations (3)–(7). This correlation shows that
the activity against human lung A549 adenocarcinoma (A549)
cell lines increases with an increase in the overall size and
polarizability of compounds 1 up to an optimum CMR value
(11.31) and then decreases linearly.


Inhibition of growth of murine LLC cells by caffeic acid esters
1 ðTable 1Þ : ½20�


log 1=C ¼ 0:16ð�0:04Þlog Pcalcd


�1:0ð�0:17Þlog ðb	 10log Pcalcdþ1Þþ5:06ð�0:16Þ
ð3Þ


n ¼ 22, r2 ¼ 0:892, q2 ¼ 0:846, s ¼ 0:116


optimum log Pcalcd ¼ 6:69


log b ¼ �7:41


range in log 1=C ¼ 4:88� 6:13


outlier : ðCH2Þ2�cy�C6H11


Inhibition of growth of murine B16-BL6 cells by caffeic acid
esters 1 ðTable 1Þ : ½20�


log 1=C ¼ 0:11ð�0:05Þlog Pcalcd


�0:56ð�0:12Þlog ðb	 10log Pcalcdþ1Þþ5:21ð�0:21Þ
ð4Þ


n ¼ 21, r2 ¼ 0:901, q2 ¼ 0:846, s ¼ 0:116


optimum log Pcalcd ¼ 5:74


log b ¼ �6:36


range in log 1=C ¼ 4:76� 5:83


outliers : CH2Ph, CH3


Inhibition of growth of murine colon 26-L5 cells by caffeic
acid esters 1 ðTable 1Þ : ½20�


log 1=C ¼ 0:59ð�0:14Þlog Pcalcd


�1:41ð�0:28Þlog ðb	 10log Pcalcdþ1Þþ4:73ð�0:54Þ
ð5Þ


n ¼ 20, r2 ¼ 0:878, q2 ¼ 0:843, s ¼ 0:313


optimum log Pcalcd ¼ 5:38


log b ¼ �5:52


range in log 1=C ¼ 4:79� 7:70


outliers : ðCH2Þ7CH3, ðCH2Þ9CH3, ðCH2Þ13CH3


Inhibition of growth of human HT-1080 cells by caffeic acid
esters 1 ðTable 1Þ : ½20�


log 1=C ¼ 0:15ð�0:04Þlog Pcalcd


�0:45ð�0:09Þlog ðb	 10log Pcalcdþ1Þþ4:29ð�0:15Þ
ð6Þ


n ¼ 19, r2 ¼ 0:891, q2 ¼ 0:849, s ¼ 0:089


optimum log Pcalcd ¼ 5:26


log b ¼ �5:54


range in log 1=C ¼ 4:20� 5:13


outliers : ðCH2Þ8Ph, ðCH2Þ7CH3, ðCH2Þ13CH3, ðCH2Þ15CH3


Inhibition of growth of human cervix HeLa cells by caffeic
acid esters 1 ðTable 1Þ : ½20�


log 1=C ¼ 0:26ð�0:06Þlog Pcalcd


�1:52ð�0:38Þlog ðb	 10log Pcalcdþ1Þþ4:09ð�0:26Þ
ð7Þ


n ¼ 18, r2 ¼ 0:877, q2 ¼ 0:838, s ¼ 0:167


optimum log Pcalcd ¼ 6:79


log b ¼ �7:48


range in log 1=C ¼ 4:57� 5:73


outliers : ðCH2Þ3Ph, ðCH2Þ4Ph, ðCH2Þ6Ph, ðCH2Þ3CH3, ðCH2Þ15CH3


Inhibition of growth of human lung A549 cells by caffeic
acid esters 1 ðTable 1Þ : ½20�


log 1=C ¼ 0:08ð�0:02ÞCMR


�0:42ð�0:12Þlog ðb	 10CMRþ1Þþ3:87ð�0:15Þ
ð8Þ
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n ¼ 19, r2 ¼ 0:864, q2 ¼ 0:810, s ¼ 0:059


optimum CMR ¼ 11:31


log b ¼ �11:96


range in log 1=C ¼ 4:21� 4:73


outliers : CH2Ph, ðCH2Þ12Ph, CH2CH¼CHPh;


ðEÞ-ðCH2Þ6CH¼CHPh


QSAR for nitric oxide inhibitors


Nagaoka et al.[21] also studied the inhibitory activity of caffe-
ic acid phenethyl ester (CAPE) together with its twenty-two
analogues 1 toward nitric oxide production in lipopoly-
saccharide-activated murine macrophage-like J774.1 cells.
Equation (9), which was obtained from their data, indicates
a bilinear correlation with logPcalcd.


Inhibitory effects of caffeic acid esters 1 on nitric oxide
production in lipopolysaccaride-activated murine macro-
phage-like J774.1 cells (Table 1):[21]


log 1=C ¼ 0:14ð�0:03Þlog Pcalcd


�0:36ð�0:07Þlog ðb	 10log Pcalcdþ1Þþ4:55ð�0:11Þ
ð9Þ


n ¼ 22, r2 ¼ 0:886, q2 ¼ 0:849, s ¼ 0:073


optimum log Pcalcd ¼ 6:11


log b ¼ �6:28


range in log 1=C ¼ 4:69� 5:48


outlier : ðZÞ-ðCH2Þ10CH¼CHPh


From this equation, it appears that hydrophobicity plays
an important role in the production of nitric oxide in lipo-
polysaccharide-activated murine macrophage-like J774.1
cells up to a logPcalcd value of 6.11 and the production of
nitric oxide then decreases linearly with further increases in
the hydrophobicity of the compounds.


QSAR for anti-HIV activity


Dicaffeoyltartaric acids (DCTAs) and dicaffeoylquinic acids
(DCQAs) are well-known potent and selective inhibitors of
human immunodeficiency virus type 1 (HIV-1) integrase.
They also inhibit HIV-1 replication at nontoxic concentra-
tions. Since integrase is an excellent target for anti-HIV ther-
apy, King et al.[15] studied the inhibitory activity of DCTA and
DCQA analogues 2 a–m (Scheme 1) against HIV-1 integrase
(wild-type HIVNL4–3 IN; Table 2). We derived Equation (10)
from their data and found that it indicates a negative effect
of the hydrophobicity and CMR (overall size and polarizabil-
ity) of the molecules. This suggests that the activity of 2 a–
m will increase with increasing hydrophilicity and/or de-
creasing CMR.


Inhibition of 2 a � m against wild-type HIVNL4�3 IN ðTable 2Þ : ½15�


log 1=C ¼ �0:27ð�0:07Þlog Pcalcd


�0:89ð�0:21ÞCMRþ17:53ð�2:58Þ
ð10Þ


Scheme 1. Structure of dicaffeoyltartaric acid (DCTA) and dicaffeoylquinic acid (DCQA)
analogues 2a–m.
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n ¼ 12, r2 ¼ 0:939, q2 ¼ 0:884, s ¼ 0:162


range in log 1=C ¼ 5:08� 7:15


outlier : cyclohexane-1,2-cis-ðOCAFÞ2


QSAR for enzymatic activity


Sugiura et al.[33] studied the synthesis and inhibitory activity of
various caffeic acid derivatives 3 (including caffeic acid) on 5-
lipoxygenase (5-LO) and 12-lipoxygenase (12-LO; Table 3). We
derived Equations (11) and (12), respectively, from their results.


The hydrophobicity of the molecules correlates with the activi-
ty in a bilinear fashion in Equation (11). This suggests that the
inhibitory activity of compounds 3 toward 5-LO first increases
with an increase in hydrophobicity to an optimum logPcalcd


value of 3.67 and then decreases linearly. In contrast to Equa-
tion (11), we obtained a bilinear correlation with CMR in Equa-
tion (12). This correlation suggests that the overall size and po-
larizability of the compounds 3 initially increases the inhibitory
activity toward 12-LO up to an optimum value of CMR at 7.87
and then decreases linearly.


Inhibitory activity of caffeic acid derivatives 3 toward 5-LO
ðTable 3Þ : ½33�


log 1=C ¼ 0:77ð�0:24Þlog Pcalcd


�0:96ð�0:34Þlog ðb	 10log Pcalcdþ1Þþ5:28ð�0:53Þ ð11Þ


n ¼ 10, r2 ¼ 0:917, q2 ¼ 0:837, s ¼ 0:161


optimum log Pcalcd ¼ 3:67


log b ¼ �3:06


range in log 1=C ¼ 6:00� 7:46


outlier : OC9H19


Inhibitory activity of caffeic acid derivatives 3 toward 12-LO
ðTable 3Þ : ½33�


log 1=C ¼ 0:44ð�0:16ÞCMR


�0:72ð�0:28Þlog ðb	 10CMRþ1Þþ2:79ð�1:03Þ
ð12Þ


n ¼ 8, r2 ¼ 0:934, q2 ¼ 0:758, s ¼ 0:117


optimum CMR ¼ 7:87


log b ¼ �7:66


range in log 1=C ¼ 5:00� 6:06


outliers : C3H7, C5H11


With respect to Equation (11), it is important to
note that there is a high mutual correlation between
logPcalcd and CMR (r2=0.992, q2=0.988). By consider-
ing CMR in place of logPcalcd, we can derive Equa-
tion (11A).


log 1=C ¼ 0:67ð�0:25ÞCMR


�0:85ð�0:36Þlog ðb	 10CMRþ1Þþ2:76ð�1:53Þ
ð11AÞ


n ¼ 10, r2 ¼ 0:889, q2 ¼ 0:788, s ¼ 0:185


optimum CMR ¼ 7:86


logb ¼ �7:29


Thus, it is very hard to predict for this data set if
there is a positive hydrophobic or positive steric


Table 2. Biological and physicochemical constants used to derive QSAR
Equation (10) for the inhibition of DCTA and DCQA analogues 2a–m against
wild-type HIVNL4–3 IN.


No. Compound log1/C [Eq. (10)] logPcalcd CMR
obsd calcd D


2 a l-DCTA 6.74 7.02 �0.28 0.14 11.76
2 b d-DCTA 7.15 7.02 0.13 0.14 11.76
2 c meso-DCTA 7.10 7.02 0.07 0.14 11.76
2 d cyclohexane-1,4-trans-


(OCAF)2
[a]


5.99 5.89 0.09 3.11 12.14


2 e cyclohexane-1,4-cis-
(OCAF)2


[a]


6.00 5.89 0.10 3.11 12.14


2 f cyclohexane-1,3-trans-
(OCAF)2


[a]


5.74 5.79 �0.05 3.49 12.14


2 g cyclohexane-1,3-cis-
(OCAF)2


[a]


5.79 5.79 0.00 3.49 12.14


2 h cyclohexane-1,2-cis-
(OCAF)2


[a]


5.08[b] 5.76 �0.68 3.61 12.14


2 i 1-COOH-3,5-(OCAF)2-
C6H3


[a]


5.16 5.27 �0.11 3.57 12.69


2 j 1,5-DCQA 5.80 5.93 �0.13 �0.20 13.09
2 k 3,5-DCQA 5.89 5.90 �0.01 �0.09 13.09
2 l 3,4-DCQA 5.85 5.95 �0.09 �0.27 13.09
2 m 4,5-DCQA 6.22 5.95 0.28 �0.27 13.09


[a] CAF=caffeoyl=COCH=CH[3,4-(OH)2-C6H3]. [b] Not included in the
derivation of QSAR Equation (10).


Table 3. Biological and physicochemical constants used to derive QSAR Equations (11)
and (12) for the inhibitory activity of caffeic acid derivatives 3 toward
5-lipoxygenase and 12-lipoxygenase, respectively.


No. X log1/C [Eq. (11)] log1/C [Eq. (12)] logPcalcd CMR
obsd calcd D obsd calcd D


3 a OC2H5 6.78 6.59 0.19 5.19 5.33 �0.14 1.73 5.78
3 b OC4H9 7.17 7.24 �0.07 5.73 5.71 0.02 2.79 6.71
3 c OC9H19 6.73[a] 4.26 2.46 5.74 5.77 �0.03 5.43 9.03
3 d OH 6.00 6.03 �0.03 5.00 4.92 0.08 0.97 4.85
3 e NHC8H17 7.38 7.38 0.00 – – – 4.24 8.78
3 f NHC10H21 7.35 7.21 0.14 5.49 5.59 �0.10 5.30 9.71
3 g NHC11H23 7.19 7.11 0.08 5.43 5.46 �0.03 5.83 10.17
3 h NHC13H27 6.81 6.91 �0.10 5.28 5.21 0.07 6.89 11.10
3 i C3H7 6.56 6.74 �0.18 5.08[a] 1.11 3.97 1.94 6.09
3 j C5H11 7.46 7.32 0.13 5.46[a] 0.85 4.60 3.00 7.02
3 k C7H15 7.24 7.40 �0.16 6.06 5.95 0.11 4.06 7.95


[a] Not included in the derivation of QSAR Equations (11) and (12), respectively.
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effect. We prefer Equation (11) because it is statistically better
than Equation (11A).


With respect to Equation (12), there is also a high mutual
correlation between CMR and logPcalcd (r2=0.987, q2=0.981).
By considering logPcalcd in place of CMR, we can derive Equa-
tion (12A).


log 1=C ¼ 0:46ð�0:22Þlog Pcalcd


�0:76ð�0:37Þlog ðb	 10log Pcalcdþ1Þþ4:49ð�0:51Þ
ð12AÞ


n ¼ 8, r2 ¼ 0:898, q2 ¼ 0:732, s ¼ 0:145


optimum log Pcalcd ¼ 3:84


log b ¼ �3:65


On comparing Equation (12) to Equation (12A), it is very
hard to predict for this data set if there is a positive steric or
positive hydrophobic effect. We prefer Equation (12) because it
is statistically better than Equation (12A).


Melzig et al.[32] studied the inhibition of neutrophil elastase
activity by caffeic acid derivatives 4 a–i (Scheme 2; Table 4). We
derived Equation (13) from their data and observed a good
correlation with logPcalcd. In this equation we observed a posi-
tive logPcalcd term, a result showing that more hydrophobic
molecules would have better activity for this data set.


Inhibition of neutrophil elastase by caffeic acid derivatives
4 a–i (Table 4)[32]


log 1=C ¼ 0:37ð�0:11Þlog Pcalcdþ4:08ð�0:36Þ ð13Þ


n ¼ 8, r2 ¼ 0:916, q2 ¼ 0:883, s ¼ 0:380


range in log 1=C ¼ 3:32� 6:70


outlier : caffeic acid phenethyl ester


QSAR for binding affinity to the lck SH2 domain


The inhibition activity of rosmarinic acid and its deriva-
tives 5 a–e (Scheme 3) on the interaction between the
lck SH2 domain and N-acetyl-O-phosphono-l-tyrosyl-l-
a-glutamyl-l-a-glutamyl-l-isoleucyl-l-glutamic acid (Ac-
pYEEIE) was investigated by Park et al. (Table 5).[46]


Equation (14) was derived from their results and shows
a good correlation with the molar volume (MgVol). A
negative coefficient of MgVol indicates that the smaller
molecule will be best for this data set.


The binding affinity of rosmarinic acid and its deriva-
tives 5 a–e for the lck SH2 domain (Table 5):[46]


log 1=C ¼ �2:96ð�1:86ÞMgVolþ12:09ð�4:98Þ ð14Þ


n ¼ 5, r2 ¼ 0:895, q2 ¼ 0:752, s ¼ 0:168


range in log 1=C ¼ 3:79� 4:70


Conclusion


An analysis of our QSAR results on caffeic acid and its
derivatives brings up a number of points of interest. On
considering the most important factor, that is, hydro-
phobicity for this paper containing 12 biological QSARs,
only 3 of the QSARs [Eqs. (8), (12), and (14)] lack hydro-
phobic terms. Eight QSARs [Eqs. (3)–(7), (9), (11), and
(13)] have positive hydrophobic terms. The role of hy-
drophobicity is brought out by seven of the QSARsScheme 2. Structure of caffeic acid derivatives 4a–i.


Table 4. Biological and physicochemical constants used to derive QSAR
Equation (13) for the inhibition of neutrophil elastase by caffeic acid deriva-
tives 4a–i.


No. Compound log1/C [Eq. (13)] logPcalcd


obsd calcd D


4 a caffeic acid 4.03 4.44 �0.41 0.97
4 b rosmarinic acid 5.15 4.49 0.66 1.10
4 c caffeic acid phenethyl ester 4.43[a] 5.31 �0.88 3.30
4 d trans-drimenylcaffeic acid ester 6.70 6.68 0.01 6.98
4 e caffeic acid bornyl ester 5.80 5.97 �0.18 5.06
4 f 1,5-dicaffeoylquinic acid 3.82 4.01 �0.18 �0.20
4 g 4-O-caffeoylquinic acid 3.32 3.56 �0.24 �1.40
4 h 3-O-caffeoylquinic acid 3.35 3.38 �0.03 �1.88
4 i 2-O-caffeoylmalic acid 4.47 4.11 0.37 0.07


[a] Not included in the derivation of QSAR Equation (13).
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[Eqs. (3)–(7), (9), and (11)] , where we get bilinear logPcalcd


terms. Optimum logPcalcd values are as shown in Table 6.
Steric factors are obviously important. MgVol and CMR are


two physicochemical parameters that are indicative of the
overall volume/size of the molecules. Although MgVol is purely
a prediction of the size of a molecule, CMR also represents
more or less the same thing, with correction for polarizability,
as discussed in the Experimental Section.


Only one QSAR [Eq. (14)] among the 12 biological QSARs has
a MgVol term and, interestingly, it is with a negative coeffi-
cient. Negative CMR along with negative logPcalcd also appears
in one QSAR [Eq. (10)] . There are two QSARs [Eqs. (8) and (12)]
where we get a bilinear CMR term. Optimum CMR values are
as shown in Table 7.


Finally, we can predict that the different activities of caffeic
acid and its derivatives are mainly dependent on either their
hydrophobicity or their overall size and polarizability, with a


bilinear correlation of hydrophobicity or CMR being
the most important.


Experimental Section


All the data for caffeic acid and its derivatives have
been collected from the literature (see individual


QSARs for respective references). C is the molar concentration of a
compound and log1/C is the dependent variable that defines the
biological parameter for QSAR equations. Physicochemical descrip-
tors are autoloaded and multiregression analyses to derive the
QSAR are executed with the C-QSAR program.[47] For in-depth
knowledge about the utility of QSAR program in comparative cor-
relation analysis, see refs. [48–50]. When comparing different
QSARs, however, it must be borne in mind that variations in quality
in testing in different laboratories will have an effect that cannot
be estimated.


The parameters used in this paper have been already discussed in
detail, along with their applications.[43] logPcalcd is a calculated parti-
tion coefficient in an octanol/water system and is a measure of the
hydrophobicity of the whole molecule.[48] CMR is the calculated
molar refractivity for the whole molecule. Molar refractivity is calcu-
lated from the Lorentz–Lorenz equation and is described as fol-
lows: (i2�1/i2+2)(MW/d), where i is the refractive index, MW is the
molecular weight, and d is the density of a substance. Since there
is a very little variation in i, the molar refractivity is largely a mea-
sure of volume with a small correction for polarizability. Molar re-
fractivity can be used for a substituent or for the whole molecule.
MgVol is the molar volume calculated by using the method of
McGowan.


In the QSAR equations, n is the number of data points, r is the cor-
relation coefficient, r2 is the square of the correlation coefficient, q
is a measure of the quality of fit, q2 is a measure of the goodness
of fit of the data and approaches the value of r2 as the quality of
the fit improves, and s is the standard deviation. All the QSARs re-
ported here are derived by us and were not given with the original
data sets taken from the literature as referenced.


Keywords: caffeic acid · hydrophobicity · molar refractivity ·
molar volume · structure–activity relationships


[1] J. J. Macheix, A. Fleuriet, J. Billot, Hydroxycinnamic acids: In Fruit Phenol-
ics, CRC Press, Boca Raton, FL, 1990, pp. 20–34.


[2] W. N. Setzer, M. C. Setzer, R. B. Bates, P. Nakkiew, B. R. Jackes, L. Chen,
M. B. McFerrin, E. J. Meehan, Planta Med. 1999, 65, 747–749.


[3] B. Klimek, T. Majda, J. Gora, J. Patora, Herba Polonica 1998, 44, 324–
331.


[4] M. A. Fernandez, M. T. Saenz, M. D. Garcia, J. Pharm. Pharmacol. 1998,
50, 1183–1186.


[5] D. R. De Sotillo, M. Hadley, C. Wolf-Hall, J. Food Sci. 1998, 63, 907–910.
[6] N. H. Aziz, S. E. Farag, L. A. A. Mousa, M. A. Abo-Zaid, Microbios 1998,


93, 43–54.


Table 5. Biological and physicochemical constants used to derive QSAR
Equation (14) for the binding affinity of rosmarinic acid 5a and its deriva-
tives 5b–e for the lck SH2 domain.


No. log1/C [Eq. (14)] MgVol
obsd calcd D


5 a 4.62 4.66 �0.04 2.51
5 b 3.92 4.12 �0.21 2.69
5 c 4.70 4.54 0.16 2.55
5 d 3.79 3.81 �0.02 2.80
5 e 3.83 3.71 0.12 2.83


Table 6. Optimum logPcalcd values for QSARs defined by Equations (3)–(7),
(9), and (11).


QSAR optimum logPcalcd logb


3 6.69 �7.41
4 5.74 �6.36
5 5.38 �5.52
6 5.26 �5.54
7 6.79 �7.48
9 6.11 �6.28
11 3.67 �3.06


Table 7. Optimum CMR values for QSARs defined by Equa-
tions (8) and (12).


QSAR optimum CMR logb


8 11.31 �11.96
12 7.87 �7.66


Scheme 3. Structure of rosmarinic acid derivatives 5b–e. The structure of rosmarinic acid is
shown in series 4 of the caffeic acid derivatives as 4b.


1194 C 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 1188 – 1195


R. P. Verma and C. Hansch



www.chembiochem.org





[7] R. J. Grayer, M. R. Eckert, N. C. Veitch, G. C. Kite, P. D. Marin, T. Kokuban,
M. S. J. Simmonds, A. J. Paton, Phytochemistry 2003, 64, 519–528.


[8] B. Grabias, L. Swiatek, Pharm. Pharmacol. Lett. 1998, 8, 81–83.
[9] M. K. Pyo, Y. Y. Lee, H. S. Yun-Choi, Arch. Pharm. Res. 2002, 25, 325–328.


[10] L. Li, J. Chinese Pharm. Sci. 1997, 6, 57–64.
[11] A.-M. Lamidey, L. Fernon, L. Pouysegu, C. Delattre, S. Quideau, P.


Pardon, Helv. Chim. Acta 2002, 85, 2328–2334.
[12] S. E. Binns, J. Hudson, S. Merali, J. T. Arnason, Planta Medica 2002, 68,


780–783.
[13] N. Desideri, I. Sestili, M. L. Stein, E. Tramontano, S. Corrias, P. La Colla,


Antiviral Chem. Chemother. 1998, 9, 497–509.
[14] X. Zhang, N. Neamati, Y. K. Lee, A. Orr, R. D. Brown, N. Whitaker, Y.


Pommier, T. R. Burke, Jr. , Bioorg. Med. Chem. 2001, 9, 1649–1657.
[15] P. J. King, G. Ma, W. Miao, Q. Jia, B. R. McDougall, M. G. Reinecke, C. Cor-


nell, J. Kuan, T. R. Kim, W. E. Robinson, Jr. , J. Med. Chem. 1999, 42, 497–
509.


[16] A. J. Vlietinck, T. De Bruyne, S. Apers, L. A. Pieters, Planta Medica 1998,
64, 97–109.


[17] M. R. Fesen, Y. Pommier, F. Leteurtre, S. Hiroguchi, J. Yung, K. W. Kohn,
Biochem. Pharmacol. 1994, 48, 595–608.


[18] C. A. Gomes, T. Girao da Cruz, J. L. Andrade, N. Milhazes, F. Borges, M.
Marques, M. Paula, J. Med. Chem. 2003, 46, 5395–5401.


[19] T. Nagaoka, A. H. Banskota, Y. Tezuka, Y. Harimaya, K. Koizumi, I. Saiki, S.
Kadota, Biol. Pharm. Bull. 2003, 26, 638–641.


[20] T. Nagaoka, A. H. Banskota, Y. Tezuka, I. Saiki, S. Kadota, Bioorg. Med.
Chem. 2002, 10, 3351–3359.


[21] T. Nagaoka, A. H. Banskota, Y. Tezuka, K. Midorikawa, K. Matsushige, S.
Kadota, Biol. Pharm. Bull. 2003, 26, 487–491.


[22] A. H. Banskota, T. Nagaoka, L. Y. Sumioka, Y. Tezuka, S. Awale, K. Midori-
kawa, K. Matsushige, S. Kadota, J. Ethnopharmacol. 2002, 80, 67–73.


[23] B. Etzenhouser, C. Hansch, S. Kapur, C. D. Selassie, Bioorg. Med. Chem.
2001, 9, 199–209.


[24] K. Yagasaki, Y. Miura, R. Okauchi, T. Furuse, Cytotechnology 2000, 33,
229–235.


[25] M. Nardini, M. D’Aquino, G. Tomassi, V. Gentill, M. Di Felice, C. Scaccini,
Free Radical Biol. Med. 1995, 19, 541–552.


[26] T. Nakayama, Phytochem. Phytopharm. 2000, 349–359.
[27] J. H. Chen, C.-T. Ho, J. Agric. Food Chem. 1997, 45, 2374–2378.
[28] P. Rapta, V. Misik, A. Stasko, I. Vrabel, Free Radical Biol. Med. 1995, 18,


901–908.
[29] L.-C. Lin, Y.-C. Kuo, C.-J. Chou, J. Nat. Prod. 1999, 62, 405–408.
[30] B. Siedle, R. Murillo, O. Hucke, A. Labahn, I. Merfort, Pharmazie 2003, 58,


337–339.


[31] M. F. Melzig, B. Lçser, G. O. Lobitz, G. Tamayo-Castillo, I. Merfort, Phar-
mazie 1999, 54, 712.


[32] M. F. Melzig, B. Lçser, S. Ciesielski, Pharmazie 2001, 56, 967–970.
[33] M. Sugiura, Y. Naito, Y. Yamaura, C. Fukaya, K. Yokoyama, Chem. Pharm.


Bull. 1989, 37, 1039–1043.
[34] H. Cho, M. Ueda, M. Tamaoka, M. Hamaguchi, K. Aisaka, Y. Kiso, T. Inoue,


R. Ogino, T. Tatsuoka, T. Ishihara, T. Noguchi, I. Morita, S.-I. Murota, J.
Med. Chem. 1991, 34, 1505–1508.


[35] N. Sakurai, T. Iizuka, S. Nakayama, H. Funayama, M. Noguchi, M. Nagai,
Yakugaku Zasshi 2003, 123, 593–598.


[36] M.-W. Hung, M.-S. Shiao, L.-C. Tsai, G.-G. Chang, T.-C. Chang, Anticancer
Res. 2003, 23, 4773–4780.


[37] M. S. Islam, M. Yoshimoto, O. Yamakawa, J. Food Sci. 2003, 68, 111–116.
[38] S. Danthi, J. A. Enyeart, J. J. Enyeart, Mol. Pharmacol. 2004, 65, 599–610.
[39] O. K. Mirzoeva, G. F. Sud’ina, M. A. Pushkareva, G. A. Korshunova, N. V.


Sumbatyan, S. D. Varfolomeev, Bioorg. Khim. 1995, 21, 143–151.
[40] M. Lucarini, G. F. Pedulli, M. Cipollone, J. Org. Chem. 1994, 59, 5063–


5070.
[41] C. A. Rice-Evans, N. J. Miller, G. Paganga, Free Radical Biol. Med. 1996,


20, 933–956.
[42] C. Hansch, P. P. Maloney, T. Fujita, R. M. Muir, Nature 1962, 194, 178–


180.
[43] C. Hansch, A. Leo in Exploring QSAR, Vol. 1: Fundamentals and Applica-


tions in Chemistry and Biology (Ed. : C. Hansch), American Chemical Soci-
ety, Washington, DC, 1995, pp. 169–543.


[44] C. D. Selassie, R. Garg, S. Kapur, A. Kurup, R. P. Verma, S. B. Mekapati, C.
Hansch, Chem. Rev. 2002, 102, 2585–2605.


[45] C. D. Selassie, S. B. Mekapati, R. P. Verma, Curr. Topics Med. Chem. 2002,
2, 1357–1379.


[46] S.-H. Park, S.-H. Kang, S.-H. Lim, H.-S. Oh, K.-H. Lee, Bioorg. Med. Chem.
Lett. 2003, 13, 3455–3459.


[47] C-QSAR program, BioByte Corporation, Claremont, CA, www.biobyte.
com.


[48] C. Hansch, A. Leo, D. Hoekman in Exploring QSAR, Vol 2: Hydrophobic,
Electronic, and Steric Constants (Ed. : C. Hansch), American Chemical
Society, Washington, DC, 1995, pp. 1–216.


[49] C. Hansch, H. Gao, D. Hoekman in Comparative QSAR (Ed. : J. Devillers),
Taylor and Francis, London, 1998, pp. 285–368.


[50] C. Hansch, D. Hoekman, A. Leo, D. Weininger, C. D. Selassie, Chem. Rev.
2002, 102, 783–812.


Received: April 6, 2004


ChemBioChem 2004, 5, 1188 – 1195 www.chembiochem.org C 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1195


QSAR of Caffeic Acid and Its Derivatives



www.chembiochem.org






Fusarin C Biosynthesis in Fusarium moniliforme
and Fusarium venenatum
Zhongshu Song,[a] Russell J. Cox,*[a] Colin M. Lazarus,[b] and
Thomas J. Simpson[a]


Introduction


Polyketides are compounds that occur in a wide range of
organisms including bacteria, fungi and plants.[1] These com-
pounds often possess desirable pharmaceutical or agrochemi-
cal properties and are key to modern medical advances.[2]


Much of the progress in understanding and exploiting the bio-
synthesis of polyketides has occurred through the study of
bacterial polyketide synthases (PKSs).[3] In bacteria, three main
types of PKS have been discovered. These are classified as
Type I (multifunctional, often very large, multienzymes), Type II
(complexes of monofunctional discrete enzymes) and Type III
(simple monofunctional systems).[3] The bacterial Type I PKSs
have been exploited for the directed synthesis of new com-
pounds because the modular arrangement of their component
enzyme domains makes their manipulation at a genetic level
relatively simple. Each module contains all the active sites
required for a particular round of chain extension.


In fungi, the PKSs discovered to date are Type I systems.
However, they differ from the very large bacterial modular
PKSs in that the fungal systems are iterative, that is, a single
module acts repetitively. Other differences include the way in
which chain branches are introduced. In bacteria, the Type I
PKSs normally use branched extender units (for example,
methylmalonate), whereas fungi introduce branching methyl
groups by using a C-methyltransferase (CMeT) domain and
methyl groups from S-adenosylmethionine (SAM). In the past
decade many Type I modular PKSs from bacteria have been
discovered, but reports of the cloning of fungal PKS genes
remain rare.


We have focussed our efforts in this area on developing a
series of oligonucleotide PCR primers that are selective for
fungal PKS genes.[4] These can be used to rapidly obtain specif-
ic clones of fungal PKS genes. We have already demonstrated
the utility of primers based on the b-ketoacyl synthase (KAS)
domain of fungal PKSs.[4] However, we have also developed pri-


mers based on the unique fungal PKS CMeT domains and here
we describe their use in cloning biosynthetic genes involved in
the biosynthesis of fusarin C (1; Scheme 1).


Fusarins have been isolated from a number of fungal species
including Fusarium moniliforme (=F. verticillioides, teleomorph
Gibberella fujikuroi=G. moniliformis)[5] and Fusarium venenatum
(=F. graminearum, teleomorph Gibberella zeae).[6] These com-
pounds are potent mycotoxins. Their biosynthesis has been
studied by using classical feeding experiments with 13C-label-
led acetates (Scheme 1).[7] These experiments showed that
seven intact acetates make the polyunsaturated side chain and
two of the pyrrolidin-2-one carbon atoms. The other four
carbon atoms were also labelled by acetate, but label scram-


Fragments of polyketide synthase (PKS) genes were amplified
from complementary DNA (cDNA) of the fusarin C producing fila-
mentous fungi Fusarium moniliforme and Fusarium venenatum
by using degenerate oligonucleotides designed to select for
fungal PKS C-methyltransferase (CMeT) domains. The PCR prod-
ucts, which were highly homologous to fragments of known
fungal PKS CMeT domains, were used to probe cDNA and ge-
nomic DNA (gDNA) libraries of F. moniliforme and F. venenatum.
A 4.0 kb cDNA clone from F. venenatum was isolated and used


to prepare a hygromycin-resistance knockout cassette, which was
used to produce a fusarin-deficient strain of F. venenatum (kb=
1000 bp). Similarly, a 26 kb genomic fragment, isolated on two
overlapping clones from F. moniliforme, encoded a complete iter-
ative Type I PKS fused to an unusual nonribosomal peptide syn-
thase module. Once again, targeted gene disruption produced a
fusarin-deficient strain, thereby proving that this synthase is
responsible for the first steps of fusarin biosynthesis.


Scheme 1. Structure of Fusarin C and biosynthetic origin of the carbon atoms.[6]
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bling and a low level of incorporation suggested that these
carbon atoms were derived from a Krebs cycle intermediate,
possibly aspartate, oxaloacetate or their derivatives. The four
side-chain carbon atoms are derived from SAM, as is the
methoxy group in the methyl ester.


Results


Complementary DNA (cDNA) was prepared from F. moniliforme
and F. venenatum mRNA. We prepared cDNA from mRNA ob-
tained during the maximum rate of production of fusarins be-
cause most filamentous fungi possess multiple PKS genes
(Figure 1). This strategy was designed to ensure the presence
of fusarin biosynthetic mRNA while potentially reducing the


number of possible competing sequences from non-fusarin
biosynthetic genes. The cDNA from the two organisms was
used as a template for PCR reactions with a pair of degenerate
CMeT primers. These primers were designed to amplify frag-
ments of fungal CMeT domains of approximately 320 bp
(Figure 2). In both cases the PCR products were cloned and
sequenced.


Sequencing showed that some of the PCR products were
closely related to fragments of other known PKS CMeT do-
mains, such as those involved in lovastatin (2) biosynthesis in
Aspergillus terreus[8] and those which we have previously
cloned from a variety of fungi.[4] As expected, the products
from the two organisms were also very similar to each other;
they showed 59% nucleotide identity and 43% translated
amino acid identity. These fragments were therefore deemed
to be suitable probes for screening genomic DNA (gDNA) and
cDNA libraries.


A cDNA l library was constructed from F. venenatum mRNA
isolated during fusarin production. This library was blotted
onto Zeta-Probe membranes and the membranes were probed
with the radiolabelled PCR products. Plaques which hybridised
with the probes were purified and the DNA inserts were ex-
cised and sequenced. We thus isolated a 4.0 kb cDNA clone
from F. venenatum which showed high homology to other
highly reduced fungal PKSs, such as those responsible for lova-
statin biosynthesis in A. terreus (kb=1000 bp).[8]


The 4.0 kb F. venenatum PKS fragment, designated venpks1,
was then used to probe both cDNA and gDNA libraries from
F. moniliforme. A 2.5 kb sequence (monpks1) was obtained


from the cDNA library and a
17 kb sequence (monpks2) was
isolated from the gDNA library.
These two sequences, while sim-
ilar, did not encode the same
PKS. Sequence comparison
showed that the monpks2 ge-
nomic sequence was highly ho-
mologous to the venpks1 cDNA
sequence, while the monpks1
cDNA clone was of lower ho-
mology.


In order to determine wheth-
er any of the three isolated PKS
gene fragments was responsible
for fusarin biosynthesis, we con-
structed knockout plasmids in
which the hygromycin B resist-
ance cassette, hph from the
plasmid pAN7–1,[9] was flanked
by or linked to fragments of
each of the three PKS genes.


Transformation of F. venena-
tum with the venpks1–hph plas-
mid and selection on hygromy-
cin B led to the isolation of
eight hygromycin-resistant colo-
nies. Each of these was grown


Figure 1. Time-course of production of fusarin C by F. moniliforme and F. vene-
natum. Fusarin C production was monitored by LC-MS UV peak integration.


Figure 2. PCR amplification of PKS CMeT domains from F. venenatum and F. moniliforme. Degenerate PCR primers,
made with a combination of mixed bases and inosines (I) as shown, were based on conserved PKS CMeT domains.
The cDNA templates were obtained during fusarin production. Lanes A–C: F. venenatum (at days 4, 5 and 6 of culture,
respectively) ; lane D: F. moniliforme (at day 3) ; lane E: positive control (LNKS amplified from A. terreus).
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in production medium and then extracted and examined for
fusarin production by LC-MS (Table 1). Of the eight strains
tested, five showed no fusarin production, while the other
three showed much reduced production (Table 1). In parallel,
the total gDNA from each clone was fully digested with BglII,
and Southern blotting showed that hph had inserted at the
homologous position in all the clones (Figure 3). Four modes
of hph insertion are possible when using circular plasmids with
the selectable marker flanked by homologous sequences (Fig-
ure 3B): simple replacement (R) by double crossover, insertion
at the 5’ end (I-5) by single crossover, insertion at the 3’ end (I-
3) by single crossover, and insertion at both ends (I-B, not
shown in Figure 3B). All four modes of insertional knockout
were observed in the Southern blot experiment (Figure 3C).
For example, the autoradiographs show that strains 6–8 now


have gDNA that does not hybridise with the dPKS probe but
which does hybridise with the HYG probe; this indicates re-
placement by double crossover (R). Strains 3–5 have under-
gone single crossover at the 3’ site (I-3), strain 2 has undergone


Table 1. Analysis of Fusarin C production by wild-type (WT) and knockout
clones of F. venenatum. Mutation type refers to the different modes of hph
insertion shown in Figure 3. The HPLC detection limit is 3.0 mgL�1. Clones 2
and 4 are not significantly above this. Clone 7 did show a weak HPLC peak
corresponding to fusarin C but fusarin C was not detected by MS in this
case.


Clone 1 2 3 4 5 6 7 8 WT


fusarin C [mgL�1] <3 10.5 <3 4.8 <3 <3 34.8 <3 533
mutation type I-B I-5 I-3 I-3 I-3 R R R –


Figure 3. Fusarin C gene knockout in F. venenatum. A) The venpks1–hph knockout plasmid constructed by flanking the hygromycin-resistance cassette (hph) with
approximately 1 kb 5’ and 3’ PKS fragments from the F. venenatum cDNA-derived venpks1. B) Four modes of insertional inactivation result from homologous
recombination of venpks1–hph into the genome of wild-type (WT) F. venenatum : replacement by double crossover (R) ; single crossover at the 5’ fragment (I-5) ;
single crossover at the 3’ fragment (I-3) ; and dual single crossovers in both the 5’ and 3’ fragments (I-B, not shown). C) Southern blot analysis of hygromycin-resist-
ant transformants. Lanes 1–8: gDNA digested with BglII ; flanking lanes contain size markers (l DNA digested with HindIII : (from top) 23.1, 9.4, 6.6, 4.4, 2.3, 2.0,
0.6 kb). Panels from left : ethidium bromide stained gel ; autoradiographs of membrane probed with 5’ PKS fragment, central PKS fragment and hph. The membrane
was stripped between hybridisations.
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crossover at the 5’ site (I-5), and strain 1 has undergone dual
crossover (I-B). As expected, the wild-type (WT) strain gave
gDNA that did not hybridise to the HYG probe but gave two
BglII fragments that hybridised to the dPKS probe and one
BglII fragment that hybridised to the 5’ PKS probe.


Transformation of F. moniliforme with the knockout plasmid
(monpks2–hph) constructed from the F. moniliforme gDNA li-
brary fragment similarly resulted in the isolation of strains that
were incapable of fusarin production. On the other hand,
monpks1–hph disruption of the gene corresponding to the
F. moniliforme cDNA clone did not lead to a reduction in fusar-
in production. In both cases homologous recombination was
confirmed by Southern blot analysis of HindIII-digested ge-
nomic DNA (not shown).


In order to obtain further sequence data, PCR was used to
amplify an 800 bp fragment from the 3’ end of monpks2, and
this fragment was then labelled and used to probe the F. moni-
liforme gDNA library. A new clone was isolated which over-
lapped and extended the 3’ end of the original cloned DNA, to
give a total of 26 kb of continuous sequence (Figure 4).


Detailed sequence analysis based on homology to known
fungal sequences, searches for conserved sequence motifs and
the discovery of frame-shifts in potential open reading frames
(ORFs) allowed us to identify five possible introns in the 26 kb
gDNA sequence. This work was aided by comparison with in-
trons discovered in the F. moniliforme trichothecene biosyn-
thetic gene cluster.[10] In all five cases, the 5’ end of the intron
contained the conserved splice sequence GTXXG, while the
conserved sequence at the 3’ end was AG.


Comparison of the F. venenatum cDNA clone and the F. moni-
liforme gDNA clone also identified a highly unusual 546 bp
intron in the F. moniliforme sequence. This observation was
confirmed by amplifying the corresponding region from
F. moniliforme cDNA and sequencing the PCR product. The 5’
splice site (GTGTA) of this intron does not match those of the
other introns identified here. Intriguingly, within this long
intron sequence lies one of the previously discovered introns
which does show the conserved 5’ and 3’ splice sequences. Se-
quence analysis of the 546 bp intron showed it to be homolo-
gous to enoyl reductase genes (see below).


After removal of the introns from the gDNA sequence, we
identified six putative ORFs (Figure 4). At the 5’ end there is a
1316 bp ORF (ORF1) corresponding with no known function.
1.7 kb downstream from this is a 1.26 kb ORF (ORF2) which
shows highest homology to known hydrolases. Another
940 bp downstream lies an 11.9 kb ORF (ORF3), which we
name fusA.


Sequence analysis of fusA showed the presence of b-keto-
acylsynthase (KAS), acyl transferase (AT), dehydratase (DH) and
CMeT domains. Downstream from the CMeT domain are two
regions of sequence showing moderate homology to enoyl re-
ductase (ER) domains. One of these regions corresponds to the
546 bp intron and is thus excised from the mature fusA mRNA.
The second ER region shows low homology to known ER do-
mains, and the observation that the conserved reduced nico-
tinamide adenine dinucleotide phosphate (NADPH) binding
motif (LIHXXXGGXG) shows several significant mutations (that
is, LAISGVNRSK) suggests that the ER is likely to be inactive.
The next domain in fusA is a keto-reductase (KR) and this is fol-
lowed by the acyl carrier protein (ACP).


Downstream of the PKS domains, and part of the same ORF,
further modules are present which show high homology to
catalytic domains from fungal and bacterial nonribosomal pep-
tide synthases (NRPSs). Clear condensation (C), adenylation (A)
and thiolation (peptidyl carrier protein, PCP) domains are pres-
ent. The final domain corresponds to a thiolester reductase (R).


At the 3’ end of the cloned genomic segment, and 1.7 kb
downstream of fusA, is a putative 848 bp ORF (ORF4) with no
obvious function. Further beyond this lies a 1.4 kb ORF (ORF5)
with high homology to known monocarboxylate transporter
genes. The final ORF (ORF6) is a 1.8 kb 5’ fragment of a multi-
drug resistance gene, a so-called ABC transporter system.[11]


Discussion


Fusarin C (1) is one of a class of acyl-tetramic acids which are
found in slime moulds, terrestrial fungi, marine fungi and
marine sponges. The class includes compounds such as fuligo-
rubin (3) from a slime mould,[12] zopfiellamide A (4) from a
marine fungus,[13] and pramanicin (5) from a terrestrial


Figure 4. Structure and location of the fusA gene. Approximate domain boundaries, nearby ORFs, approximate position of introns (grey bars) and alignment
between F. moniliforme 26 kb gDNA and F. venenatum 4 kb cDNA clones are shown.
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fungus.[14] 2-Pyridones, such as tenellin (6) from an entomopha-
gogenic fungus,[15] are also related because evidence suggests
that they derive by ring expansion of tetramic acids such as
the known militarinone C (7) from Paecilomyces militaris.[16]


Feeding experiments with labelled acetate and amino acids
have shown that pramanicin (5) is derived by condensation of
an octaketide with l-serine.[14] Experimental results are limited,
but other acyl tetramic acids also appear to be derived by
fusion of polyketide and amino acid precursors.[17,18] Feeding
experiments have shown that the pyrrolidone ring of fusarin C
(1) is derived in a similar way—condensation between a poly-
ketide and a Krebs cycle, or related, intermediate. In this case a
likely candidate would be either aspartic acid (8, derived in
one step from oxaloacetate (9), Scheme 2) or homoserine (10),
itself derived by reduction of aspartate (8). Thus, while the bio-


synthetic studies involving isotopic feeding experi-
ments have divulged the origin of the carbon and ni-
trogen atoms, the mechanism for ring formation has
remained elusive.


We have shown that the 11.9 kb fusA gene in
F. moniliforme and a homologous gene in F. venena-
tum are responsible for the early stages of fusarin bio-
synthesis. Fusarin synthase (FUSS), encoded by fusA,
consists of a Type I iterative PKS fused to an NRPS. It
appears likely that the iterative Type I PKS generates
a tetramethylated polyunsaturated heptaketide 11 as
its end product (Scheme 3). This is consistent with
the active sites present in the PKS portion of FUSS.
The likely inactivity of ER, supported by sequence
analysis, corresponds with the polyene structure.
This situation is similar to that found for the lovasta-
tin (2) nonaketide synthase (LNKS). In the absence of
an accessory protein (lovC), LNKS produces a mono-
methylated polyunsaturated heptaketide, which is
very similar to the heptaketide proposed here as an
intermediate in fusarin biosynthesis (and which is a
likely unmethylated intermediate in fuligorubin A (3)
biosynthesis). Similarly to FUSS, LNKS is proposed to
possess an inactive ER domain: interaction with lovC
somehow confers the ability of LNKS to regioselec-
tively perform ER reactions and to extend the grow-
ing polyketide to a nonaketide. Interestingly LNKS
also possesses a condensation domain in the same
position as FUSS, but no other NRPS domains are
present in LNKS.[19] This raises an intriguing question:
could LNKS once have possessed a full NRPS module
and been responsible for the biosynthesis of com-
pounds similar to zopfiellamide A (4)?


We propose that the fully elaborated polyketide is held by
the ACP domain of the FUSS PKS as a thiolester. Homoserine
(10) is then adenylated and transferred to the PCP where it is
attached as another thiolester. At this stage the condensation
domain catalyses nucleophilic attack by the homoserine nitro-
gen atom on the ACP-bound polyketide, thereby forming an
intermediate amide 12, and the polyketide is formally trans-
ferred to the NRPS portion of FUSS.


Sequence analysis and examination of crystal structures of
NRPS adenylation domains, by Marahiel and Townsend (among
others) with their respective co-workers,[20,21] has led to a
model of amino acid selection by the adenylation domain. Al-
though homoserine (10) has not, so far, been recognised as a
substrate for other known adenylation domains, we applied
this model to the adenylation domain from FUSS to look for


any correlations that would be consistent with ho-
moserine (10), or aspartic acid (8), as the likely sub-
strate. However, low sequence homology between
this fungal NRPS domain and the bacterial domains
examined by others precluded any firm conclusions.


The final biosynthetic step involves reduction of
the PCP-bound thiolester by the NRPS reductive
domain. Similar domains are known, for example, in
fungal lysine biosynthesis, where a-aminoadipate re-


Scheme 2. Biosynthetic interconversion of the Krebs cycle intermediate oxaloacetate (9) with
aspartic acid (8) and homoserine (10).
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ductase utilises an adenylation/reduction strategy to provide
a-aminoadipate semialdehyde.[22,23] The reaction is also remi-
niscent of that catalysed by aspartate semialdehyde dehydro-
genase in bacteria, where aspartyl phosphate is the substrate
for transthiolesterification and reduction.[24] Similar reductase
domains in the myxochelin synthase catalyse two reductions
to yield an alcohol.[25] In this case, the outcome of the reduc-
tion would be a free aldehyde, 13, and such compounds are
chemically susceptible to intramolecular aldol reactions. We
have no evidence for a catalysed cyclisation, although this
cannot be ruled out. This reductive mechanism obviates the
requirement for a thiolesterase domain, which is present in
other NRPS modules.[26]


Fused PKS–NRPS systems are known, but FUSS is the first
reported fused PKS–NRPS from fungi. The other known fused
PKS–NRPS systems have been isolated from bacteria and fea-
ture modular Type I PKS components, for example, that in-
volved in pederin biosynthesis in an unculturable symbiont
(presumed to be Pseudomonas sp.) of Paederus beetles.[27,28]


Other examples include the synthase involved in melithiazol


biosynthesis in the myxobacterium Melittangium li-
chenicola Me 146.[29] FUSS is also unique in that it is
an iterative Type I PKS that provides the polyketide
moiety. However, the same domain architecture is
present in FUSS at the fusion site as in the bacterial
examples: the PKS ACP is joined to the NRPS conden-
sation domain.


Based on this analysis we therefore propose that
FUSS catalyses the synthesis of pre-fusarin C (14) in
which the polyketide has been fully elaborated and
fused to homoserine aldehyde to form the unmodi-
fied 1,5-dihydropyrrol-2-one ring. Further reactions
are required to form fusarin. These reactions involve
oxidation of the C20 methyl group to a carboxylate
moiety and formation of a methyl ester. Further reac-
tions involve epoxidation of the ring and either hy-
droxylation a to the nitrogen atom or oxidation to
an imine and addition of water to form the cyclic
hemiaminal. These reactions would most likely be
catalysed by oxidoreductases (at least three required)
and an O-methyl transferase. However, no ORFs with
these putative activities have been found, so far, in
the immediate vicinity of fusA. The identified ORFs
which are present are presumably involved in trans-
port and export of fusarin C.


It seems likely that similar synthases are responsi-
ble for the biosynthesis of other acyl tetramic acids
and compounds derived from them, such as the 2-
pyridones. In the case of compounds such as prama-
nicin (5) this would involve the selection of serine as
the amino acid component, manufacture of an octa-
ketide and reductive ring formation similar to that
catalysed by FUSS, followed by ring epoxidation and
hydrolysis to form the trans-diol. In the case of other
compounds such as fuligorubin A (3) and zopfelliami-
de A (4) the ring could be formed similarly, and epox-
idation, hydrolysis and subsequent elimination of


water would afford the observed ring structure (Scheme 4).
Alternatively these compounds could be derived by nonreduc-


Scheme 3. Proposed biosynthesis of pre-fusarin C (14). ATP=adenosine 5’-triphosphate,
Ad=adenosine, CoA=coenzyme A, KS=b-keto-acyl synthase.


Scheme 4. Alternative biosynthetic routes to observed natural product
structures.
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tive chain release involving Claisen cyclisation to form the acyl-
tetramic acid directly. Fuligorubin A (3) and zopfelliamide A (4)
also require N-methylation and this is likely to be catalysed
prior to ring formation by NRPS N-methylation domains, such
as those present in the cyclosporin NRPS.[30]


Further chromosome walking is being carried out to find the
“missing” fusarin C oxidative ORFs and to investigate ring-
forming mechanisms in other fungal tetramic acids.


Experimental Section


General growth conditions : F. venenatum and F. moniliforme were
grown and maintained on malt extract agar (MEA) plates contain-
ing MEA (Oxoid, 25.0 g) and agar technical (Oxoid, 7.5 g) in water
(1000 mL). The plates were incubated at 28 8C until the colonies
reached the edge of the plates (about 9 days). Liquid cultures were
grown in a liquid medium containing glucose (20.0 g) and nutrient
broth no. 2 (Oxoid, 30.0 g) in water (1000 mL) and were incubated
at 25 8C and 200 rpm.


Fusarin C production time course : Spores collected from an MEA
agar plate were evenly inoculated into 10 flasks, each containing
50 mL of producing medium, which consisted of glycerol (10.0 g),
(NH4)2HPO4 (1.0 g), KH2PO4 (3.5 g), MgSO4·7H2O (2.0 g) and NaCl
(5.0 g) in water (1000 mL). Glucose (40.0 g) dissolved in water
(100 mL) was autoclaved separately and combined before use. All
the flasks were wrapped with aluminium foil and incubated at
25 8C and 200 rpm.


One flask was taken each day for fusarin extraction. Ethyl acetate
(50 mL) was added to the flask. The flask was shaken at 150 rpm
for 15 min. After separation from the aqueous phase, the organic
phase was evaporated and the residue was resuspended in aceto-
nitrile (1 mL). The samples were wrapped with aluminium foil and
stored at �20 8C before LC-MS analysis.


LC-MS analysis of fusarin C : Samples obtained from different days
during the time-course experiment were analysed at the same
time to limit any equipment inconsistency. LC-MS was carried out
by using a Waters Platform II system comprising a Waters 600
HPLC coupled to a Platform LC mass spectrometer. Solvent A was
0.05% trifluoroacetic acid (TFA) in HPLC-grade water; Solvent B
was 0.05% TFA in HPLC-grade acetonitrile. Solvents were filtered
(0.4 mm) and degassed before use. The column was a Phenomenex
Luna RPC8 (150Q2 mm) equipped with a Phenomenex Security
Guard cartridge. Chromatograms were run at 0.5 mLmin�1 over the
following gradient: 0–1 min, 5% B; 1–13 min, gradient to 95% B;
13–16.5 min, 95% B; 16.5–17 min, gradient to 5% B; 17–21.5 min,
5% B. Products were detected by using a Waters 996 diode array
detector at wavelengths between 200–400 nm. After passing
through the diode array detector, the flow was split so that ap-
proximately 20% entered the mass spectrometer. Mass ions were
detected in positive electrospray mode over a mass range of 150–
600 Da.


RNA preparation and cDNA synthesis : Fungal total RNA was puri-
fied by using an RNeasy Plant miniprep kit (Qiagen) and reverse-
transcribed by using SuperScript II (Invitrogen) and an oligo(dT)
primer. The first-strand cDNA product was then used for PCR.


Total RNA was prepared on a large scale by using an RNA extrac-
tion kit (Amersham Pharmacia Biotech), and polyA+ RNA was iso-
lated from it with an mRNA purification kit (Amersham Pharmacia
Biotech). Double-stranded cDNA was synthesised by using the
SuperScript Choice system (Invitrogen) primed by a mixture of


oligo(dT)12–18 and random hexamers. This double-stranded cDNA
was used for cDNA library construction.


Genomic DNA preparation : Fungal genomic DNA was prepared
on a small scale by using a Plant genomic DNA miniprep kit
(Sigma). This genomic DNA was used for PCR and Southern blot-
ting analysis.


Genomic DNA for library construction was prepared as follows.
Ground, frozen mycelium (5–10 g) was lysed with genomic DNA
extraction buffer (10 mL, 10 mm tris(hydroxymethyl)aminomethane
(Tris)/HCl (pH 8.0), 10 mm ethylenediaminetetraacetate (EDTA) and
0.5% sodium dodecylsulfate (SDS)) in a centrifuge tube. Aqueous
extraction at 4 8C for 30 min was followed by phenol (phenol/
chloroform/isoamyl alcohol (25:24:1)) extraction (4 8C, 20 min) on a
horizontal cylindrical rotor. The aqueous phase was separated by
centrifugation (7000g, 15 min, 4 8C). The extraction was repeated
until no protein was left between the two phases. Equal amounts
of chloroform (chloroform/isoamyl alcohol (24:1)) were used to ex-
tract any trace of phenol and the phases were separated as before.
Ribonuclease A (bovine pancreas) solution (10 mL, 20 mgmL�1) was
added to the aqueous solution and incubated at 37 8C for 30 min;
this was followed by another round of phenol extraction and
chloroform extraction as before. Genomic DNA was precipitated
from the aqueous phase by adding isopropanol (0.7 volumes) and
LiCl (0.1 volumes, 4m). The precipitated genomic DNA was careful-
ly separated from the liquid by turning the tube. After being
washed with 70% ethanol (5 mL), the pellet was air dried and re-
suspended in TE (Tris EDTA) buffer. The genomic DNA was further
purified by two rounds of equilibrium centrifugation in a continu-
ous CsCl–ethidium bromide gradient (density 1.56 gmL�1). After
centrifugation (350000g, 16 h, 15 8C), the DNA band was removed,
diluted with TE buffer (2 volumes), ethanol precipitated and finally
resuspended in TE buffer (200 mL, pH 7.5).


Library construction and screening : The vectors used for fungal
cDNA and genomic library construction were Lambda-ZAPII (Strata-
gene) and lBlueStar (Novagen), respectively, and Gigapack III Gold
(Stratagene) was used for packaging. To screen a library, approxi-
mately 250000 plaque-forming units were plated on each of two
230Q230 mm (square) plates; resultant plaques were blotted onto
nylon membranes (Zeta-Probe GT, Bio-RAD) for 4 min. The mem-
branes were then treated sequentially with 0.5m NaOH, 0.5m
NaOH+1.5m NaCl, 1.5m NaCl+0.5m Tris/HCl (pH 7.5) and 2Qstan-
dard saline citrate (SSC), before drying at 80 8C for 30–60 min.


Hybridisation was conducted at 55 8C overnight in 0.25m sodium
phosphate buffer (pH 7.2) containing 7% SDS with 32P-labelled
probes. Membranes were then subjected to 2Q15 min washes at
65 8C with 2QSSC, and positive plaques were identified by autora-
diography. Plaques were purified by successive rounds of plating
and screening, and auto-excision was used to convert l into plas-
mid clones. cDNA or genomic inserts were sequenced (Lark Tech-
nologies, Inc), and DNA sequences were analysed with Vector NTI
software (Informax).


Construction of knockout plasmids : To construct venpks1–hph
the venpks1 cDNA was transferred (as a 3.9 kb EcoRI fragment)
from the original pBluescript vector to pGEM-T Easy (Promega),
which does not contain any HindIII sites. A 1.7 kb HindIII fragment,
corresponding to the CMeT encoding area of venpks1, was then re-
placed with the 4.2 kb hygromycin B resistance cassette (hph) from
pCRII–pAN7–1 (pAn7–1 modified by exchanging the pUC18 vector
for pCRII (Invitrogen) and insertion of a HindIII site at the 5’ end of
the hph cassette).
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monpks1–hph was constructed by replacing a 250 bp fragment of
monpks1 (from a HindIII site close to the end of the 2.5 kb cDNA to
the HindIII site of the pBluescript vector) with the hph cassette. To
construct monpks2–hph, a 1.3 kb fragment (around the CMeT
encoding area) was amplified by PCR with the primer pair 5’-ACT-
AGTCATGATGGCAGTTGG-3’ and 5’-ACTAGTCGCCCCGTGTACCTC-
AAGTCC-3’. The PCR product was first cloned and verified in
pGEM-T Easy (Promega), then excised with SpeI and inserted into
pCRII–pAN7–1 at the vector SpeI site.


PEG-mediated fungal transformation :[31] 20-hour-old fungal myce-
lium was converted into protoplasts by incubation with driselase
(25 8C, 3 h) in osmotic buffer (1m NaCl). Protoplasts prepared from
cultures (50 mL) were resuspended in GTC buffer (400 mL, 1m glu-
cose, 10 mm Tris/HCl (pH 8.0), 50 mm CaCl2). Knockout plasmid
DNA (2 mg) was added to one half of the protoplast suspension,
and sterile water (20 mL) was added to the other half as a control.
Following addition of poly(ethylene glycol) (PEG)4000 solution
(50 mL, 60% (w/v) in GTC buffer) protoplasts were incubated in ice
for 30 min, after which 60% PEG4000 solution (1 mL) was added
and incubation was continued at RT for 20 min. The PEG solution
was diluted by adding GTC buffer (10 mL) and then removed fol-
lowing centrifugation (3000Qg, 10 min). The protoplasts were re-
suspended with GTC buffer (200 mL), mixed with molten (42 8C)
CD-G agar (5 mL, Czapek Dox agar containing 1m glucose) and
plated on Petri dishes containing CD-G agar (5 mL). After incuba-
tion for 3 h the protoplasts were overlaid with hygromycin B (100
or 200 mgmL�1 in 10 mL molten CD-G agar) and incubation was
continued until resistant colonies appeared.


Southern blot analysis: F. venenatum DNA was fully digested with
BglII (overnight, 37 8C), and fractionated by electrophoresis on a
1.0% (w/v) agarose gel. The DNA was blotted onto a positively
charged nylon membrane (Zeta-Probe GT, Bio-RAD) for 6 h with
0.4m NaOH as a transfer buffer. After rinsing with 2QSSC the filter
was dried at 80 8C for 30–60 min. Hybridisation with the 32P-la-
belled venpks1 probe was performed as described above, except
that the hybridisation temperature was 65 8C.


Data accession : Sequences for fusA from F. moniliforme have been
deposited with GenBank (access code AY604568).
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Conformation Analysis of Glu181 and Ser186 in
the Metarhodopsin I State
Masaji Ishiguro*[a]


Introduction


Photoactivation of rhodopsin yields the fully activated photoin-
termediate, metarhodopsin II, through the neutralization of the
protonated Schiff base (PSB) of the retinylidene chromophore
of metarhodopsin I.[1] Spectroscopic studies and mutational ex-
periments revealed the importance of the residues surround-
ing the retinylidene chromophore.[2–4] Among these residues,
Glu181 and Ser186 in the second extracellular (E2) loop were
determined to be involved in the formation of metarhodop-
sin I,[5] as a Glu181Gln mutant facilitated the neutralization of
the PSB in the metarhodopsin I state. Time-resolved resonance
Raman spectroscopy showed that the PSB largely weakened
the hydrogen-bond with the counter-ion (Glu113) in the lumi-
rhodopsin state prior to the formation of metarhodopsin I, and
that the PSB then reformed the hydrogen-bond in the meta-
rhodopsin I state.[6] These findings led to the proposal that
counter-ion exchange between Glu113 and Glu181 through a
network of hydrogen-bonds mediated by Ser186 and water
molecules occurs in the bathorhodopsin-to-metarhodopsin I
transition with the concomitant movement of the PSB moiety
from the Glu113 to Glu181 site—at least 4 5.[5] Although the
mechanism of counter-ion exchange is fascinating, it is clear
that the hydroxyl group of Ser186 does not form a hydrogen-
bond to the carboxylate oxygen of Glu113 in the crystal struc-
ture of rhodopsin.[7]


A proposed molecular mechanism for the photoisomeriza-
tion to yield metarhodopsin I is shown in Figure 1.[8,9] This
mechanism suggested that the counter-ion, Glu113, does not
change in the rhodopsin-to-metarhodopsin I transition and
that the outward swing of the C terminus of transmembrane
segment (TM) 3, as described in a previous report,[9] affords a


space around Glu113 to accommodate the hydroxyl group of
Ser186. Although the arrangement of protons involved in the
hydrogen-bond network is crucial to elucidate the role of the
hydrogen bonds in the neutralization of the PSB (such as
proton transfer from the PSB to the counter ion), it remains un-
clear in both the native and Glu181Gln mutant rhodopsins and
their photointermediates.


Thus, the aim of this investigation is to evaluate the mode
of the proton arrangement in the hydrogen-bond network and
the roles of Glu181 and Ser186 in the formation of metarho-
dopsin I. This report suggests that the conformational change
of Ser186 facilitates the hydrogen-bond network, connecting
Glu113 to Glu181 in the metarhodopsin I model, and depicts a
view distinct from the previously proposed role of Glu181[5]


and a role of Ser186 in the neutralization of the PSB in the
photocascade.


Results


Residues within 8 5 from Glu181 were selected for the molecu-
lar-dynamics calculations, since these residues are not exposed
to the aqueous phase and, thus, their conformational energies
were calculated under anhydrous conditions. Since the hydro-
gen bond is dependent on the conformations of residues, 150
conformations for each hydrogen-bond network were sam-


[a] Dr. M. Ishiguro
Suntory Institute for Bioorganic Research
1-1 Wakayamadai, Shimamoto, Osaka 618-8503 (Japan)
Fax: (+81)75-962-2115
E-mail : ishiguro@sunbor.or.jp


Photoactivation of rhodopsin yields a photointermediate, meta-
rhodopsin I, during the formation of the fully activated photo-
intermediate, metarhodopsin II. It is proposed that Glu181 and
Ser186, in the second extracellular loop, play important roles in
the stabilization of the protonated Schiff base of metarhodop-
sin I. Glu181 and Ser186 form a network of hydrogen bonds
mediated by a water molecule in the dark-state crystal structure
of rhodopsin. On the other hand, the counter-ion of the protonat-
ed Schiff base, Glu113, is not involved in the hydrogen-bond net-
work, as it is located further than hydrogen-bond distance from
Ser186. Herein, the conformations and proton arrangements of
the protonated form of Glu181 and Ser186 in the hydrogen-bond
network have been investigated by molecular-dynamics calcula-
tions of the rhodopsin crystal structure as well as in the structural
model of metarhodopsin I. In the metarhodopsin I model, Ser186


mediated the hydrogen-bond network between Glu113 and
Glu181, changing the protein’s conformation and creating a
space by the outward motion of transmembrane segment 3,
while the hydroxyl group of Glu181 was favored in the hydrogen-
bond network. The hydrogen bond between Glu113 and Ser186 is
thought to reduce the basicity of the carboxylate of Glu113,
maintaining the protonated state of the Schiff base in the meta-
rhodopsin I state. In the Glu181Gln mutant, the hydroxyl group
of Ser186 favored the water molecule as a proton donor in the
metarhodopsin I state, since the carbonyl group of the Gln resi-
due was favored in the hydrogen-bond network. These results in-
dicate that the Gln181 residue interferes with the hydrogen-bond
between Glu113 and Ser186 in the metarhodopsin I state, facili-
tating the neutralization of the protonated Schiff base.
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pled, and averaged energies for their conformations were at-
tributed to the conformational energy for each mode of the
hydrogen-bond networks. Molecular-mechanics parameters for
the estimation of hydrogen-bond energies are well demon-
strated,[10] and thus the molecular-mechanics program Discov-
er[11,12] was adopted for the present study on the hydrogen-
bond networks.


Hydrogen-bonding mode of Glu181 and Gln181 in
rhodopsin and the Glu181Gln mutant


Glu181 is located in a protonated state within the cavity of the
chromophore-binding site.[6] Tyr268 forms a hydrogen bond to
Glu181, while the water molecule W1 forms hydrogen-bonds
to Glu181 and Ser186.[7]


The Ser186 residue in the rhodopsin crystal structure is in
the least stable of three gauche conformations at the Ca�Cb
(c1) bond. The molecular-dynamics calculations starting from


the other sterically hindered conformation of the Ser186 resi-
due, in which the hydroxyl group of Ser186 was located within
hydrogen-bonding distance of the carboxylate of Glu113, did
not allow the Ser186 residue to maintain its initial conforma-
tion, thus it reverted to the least-stable conformation at the
Ca-Cb (c1) bond. Therefore, the space at the chromophore-
binding cleft only allows for the original conformation ob-
served in the crystal structure. Thus, Ser186 is not thought to
form a hydrogen-bond with the carboxylate of Glu113 and,
further, in rhodopsin Glu181, is not connected to Glu113 by a
hydrogen-bond network.


The carboxylic acid prefers the trans conformation (endo
conformation of the hydroxyl proton) to a cis conformation
(exo conformation of hydroxyl proton) in an unsolvated envi-
ronment such as the gaseous phase or the protein interior.[13,14]


In addition, a cis conformation of the carboxylic acid of Glu181
was readily converted to a trans conformation during the
energy minimization of an initial cis conformation. Thus, two
principal modes of hydrogen-bonds (modes 1 and 2,
Scheme 1) were examined by using molecular-dynamics calcu-
lations. The averaged structural energy calculated for mode 1


Figure 1. A scheme for the photoisomerization of the 11-cis retinylidene chro-
mophore. Top: The chromophore structure of rhodopsin is shown by the ball-
and-stick model. The C11=C12 double bond, the 9- and 13-methyl groups, and
the protonated nitrogen atom of the PSB are indicated in order to depict the
geometry of these groups. The dotted line indicates a hydrogen-bond between
Glu113 and the PSB. This is a view of the chromophore from the extracellular
site, and the double bonds are parallel to the membrane plane. Center : The
double bonds of the chromophore of lumirhodopsin are perpendicular to those
of rhodopsin. The proton of the PSB is directed opposite the 9- and 13-methyl
groups and is located outside of a hydrogen-bond distance to Glu113. Bottom:
The PSB reforms the hydrogen-bond to Glu113. The structures of the chromo-
phore and Lys296 were taken from the crystal structure and structural models
of lumirhodopsin and metarhodopsin I. Coloring: oxygen: black, nitrogen and
sulfur : dark gray, carbon: gray, proton: white.


Scheme 1. Two conformations of the carboxylic acid of Glu181. Putative hydro-
gen bonds are indicated by broken lines. The atom numbering of the chromo-
phore is given in the structural model.
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was about 8 kJmol�1 lower than that for mode 2. In this
mode 1 network, the protons of W1 and Ser186are directed to
the lone pair of the oxygen atoms of Glu181 and W1, respec-
tively, as shown in Figure 2. In mode 1, the acidic proton of
Glu181 was located within hydrogen-bonding distance of the
phenolic oxygen atom of Tyr268, while the acidic proton did
not find a hydrogen-bond acceptor in mode 2.


The two modes of the hydrogen-bond network of the
Glu181Gln mutant were examined by the same method
(Scheme 2). In contrast to the Glu181 of the native rhodopsin,
Gln181 favored mode 2 by about 16 kJmol�1 in the hydrogen-
bond network. The preference of Gln181 for mode 2 was at-
tributed to the exo-proton-specific hydrogen-bond to the
backbone carbonyl of Ile189, as shown in Figure 3. On the
other hand, the exo-proton appears to have an unfavorable
steric interaction with W1 in mode 1. The Glu181Gln mutant
was thus expected to provoke a hydrogen-bond network dis-
tinct from that of native rhodopsin. However, the protonated
state of the Schiff base in rhodopsin was independent from
the mutation to Glu181, since Glu113 was not involved in the
hydrogen-bond network.


Conformation of Ser186 in rhodopsin and the metarhodop-
sin I model.


Through molecular-dynamics calculations on the metarhodop-
sin I model,[9] it was determined that the unstable conformer
of Ser186 in the rhodopsin crystal goes through a conforma-
tional change. The outward swing of the C terminus of TM3
provided a space around Glu113, into which the hydroxyl


Figure 2. Hydrogen-bond networks around Glu181 and Glu113 in rhodopsin.
Hydrogen bonds are indicated by broken lines. W1 and W2 are water mole-
cules. Only protons involved in the hydrogen-bonds are shown for clarity. Scheme 2. Two conformations of the primary amide of Gln181 in the


Glu181Gln mutant.


Figure 3. Hydrogen-bond networks around Gln181 and Glu113 in the
Glu181Gln mutant.
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group of Ser186 could fit snugly (Figure 4). The Ser186 residue
in the metarhodopsin I model was thus in a more stable con-
formation than that of rhodopsin. In this conformation, its hy-
droxyl group was located within hydrogen-bonding distance
of the carboxylate of Glu113 and W1.


The proton arrangement of the hydrogen-bond network be-
tween Glu113 and Glu181 was subsequently examined by mo-
lecular-dynamics calculations for the native and mutant meta-
rhodopsin I models with mode 1 for Glu181 of rhodopsin and
mode 2 for Gln181 of the rhodopsin mutant. In the native
metarhodopsin I model, the hydroxyl proton of Ser186 favored
the carboxylate oxygen atom of Glu113 by about 4 kJmol�1


more than W1 oxygen atom (mode 3 in Scheme 3).
Since Glu181 does not have significant interactions with resi-


dues in TM3, the metarhodopsin I structure of the Glu181Gln
mutant would provide the same space for the conformational
change of Ser186. Hence, two modes of the hydrogen-bond
network (modes 3 and 4 in Scheme 3) were examined in the
same manner as described above. The hydroxyl proton of
Ser186 in the mutant metarhodopsin I model favored the
oxygen atom of W1 (mode 3) by about 8 kJmol�1 more than
Glu113 (mode 4). This difference in preference for the hydro-
gen-bond acceptor in the native and mutant photointermedi-
ates was attributed to the different arrangement of protons
due to the residue at position 181, as shown in Schemes 4 and
5. Thus, the conformational change of the Ser186 residue facili-
tated the hydrogen-bond between Ser186 and Glu113 in the
native metarhodopsin I state (Scheme 4). On the other hand,
Gln181 interfered with the hydrogen-bond between Ser186
and Glu113 (Scheme 5).


Discussion


Proton arrangements and the neutralization of the PSB in
the metarhodopsin I state of the native and mutant photo-
intermediates.


Herein, the proton arrangement of the hydrogen-bond net-
work between Glu113 and Glu181 was investigated in the rho-
dopsin crystal structure and the structural model of metarho-
dopsin I. The crystal structure and molecular-dynamics calcula-
tions on the conformation of Ser186 clearly showed that
Ser186 does not form a hydrogen bond with Glu113. Photo-
affinity-labeling experiments[15] and molecular-dynamics calcu-
lations[8] on the 11-cis to all-trans photoisomerization of the
retinylidene chromophore indicated that the characteristic
motion of the cyclohexenyl moiety of the chromophore
toward TM3 and 4 provokes the outward swing of TM3, which
pivots on the highly conserved Cys110 residue. The swing of
TM3 generates a space in order to accommodate the hydroxyl
group of Ser186 within hydrogen-bonding distance of Glu113.
Thus, metarhodopsin I is capable of forming a hydrogen-bond
network between Glu113 and Glu181. In addition, the molecu-
lar-dynamics calculations of the different proton arrangements


Figure 4. Hydrogen-bond networks between Gln181 and Glu113 in the model
of the metarhodopsin I state.


Scheme 3. Two hydrogen-bonding modes of Ser186 in the structural model of
the metarhodopsin I state.


ChemBioChem 2004, 5, 1204 – 1209 www.chembiochem.org < 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1207


Conformation Analysis of Metarhodopsin I



www.chembiochem.org





for rhodopsin and the Glu181Gln rhodopsin mutant explain
the pH dependence of the PSB in the metarhodopsin I state.
The primary amide group of Gln181 preferentially formed a hy-
drogen bond with the backbone carbonyl group of Ile189,
whereas the protonated carboxylic acid of Glu181 preferred to
hydrogen bond with Tyr268, since the carboxylic acid of the
endo (trans) conformation cannot form a hydrogen bond with
the backbone carbonyl of Ile189. Consequently, the different
hydrogen-bonding modes of the residues at the 181 position
affected the proton arrangement in the hydrogen-bond net-
work formed between the residues at positions 113 and 181 of
the metarhodopsin I state. These results indicated that Glu181
facilitates the formation of the hydrogen bond between
Glu113 and Ser186, while Gln181 interferes with this hydrogen
bond.


The hydroxyl proton of Ser186 occupied a plausible site in
the carboxylate of Glu113 for the proton transfer from PSB,
thereby reducing the basicity of the carboxylate oxygen and
suppressing the proton transfer from the PSB to Glu113. On


the other hand, the carboxylate oxygen of Glu181Gln is more
prone to accept a proton from the PSB. As proposed in the lu-
mirhodopsin model structure,[9] the weakened hydrogen bond
at the PSB in lumirhodopsin was attributed to the rotation of
the PSB moiety, which increased its distance from Glu113
thereby preventing hydrogen-bond formation. The subsequent
conformational change of the chromophore gave rise to the
re-formation of the hydrogen bond with concomitant motion
of TM3.[9]


Moreover, the further outward motion of TM3 in the meta-
rhodopsin I to II transition breaks the hydrogen bond between
Glu113 and Ser186 thus facilitating the neutralization of the
PSB, as observed in the metarhodopsin I state of the
Glu181Gln mutant.


Conclusion


In conclusion, Glu181 and Ser186 play important roles in the
regulation of the neutralization of the PSB of the photocas-


Scheme 4. Extension of the hydrogen-bond network by a conformational
change of the Ser186 residue in the rhodopsin (top) to metarhodopsin I
(bottom) transition. The arrow on Ser186 indicates the rotation of the hydroxy-
methyl group.


Scheme 5. The neutralization of the protonated Schiff base in the rhodopsin
(top) to metarhodopsin I (bottom) transition.
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cade, but do not seem to be involved in counter-ion exchange.
Although more direct experimental studies are required to
confirm the proposed roles for these two residues, the present
study suggests that the conformational change of TM3 in the
rhodopsin-to-metarhodopsin I transition provokes the confor-
mational change of the Ser186 residue to form a hydrogen
bond with Glu113, thus decreasing the basicity of the carboxy-
late. Consequently, the hydrogen bond between Ser186 and
Glu113 interferes with the proton transfer from the PSB to
Glu113 in the metarhodopsin I state. The Gln181 residue indu-
ces an alternative proton arrangement in the hydrogen-bond
network and further interferes with the hydrogen bond
between Glu113 and Ser186. Thus, the counter ion in the
Glu181Gln mutant can accept a proton from the PSB in the
metarhodopsin I state.


Experimental Section


The crystal structure of rhodopsin (PDB entry code: 1L9H)[7] and
the optimized structural model of metarhodopsin I[9] were used for
the construction of the model of the hydrogen-bond network be-
tween Glu113 and Glu181. Hydrogen atoms were generated by the
Biopolymer module in Insight II (version 2000, Molecular Simula-
tions Inc. , USA). The Glu181 residue was replaced by glutamine,
maintaining the conformation of Glu181 in order to model the
Glu181Gln mutant for rhodopsin and metarhodopsin I. The molec-
ular-mechanics and molecular-dynamics calculations for the back-
bone amides and side chains of the residues within a distance of
8 5 from Glu181 were performed at 298 K by using the cell-multi-
pole method, a distance-dependent dielectric constant, and a time
step of 1 fs for 300 ps by sampling the conformation every 2 ps
with Discover 3. The 150 conformations were minimized until the
final root-mean-square deviation was less than 0.1 kcalmol�1 5�1.
Although only the residues within 8 5 from Glu181 were treated as
flexible residues in the molecular-dynamics calculations, the steric
and electrostatic effects of other residues were calculated for the
conformational energies.
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Ligand-Binding Modes in Cationic Biogenic
Amine Receptors
Masaji Ishiguro*[a]


Introduction


G protein-coupled receptors (GPCRs), which are heptahelical
transmembrane-integrated proteins, transduce a large number
of signals across the cell membrane by binding signaling mole-
cules, such as ions, odorants, biogenic amines, lipids, peptides,
and proteins on the extracellular side of the membrane. Heter-
otrimeric GTP-binding protein (G protein) can then initiate a
wide variety of intracellular biochemical events through inter-
actions with the activated GPCR. Recent X-ray crystallographic
analysis of rhodopsin, a typical GPCR, revealed the topology of
the seven transmembrane helices, and the three-dimensional
structures helped to elucidate the roles of highly conserved
GPCR residues.[1–3]


GPCRs, members the rhodopsin family, share seven hydro-
phobic transmembrane regions and they share a few highly
conserved residues in each a-helical transmembrane segment
(TM). Mutational analysis of several GPCRs has indicated that
the extracellular region of the transmembrane helices forms
the ligand-binding pocket[4] for cationic biogenic amine li-
gands, acetylcholine, adrenaline, dopamine, histamine, and se-
rotonin, while the intracellular loops mediate receptor–G pro-
tein coupling. Mutations in several transmembrane segments
give rise to constitutively active receptor mutants,[5, 6] whereas
other mutations produce mutants that bind agonists, but fail
to activate G proteins.[7, 8] Some mutations affect agonist bind-
ing but not antagonist binding,[9] and vice versa.[10] These mu-
tational analyses and the observation of the rigid-body motion
of the TMs[11,12] in the photoactivation process of rhodopsin
suggest the presence of multiple structures in inactive and
active GPCRs. A two-state model, consisting of both inactive
and active states, has been discussed.[13, 14] Recent analysis of
the structural changes in the fluorescence-labeled adrenergic
receptor upon ligand binding suggested that the partial-ago-
nist-bound receptor structure is distinct from that of the full-
agonist-bound receptor.[15] The recent report on k-opioid-re-
ceptor ligands suggested that full agonist binding involves the


rigid-body rotation of TM6.[16] Despite the progress in under-
standing pharmacological events, the structural basis for con-
trolling the potency and selectivity of ligands and the efficacy
of signal transduction at the atomic level remained unclear
due to a lack of information on the three-dimensional structure
of the receptors, with the exception of rhodopsin.[1–3]


Rhodopsin, a typical GPCR, changes from the inactive form
to the active form, metarhodopsin II, through the photochemi-
cal isomerization of the retinylidene chromophore. A motion
of TM3 at an early stage of the structural change[17] and the
subsequent rigid-body rotation of TM6[11] give rise to the fully
activated form. The roles of the highly conserved residues in
the structural changes of the helical arrangement have been
investigated by modeling the photoactivated intermediate
structures in the rhodopsin photocascade (Scheme 1).[18] Meta-
rhodopsin I does not bind the G protein transducin and thus is
totally inactive, whereas the subsequent intermediate, meta-
rhodopsin Ib binds but does not activate transducin.[19,20] The
motion of TM3 provoked by the photoisomerization of the re-
tinylidene chromophore and the concomitant motion of TM4 in the
formation of lumirhodopsin and metarhodopsin I appeared to
be insufficient for the intracellular loop 2 (IL2) to bind transdu-
cin, whereas the motion of TM3 and TM4 in the subsequent
formation of metarhodopsin Ib is sufficient for G protein bind-
ing.[18–20] Opsin, on the other hand, only weakly activates trans-
ducin in the absence of the prosthetic retinylidene chromo-
phore under physiological conditions;[22] this indicates that it
may be analogous to the protein moiety of metarhodop-
sin Ib.[18] The protein structure of metarhodopsin I380,


[23] a pho-
tointermediate in the pathway to metarhodopsin II, appeared


[a] Dr. M. Ishiguro
Suntory Institute for Bioorganic Research
1-1 Wakayamadai, Shimamoto, Osaka 618-8503 (Japan)
Fax: (+81)75-962-2115
E-mail : ishiguro@sunbor.or.jp


The binding site in G protein-coupled cationic biogenic amine
receptors is formed in the cleft of the seven transmembrane seg-
ments. Upon binding the ligand, the receptors are activated or
inactivated through the conformational changes of the trans-
membrane segments. G protein-coupled receptors bind four func-
tionally distinct ligands; inverse agonists, antagonists, partial ag-
onists, and full agonists. Hence, putative structural models for
biogenic amine receptors corresponding to the ligand function
(inverse agonist-, antagonist-, partial agonist-, and full agonist-


bound receptor models) were built by using photointermediate
models in the rhodopsin photocascade (M. Ishiguro et al. Chem-
BioChem. 2004, 5, 298–310). The ligand–receptor recognition of
each was examined by modeling receptor–ligand complexes with
functional ligands. The complex models suggested that each
functional ligand binds the corresponding receptor structure and
that ligand-specific interactions contribute to stabilization of the
corresponding receptor structure.
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to be analogous to a constitutively active Glu113(3.28)Gln rho-
dopsin mutant under physiological conditions.[6, 18] The mutant
is constitutively more active than opsin, yet still only partially
active, it exhibits full activity upon binding exogenous all-trans
retinal.[6] Thus, the mutant is expected to have a structure anal-
ogous to a partial agonist-bound receptor, and the formation
of the fully active form is thought to necessitate rotational
motion of TM6.The aim of this investigation is to elucidate the
structural relationship between the function of ligands and the
multiple receptor structures involved in ligand–receptor recog-
nition by modeling ligand–receptor complex structures.
Herein, four distinct structures of each of the five cationic bio-
genic amine receptors—acetylcholine (M2), histamine (H2), se-
rotonin (5HT2A), dopamine (D2), and adrenaline (b2)—were built
by using structural models of the photointermediates—meta-
rhodopsins I, Ib (opsin), I380 (the rhodopsin mutant), and II[18]—
as templates for putative inverse agonist-, antagonist-, partial
agonist-, and full agonist-bound structures, respectively. Dock-
ing studies of ligands at the binding cleft of the receptor
models suggested that each functionally distinct ligand binds
a different receptor structure, which corresponds to each pho-
tointermediate. In particular, the results suggested that partial
agonists bind a receptor structure that differs from that bound
by the full agonist-bound receptor structure.


Results and Discussion


Two numbering schemes for amino acid residues in TMs were
used. Amino acid residues in the biogenic amine receptors
were identified by their sequence numbers. In addition, the ge-


neric numbering scheme of amino acid residues in putative
TMs proposed by Ballesteros and Weinstein[24] was used for
comparison among rhodopsin and the five biogenic amine re-
ceptors. According to this nomenclature, residues in putative
TMs were assigned two numbers (N1.N2). N1 refers to the TM
number and N2 to the residue number in each TM, with 50 as-
signed to the most conserved residue in each TM and numbers
decreasing toward the N terminus and increasing toward the C
terminus. The following are the most conserved residues in
each TM of rhodopsin: Asn55(1.50) in TM1, Asp89(2.50) in TM2,
Arg135(3.50) in TM3, Trp161(4.50) in TM4, Pro215(5.50) in TM5,
Pro267(6.50) in TM6, and Pro303(7.50) in TM7.
The ligand-binding cleft consisted of the conserved structur-


al motifs including the transmembrane segments and extracel-
lular loop 2 (EL2). Since the deletion and insertion sites were
located at the junctions between the transmembrane seg-
ments and the loops, these sites were not involved in the
ligand-binding cleft.


Receptor–ligand complex models for muscarinic
acetylcholine


Acetylcholine (1) was docked into the ligand-binding cleft of
the fully activated form of the M2 receptor models constructed
from the metarhodopsin II model. Acetylcholine favored the
gauche conformation at the Cb�O bond (708) in the binding
cleft of the model structure. The quaternary cationic group re-
mained at Asp103(3.32) in TM3 within 3.8 G of the salt bridge,
while the carbonyl oxygen of the acetyl group and the ester
oxygen formed hydrogen bonds to Tyr403(6.51) in TM6 and
Ser107(3.36) in TM3, respectively (Figure 1). In addition,
Thr190(5.42) in TM5 was hydrogen bonded to the acetyl
group. The rigid-body rotation of TM6[11,18] enabled
Tyr403(6.51) to form a network of hydrogen bonds between
the full agonist and Thr190(5.42), whereas Tyr403(6.51) in the
other three forms of the receptor models—partially active,
physiologically inactive, and fully inactive—was distant from
Thr190(5.42), and thus hydrogen bonds with acetylcholine
were not formed (not shown). The hydrogen-bond network in
the complex model appears to be particularly important in the
stabilization of the rotated conformation of TM6. These find-
ings were consistent with previous reports that Thr190(5.42)
and Tyr403(6.51) play critical roles in agonist binding,[9,10, 25] and
that Asp103(3.32) binds the cationic moiety of acetylcholine.[26]


The complex model of N-methylscopolamine (6), an M2 re-
ceptor antagonist, in the binding cleft of the physiologically in-
active form of the M2 receptor models constructed from the
metarhodopsin Ib model suggested that the ester group of
the antagonist forms hydrogen bonds to Ser107(3.36) and
Asn404(6.52). The complex model further suggested that the
hydroxymethyl and epoxy oxygen atoms are proximal to
Asn108(3.37) and to Asn428(7.45), respectively (Figure 2). On
the other hand, Tyr403(6.51) was not involved in antagonist
binding in the physiologically inactive form of the M2 receptor
model. Coincidentally, the M2 antagonists interact with
Asp103(3.32) and Asn404(6.52) of the M2 receptor, whereas, ac-
cording to experiment, Tyr403(6.51) does not appear to con-


Scheme 1. The photocascade of rhodopsin photointermediates. Rhodopsin
binds 11-cis retinylidene chromophore and isomerizes to the all-trans chromo-
phore bathorhodopsin. Neutralization of the Schiff base (PSB) occurs at the
lumirhodopsin-to-metarhodopsin I380 transition under physiological conditions
or at metarhodopsin Ib-to-metarhodopsin II transition at lower temperatures.
The UV absorption maximum for each of the photointermediates is indicated
in parenthesis.
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tribute to antagonist binding.[10,25,27] The phenyl group of the
antagonist was accommodated in the hydrophobic pocket
formed by Val111(3.40), Phe195(5.47), and Trp400(6.48) in the
complex model. The interactions between the antagonist and
the residues Trp400(6.48) and Asn404(6.52) would contribute
to the stabilization of the physiologically inactive (antagonist-
bound) form of the M2 receptor. Although the this M2 model
preferentially bound the M2 antagonist, the ligand-binding
cleft of the fully inactive model (inverse agonist-bound form)


of the receptor was too small to favorably accommodate N-
methylscopolamine, since the space of the ligand-binding cleft
in the fully inactive model of the receptor corresponding to
the metarhodopsin I model is smaller than in the antagonist-
bound form.[18]


Figure 3 illustrates the superimposed transmembrane helical
regions of the fully inactive and physiologically inactive M2 re-
ceptor models and the transmembrane helical region of the
fully active M2 receptor model. The size of the ligand-binding
space of the fully inactive receptor model is about 50 G3 small-
er than that of the physiologically inactive receptor model, al-
though the binding cleft is lined by the same residues in TM3
through TM7. On the other hand, the ligand-binding surface of


Figure 1. Complex model of acetylcholine at the binding cleft of the fully active
form of the M2 receptor models. All of the figures of complex models are
viewed from the extracellular site. Specific amino acid residues are indicated by
their one letter codes with sequence numbers. Transmembrane helical regions
(TM) at the binding clefts are shown with gray ribbon. Hydrogen bonds are
indicated with red dotted lines. Oxygen and nitrogen atoms are red and dark
blue, respectively. Carbon atoms are green or light blue to indicate protein
residues and ligands, respectively.


Figure 2. Complex model of N-methylscopolamine at the binding cleft of the
physiologically inactive form of the M2 receptor models.
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the fully active receptor model is quite different from those of
the inactive forms, mainly due to the altered conformation of
TM6 caused by the rigid-body rotation.[11,18]


Receptor-ligand complex models of histamine receptor (H2)


Tyr250(6.51) of the histamine H2 receptor, analogous to
Tyr403(6.51) of the M2 receptor, appears to be involved in the
stabilization of the active form of the receptor models con-
structed from the metarhodopsin II model, since the residue
was proximal to Asp186(5.42) in the fully active form of the H2


receptor models. Unlike in the acetylcholine-receptor-complex
model, Tyr250(6.51) did not directly interact with the imidazole
group of histamine (2), but a hydrogen bond between the imi-
dazole group and Asp186(5.42) yielded the proximity of
Asp186(5.42) to Tyr250(6.51) in the complex model (Figure 4).
Thus, it is conceivable that histamine showed only partial activ-
ity in an Asp186(5.42)Ala mutant,[28] since Ala186(5.42) would
not contribute to the stabilization of the rotated conformation
of TM6 in the fully active form of the receptor models. The cat-
ionic amine maintained a salt bridge with Asp98(3.32) of the
complex model. Although the Thr190(5.46) residue, where hy-
drophilic residues are well conserved among the cationic bio-
genic amine receptors, was distant from the imidazole group,
this residue was hydrogen bonded to Asp186(5.42) in the com-
plex model. In the histamine H1 receptor model, Ne2 of the imi-
dazole group formed a hydrogen bond with Asn198(5.46) at a


position analogous to the Thr190(5.46) residue of the H2 recep-
tor (not shown). Coincidentally, Asn198(5.46) of the H1 receptor
plays a critical role in agonist binding,[29] whereas Thr190(5.46)
of the H2 receptor is not directly involved in agonist binding.[28]


Cimetidine (7), an H2 receptor antagonist, bound in the
binding cleft of the physiologically inactive form of the H2 re-
ceptor models derived from the metarhodopsin Ib model. The
imidazole group of cimetidine was proximal to Asp186(5.42) in
accord with the mutational experiments on Asp186(5.42),[28]


and the methyl group on the imidazole group was accommo-
dated in a hydrophobic pocket lined with Val99(3.33) and
Leu149(4.56). On the other side of the ligand, the sterically less
hindered CH3NH group of the guanidino moiety preferentially
formed a hydrogen bond with the conserved Asp98(3.32)
(Figure 5). The N-cyano-N’-methylguanidino moiety was sand-
wiched by Tyr250(6.51) and Trp247(6.48) in the complex
model. This sandwich structure might contribute to the stabili-
zation of the physiologically inactive form of the H2 receptor
models. On the other hand, cimetidine was not well docked in
the fully active receptor model due to its bulkier guanidino
moiety and the longer chain connecting the imidazole and
guanidino groups (data not shown).


Figure 3. Superimposed transmembrane regions of the fully inactive (blue
ribbon) and physiologically inactive (yellow ribbon) forms of the M2 receptor
models (top) and the transmembrane regions of the fully active form of the M2


receptor models (green ribbon) (bottom). Only the three residues (D103, T190,
and Y404) that constitute the ligand-binding cleft are shown.


Figure 4. Complex model of histamine at the binding cleft of the fully active
form of the H2 receptor models.


Figure 5. Complex model of cimetidine at the binding cleft of the physiological-
ly inactive form of the H2 receptor models.
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Receptor–ligand complex models of the 5-hydroxy-
tryptamine receptor (5-HT2A)


5-Hydroxytryptamine (5-HT, serotonin, 3) was accepted into
the binding cleft of a fully active form of the 5-HT2A receptor
models constructed from the metarhodopsin II model. The
cationic amine moiety was doubly hydrogen bonded to
Asp155(3.32) and Ser159(3.36). This was consistent with the
previous report indicating that these two residues are involved
in binding 5-HT.[30,31] On the other hand, the 5-hydroxyl group
did not hydrogen bond to any particular residues, but lay near
Gly238(5.42) in the complex model. Incidentally, Ser198(5.42) in
5-HT1A, at a position analogous to Gly238(5.42) in 5-HT2A binds
5-HT,[32] and the space surrounding Ser198(5.42) are well con-
served in 5-HT2A. Thus, we assumed that the hydroxyl group of
Ser198(5.42) in 5-HT1A is substituted by a water molecule in 5-
HT2A. Then, the water molecule was placed at the position of
the hydroxyl oxygen atom of the Ser198(5.42) residue. The op-
timized position of the water molecule in the 5-HT2A receptor
model suggested that the water molecule mediates a hydro-
gen-bond network between the adjacent Ser239(5.43) residue
and 5-HT (Figure 6), although 5-HT would not directly interact
with Ser239(5.43). This hydrogen-bond network would account
for the reduction in the binding affinity with 5-HT by the muta-
tion of Ala for Ser239(5,43).[33]


The N1 atom of the indole moiety was proximal to the back-
bone carbonyl of Met335(6.47), which was exposed to the
ligand-binding cleft in the complex model. Thus, the backbone
carbonyl could serve as a hydrogen-bond acceptor at the site
in which the highly conserved Pro338(6.50) residue forms a
kink. The interactions between 5-HT and TM6 in the fully active
form of the 5-HT2A receptor models appear to correspond to
the interaction between the acetyl group of acetylcholine and
Tyr403(6.51) in the fully active form of the M2 receptor models
and would thus contribute to the stabilization of the fully
active form of the 5-HT2A receptor models. Coincidentally, N-
alkylated ligands such as N-isopropyl-5-methoxytryptamine
show a partial agonist activity.[34] N1-alkyl substitution of the


indole moiety would disturb the hydrogen bond between the
backbone carbonyl and the N1 proton and would no longer
stabilize the fully active form of the receptor models. Thus, the
N1-alkyl substitution could provoke a different binding mode
of N1-alkylated ligands.
Lysergic acid diethylamide (8), a partial agonist of 5-HT2A,


was snugly docked into the partially active form of the 5-HT2A
receptor models constructed from the metarhodopsin I380
model, which showed an ionic interaction between the tertiary
amine moiety and Asp155(3.32) (Figure 7). The ligand-binding


space around Asp155(3.32) of the fully active or the physiologi-
cally inactive form of the 5-HT2A receptor models was too
narrow to accommodate the fairly bulky tertiary amine moiety
of ligand 8. The cationic tertiary amine of ligand 8 has only
one proton at the nitrogen atom; therefore, it did not interact
with Ser159(3.36). The amide carbonyl of ligand 8 was proxi-
mal to Asn343(6.55), and the N,N-diethyl moiety was accom-
modated in a hydrophobic pocket formed by Leu228 in EL2,
Phe339(6.51), and Val366(7.39). Since the indole moiety formed
an edge-to-face aromatic interaction with Phe340(6.52) in the
complex model, this aromatic interaction would contribute to
stabilizing the partial agonist-bound form of the receptor
models.[35] The N-methyl group of the indole moiety was di-
rected towards Ser242(5.46) in the complex model. The inter-
actions between Ser242(5.46) and the N-alkyl groups of the
indole moiety of ergoline partial agonists have been demon-
strated in rat 5-HT2A mutants at Ala242(5.46).


[34]


Since neither the fully active nor physiologically inactive
form of the 5-HT2A receptor models provided enough space
around Asp155(3,32) for the bulky N-substituents to bind, the
partial agonist was thought to bind the partially active form.


The ligand-binding modes of dopamine receptor


The conserved Asp residue in TM3 of the dopamine receptor
(D2) is crucial to facilitate the binding of the cationic moiety in
dopamine.[37] Dopamine (4) was docked in the fully active form


Figure 7. Complex model of lysergic acid N,N-diethyl amide at the binding cleft
of the partially active form of the 5HT2A receptor models. The residues, Leu228,
Phe339, and Val366, are not shown for clarity.


Figure 6. Complex model of serotonin (5-HT) at the binding cleft of the fully
active form of the 5HT2A receptor models. Sulfur atoms are colored yellow.
Water molecule is indicated by WAT.
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of the D2 receptor models constructed from the metarhodop-
sin II model, with its aromatic ring accommodated parallel to
the transmembrane helices. The para-hydroxyl group of the
catechol moiety was located within hydrogen-bonding dis-
tance of Ser194(5.43), and the meta-hydroxyl group was proxi-
mal to Ser193(5.42), Ser197(5.46), and the backbone carbonyl
group of Cys385(6.47) (Figure 8). These observations were in


good agreement with earlier reports that the interaction be-
tween the para-hydroxyl group and Ser194(5.43) is essential
for receptor activation.[37] The hydrogen bond formed between
the meta-hydroxyl group and the backbone carbonyl group of
Cys385(6.47) is thought to contribute to the stabilization of the
fully activated form of the receptor models. This was because
the backbone carbonyl group was accessible to the hydroxyl
group only in the fully active form of the receptor models.
Thus, it is conceivable that tyramine is not a full agonist but a
partial agonist,[37] since tyramine has no meta-hydroxyl group
to stabilize the fully active form of the receptor models
through hydrogen bonding with the backbone carbonyl
group.
His393(6.55) plays an important role in benzamide-type an-


tagonist binding; however, it is not involved in agonist bind-
ing.[38] His393(6.55) was exposed to the ligand-binding cleft of
the physiologically inactive form of the receptor models con-
structed from the metarhodopsin Ib model, but not the fully
active form; this suggests that His393(6.55) is involved in bind-
ing the antagonists, but not the agonist. Figure 9 illustrates
that sulpiride (9), a benzamide-type antagonist, interacts with
His393(6.55), Ser193(5.42), and Ser197(5.46) at the phenylsufo-
nylamide moiety in the binding cleft of the physiologically in-
active form of the D2 receptor model.


The ligand-binding modes of the adrenergic receptor


A full agonist (R)-isoproterenol (5) formed a salt bridge be-
tween Asp113(3.32) and the cationic amine and a characteristic
hydrogen bond between the b-hydroxyl group and the back-


bone carbonyl group of Leu284(6.46), which lies at the kink
site of TM6 in the fully active form of the b2 adrenergic recep-
tor models constructed from the metarhodopsin II model
(Figure 10). It is difficult to confirm the hydrogen bond be-


tween the b-hydroxyl group and the backbone carbonyl group
of Leu284(6.46) as it is impossible to investigate this hydrogen
bond by using mutational experiments. However, evaluation of
its enantiomeric isomer, (S)-isoproterenol, revealed that it is
not a full agonist but a partial agonist.[39] This might be be-
cause the opposite configuration of the b-hydroxyl group in
(S)-isoproterenol would not properly contribute to the stabili-
zation of the fully active form of the receptor models. Further-
more, modification of the b-hydroxyl group of the full agonists
to deoxy, methyl, and methoxyl groups converts the deriva-
tives to partial agonists.[40] This might be because these modifi-
cations would break the hydrogen bond formed with the back-
bone carbonyl in TM6 of the fully active form of the receptor
models. This is reminiscent of the conversion of the agonists
to the partial agonists of 5-HT2A and D2 receptors by eliminat-
ing the hydrogen-bond donors such as the N1 proton of 5-HT
and the meta-hydroxyl group of dopamine.[34,37]


It has been suggested that Asn293(6.55) is a determinant of
the configuration of the b-hydroxyl group of the agonists
through site-directed mutation[40] and derivation of the b-hy-


Figure 8. Complex model of dopamine at the binding cleft of the fully active
form of the D2 receptor models. Only the backbone amides for I384 and C385
are shown.


Figure 9. Complex model of sulpiride at the binding cleft of the physiologically
inactive form of the D2 receptor models.


Figure 10. Complex model of (R)-isoproterenol at the binding cleft of the fully
active form of the b2 receptor models.
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droxyl group of the full agonists.[40] However, the substitution
of Leu for Asn293(6.55) does not affect full- and partial-activa-
tion potentials towards (R)- and (S)-isoproterenol, respective-
ly,[41] whereas modification of the b-hydroxyl group converts
the full agonists to partial agonists.[40] Thus, the b-hydroxyl
group is expected to be involved in the full activation of the
receptor. However, Asn293(6.55) is not involved in the activa-
tion of the receptor, but only participates in the binding affini-
ty. Therefore, it is not definite that Asn293(6.55) of the b2 adre-
nergic receptor directly interacts with the b-hydroxyl group of
the agonist. In addition, the Asn293(6.55)Leu mutant showed a
rather small alteration (~9 times) in the affinity of (R)-isoproter-
enol (5) and similar alterations in the affinities of (R)- and (S)-
epinephrine and (R)- and (S)-norepinephrine.[39] These experi-
mental data suggest that Asn293(6.55) does not directly inter-
act with the b-hydroxyl group of the full-agonist ligands, al-
though it affects the binding affinity with (R)-isoproterenol. In
the fully activated receptor model, Asn293(6.55) was moved
far away from the b-hydroxyl group by the rigid-body motion
of TM6 and was unable to directly interact with the b-hydroxyl
group, while this residue was able to interact with
His296(6.58). Since these two residues are located in TM6, a
putative hydrogen bond could be possible in any states of the
receptor structure. In the structural models of the physiologi-
cally or partially active receptor, His296(6.58) was proximal to
the Glu188 residue in EL2 but not in the fully active form of
the receptor models. Provided that, in the Asn293(6.55)Leu
mutant, His296(6.58) do not interact with Leu293(6.55) but
forms a hydrogen bond with Glu188 in the physiologically or
partially active receptor, this hydrogen bond would interfere
with the rigid-body rotation of TM6 in the formation of the
fully active receptor structure, but not the physiologically and
partially active receptor structures. Thus, the His296(6.58)Leu
mutant would reduce the binding affinity of the agonists.
However, to be certain of this, we shall have to wait for experi-
ments focused on the roles of His296(6.58) in TM6 and Glu188
in EL2 in agonist and antagonist binding.
The present complex model shows a clear contrast with the


b2-adrenergic receptor–ligand complex models constructed by
de novo methods, which predicted the direct interaction be-
tween Asn293(6.55) and the b-hydroxyl group of agonists.[41,42]


As mentioned above, however, the role of Asn293(6.55) in ago-
nist binding is not definite, since the mutation of Leu for
Asn293(6.55) did not alter the full activation potential for iso-
proterenol, whereas the modifications of the b-hydroxyl group
altered the activation potential of the native receptor,[40] and
the mutant did not largely alter the recognition in the stereo-
specificity of the b-hydroxyl group of agonists other than iso-
proterenol.[39]


The para-hydroxyl group of the catechol moiety recognized
Ser204(5.43), while the meta-hydroxyl group formed hydrogen
bonds with Ser203(5.42) and Ser207(5.46) in the binding cleft
of the fully active form of the b2-receptor models. Although
the meta- and para-hydroxyl groups interact with the three
serine residues in TM5,[43–45] either mutation of one of the
serine residues or removal of one of the hydroxyl groups of
the catechol moiety results in a reduction of not only the affin-


ity but also the efficacy of the receptor activation.[44] This indi-
cates that, in the partially active form of the receptor, the
meta- and para-hydroxyl groups interact with Ser204(5.43) and
Ser207(5.46), respectively. Thus, it remains unknown which cat-
echol hydroxyl group of the full agonists interacts with
Ser204(5.43) or Ser207(5.46) of the fully activated form of
the receptor. The complex model suggested that the para-
and meta-hydroxyl groups of (R)-isoproterenol (5) bind at
Ser204(5.43) and Ser207(5.46), respectively, in a fashion similar
to that of the D2 receptor, in which the para-hydroxyl group in-
teracts with Ser194(5.43) at a position analogous to
Ser204(5.43) of the b2 receptor.
The binding of the bulky tert-butyl group of salbutamol (10),


a typical partial agonist, at the conserved Asp113(3.32) residue
necessitated a wide space around Asp113(3.32) in the partially
active form of the receptor models constructed from the meta-
rhodopsin I380 model. The tert-butyl group was bound to the
hydrophobic pocket formed by Val114(3.33), Val117(3.36),
Phe208(5.47), and Trp286(6.48). The hydrophobic interactions
and the salt bridge between the cationic amine and
Asp113(3.32) oriented the b-hydroxyl group of salbutamol
toward Asn293(6.55). Thus, the para-hydroxyl and meta-
hydroxymethyl groups were directed toward Ser203(5.42) and
Ser204(5.43) in the complex model, respectively (Figure 11).


These findings are in good agreement with the previous find-
ing that Ser204(5.43) but not Ser207(5.46) is involved in ligand
recognition.[46] Salbutamol has a structure modified from that
of the full agonist ((R)-isoproterenol) in that the tert-butyl and
hydroxymethyl groups have been replaced with isopropyl and
meta-hydroxyl groups, respectively. However, these findings
suggested that minor structural modifications at the N-alkyl
and the catechol hydroxyl groups could invoke significant
differences in the mode of binding.
The binding of the catechol moiety to the serine residues in


TM5 resulted in the b-hydroxyl group of the full agonist 5 in-
teracting with the backbone carbonyl of TM6 in the fully active
form of the b2 receptor models and vice versa. Although pro-
pranolol (11), an inverse agonist, has the same N-isopropyl


Figure 11. Complex model of salbutamol at the binding cleft of the partially
active form of the b2 receptor models.
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ethanolamine moiety, with the same configuration at the b-
carbon, as (R)-isoproterenol (5), the bulky hydrophobic naph-
thoxymethyl group appears to drive the b-hydroxyl group to
form a hydrogen bond with Asn312(7.39) in the cleft of the
fully inactive form of the receptor models constructed from
the metarhodopsin I model (Figure 12). The isopropyl amino


group interacted with the residues in TM3 in a fashion similar
to the isopropyl amino and tert-butyl amino groups of (R)-iso-
proterenol and salbutamol (10), but the b-hydroxyl group of
propranolol (11) interacted with neither the backbone carbonyl
nor the Asn293(6.55) residue. Although an Asn312(7.39)Ala (or
Phe) mutant largely reduced an affinity with propranolol, the
role of this residue in ligand binding is still unclear.[47]


Asn386(7.39) in 5-HT1A, a receptor subtype-specific residue
among the 5-HT receptor family, would be located at a posi-
tion analogous to Asn312(7.39), contributing to the recogni-
tion of the b-hydroxyl group of the aryloxypropanolamino b-
adrenergic receptor antagonists.[48] Since both the Asn residues
at positions analogous to Asn293(6.55) and Asn312(7.39) of
the b2 receptor are conserved in the 5HT1A receptor, the bind-
ing mode of the aryloxypropanolamine antagonists is expected
to be common among the b2 and 5HT1A receptors. The hydro-
phobic naphthalene moiety was housed in a pocket lined with
residues, Val114(3.33), Val117(3.36), Tyr199(5.38), Phe208(5.47),
and Phe290(6.52) in the complex model. These findings are
consistent with the finding that hydrophilic residues in TM5
such as Ser203(5.42), 204(5.43), and 207(5.46) are not necessary
for inverse agonist binding.[39]


Active and inactive forms of four distinct receptor
structures


The biogenic amine receptor–ligand-complex models suggest
that the ligands select the receptor structure according to
their function (inverse agonist, antagonist, partial agonist, or
full agonist). The partial agonists, in particular, are thought to
bind a receptor structure that differs from the full agonist-
bound receptor structure. This is in accordance with the recent
finding that the partial-agonist-bound structure of the b-adre-


nergic receptor is distinct from the full-agonist-bound struc-
ture.[15]


The rigid-body motion of TM6 is thought to provoke a con-
siderable change at the ligand-binding surface of this TM.
Thus, the agonists bearing hydrogen-bond donating groups
would interact with the backbone carbonyl groups in TM6,
whereas those bearing hydrogen-bond accepting groups
would interact with residues bearing hydrogen-bond donating
groups in TM6. The agonist-specific interactions between TM6
and agonists would stabilize the full-agonist-bound structures.
Namely, the acetyl group of acetylcholine would form a hydro-
gen bond with Tyr403(6.51) of the M2 receptor (Figure 1).
Tyr250(6.51) would form a hydrogen-bond with Asp186(5.42)
of the H2 receptor, which would interact with the imidazole
group of histamine (Figure 4). The agonist-bound structural
models of the 5-HT2A, D2, and b2 receptors suggested that the
backbone carbonyl groups in TM6 form hydrogen bonds with
the N1 proton of 5-HT (Figure 6), the meta-hydroxyl group of
dopamine (Figure 8), and the b-hydroxyl group of isoprotere-
nol (Figure 10), respectively.
The inverse-agonist-, antagonist- or partial-agonist-bound


models of the M2, 5-HT2A, and D2 receptors also suggested that
the interactions between the residues in TM6 and the ligands
contribute to the stabilization of the ligand-bound structures.
The ligand-binding space in the structural model for the antag-
onist-bound receptor, which would correspond to that of the
rhodopsin photointermediate metarhodopsin Ib, increases by
about 50 G3 from the model structure of the inverse-agonist-
bound receptor, which would correspond to that of metarho-
dopsin I. On the other hand, the ligand-binding space of the
structural model for the partial-agonist-bound receptor, which
would correspond to that of metarhodopsin I380, is similar to
that of the inverse-agonist-bound receptor, although the
ligand-binding space around the conserved Asp(3.32) residue
for the partial-agonist-bound receptor was larger than that for
the inverse-agonist-bound receptor. Thus, the difference of the
ligand-binding space in the three forms of the receptor
models would contribute to the ligand recognition. Figure 13
illustrates the superimposed binding clefts of the fully inactive,
physiologically inactive, and partially active M2 receptor


Figure 12. Complex model of propranolol at the binding cleft of the fully
inactive form of the b2 receptor models.


Figure 13. Superimposed transmembrane regions of the fully inactive (blue
ribbon), physiologically inactive (yellow ribbon) and partially active forms of
the M2 receptor models (magenta ribbon). Arrows indicate the direction of the
motion of the intracellular site of TM3 and 4.
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models. The superimposed structures indicate that the resi-
dues in TM3, 5, and 6 exposed to the binding cleft are almost
same, but that the size of the motion of TM3 and 4 of the par-
tially active form of the receptor models is the largest of the
three receptor models.
Not only the fully activated form of rhodopsin (metarhodop-


sin II), but also metarhodopsin Ib (opsin-like) and the
Glu113(3.32)Gln rhodopsin mutant (metarhodopsin I380-like)
bind transducin. Contrastingly, metarhodopsin I does not bind
this G protein. In metarhodopsin II, an ionized form (metarho-
dopsin IIa, inactive) of Glu134(3.49) of the ERY triplet at the in-
tracellular site of TM3 is in equilibrium with the protonated
form (metarhodopsin IIb, active) at the cytoplasmic site.[49] Our
previous report on the metarhodopsin II model suggested that
the outward swing of the C-terminal end of TM3 transfers the
Glu134(3.49) residue from a polar to an apolar environment
and enables the protonation of Glu134(3.49) ; this leads to a
conformational change in Arg135(3.50), which facilitates the
GDP–GTP exchange in G proteins (G-protein activation).[18] Pro-
vided that the outward motion of TM3 determines the equili-
brium rate, the larger range of motion of TM3 affords a higher
ratio of the protonated form of Glu134(3.49) to the deproto-
nated form. Namely, the fully activated form (metarhodopsin II-
like) of the GPCR is thought to predominate in the protonated
state of the Asp residue of the D(E)RY triplet, whereas the ion-
ized form of the Asp residue is thought to predominate in a
physiologically inactive (metarhodopsin Ib-like) structure. In
the case of a highly but not fully active structure (partially
active form, metarhodopsin I380-like), the protonated form
would be an intermediate in the equilibrium reaction. On the
other hand, the fully inactive form (metarhodopsin I-like)
would not exhibit an equilibrium reaction, as it would not bind
G protein (Scheme 2). Thus, this scheme includes four distinct
arrangements of the transmembrane segments, each of which
consist of two states; the ionized and protonated forms of the
Asp residue in the DRY triplet. The inverse agonist-bound
structure, however, would consist of a single (inactive) state. In


this unique “multiple two-state structural model”, the G pro-
tein dissociates from the antagonist-bound form to the in-
verse-agonist-bound form, and the partial-agonist-bound form
is independent from the agonist-bound form.


Conclusion


The four distinct structures of the five cationic biogenic amine
receptors are well adapted to the full-agonist-, partial-agonist-,
antagonist-, and inverse-agonist-binding modes. The full ago-
nists are thought to stabilize the fully rearranged (fully active)
receptor structure through interaction with specific residues or
the backbone carbonyl groups in TM6, whereas the partial ag-
onists are thought to stabilize the incompletely rearranged
(partially active) receptor structure. The antagonists are
thought to stabilize the transmembrane arrangement of the
unrearranged (physiologically inactive) receptor structure. An-
tagonists as well as partial agonists are thought to interact
with the residues in TM6 different from those in TM6 of the
fully active form. The inverse agonists are thought to induce a
structural change to stabilize the metarhodopsin I-like (fully in-
active) structure, which prevents them from binding G pro-
teins. Thus, the ligand-binding cleft of receptors would be ster-
ically and electronically altered according to the binding of the
functionally different ligands. Considering the activated and in-
activated states that correspond to the protonated or unproto-
nated forms of the highly conserved Asp (Glu) residue in the
D(E)RY triplet at the intracellular site of TM3, the multiple two-
state structure model is expected to be applicable to ligand
recognition in GPCRs of the rhodopsin family.
A further examination of other ligand binding of GPCRs


would elucidate more information on the mechanism of recep-
tor–ligand recognition. Modeling of these receptors in their
ligand-bound states will be the focus of future investigation.


Computational Methods


Previously constructed three-dimensional structural models of
metarhodopsin I, metarhodopsin Ib (opsin), metarhodpsin I380
(Glu113(3.28)Gln rhodopsin mutant), and metarhodopsin II[18] were
used to construct the structural models of the putative inverse ag-
onist-, antagonist-, partial agonist-, and full agonist-bound forms of
the human receptors for cationic biogenic amines. The replace-
ment of side-chains was carried out by using a Homology module
installed within Insight II (2000 version, Molecular Simulations Inc.
San Diego, CA, USA) according to a sequence homology alignment
similar to that reported by Trumpp-Kallmeyer et al.[50] The inser-
tions and deletions at the extracellular site were set at the junc-
tions of the loop and transmembrane segments. Extra portions
longer than IL2 and 3 of the rhodopsin photointermediate models
were deleted. The molecular-dynamics calculations for the back-
bone amides and side-chains were performed at 298 K by using
the cell-multipole method, a distance-dependent dielectric con-
stant, and a time step of 1 fs for 100 ps, sampling at 1 ps intervals
with Discover 3 (2000 version, Molecular Simulations Inc.). The hun-
dred conformations were minimized until the final root-mean-
square deviation (rmsd) was less than 0.1 kcalmol�1G�1. The
lowest-energy conformation was selected for the ligand-docking
study.


Scheme 2. Putative structural changes of GPCR upon binding each functional
ligand. With the exception of the inverse agonist-bound form, all forms bind
G proteins. The favorable equilibrium conformation between the active and
inactive states of each receptor are indicated by the double arrows.
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The ligands were manually docked into the ligand-binding cleft of
the corresponding receptors, guided by a salt bridge between the
cationic amine and the conserved Asp residue in TM3. The initial
complex model was minimized and then optimized by using the
molecular dynamics/minimization procedure without constraints
between the ligands and the receptors. The lowest-energy struc-
ture was selected as an energy-refined complex model.
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Introduction


A unique property of RNA is that it is single stranded. It con-
tains, however, short stretches of nucleotides capable of form-
ing conventional base pairs with complementary sequences
found elsewhere in the molecule. These interactions, along
with additional “nonconventional” base pairs allow RNA to fold
into a variety of three-dimensional structures determined by
its sequence of nucleotides. Due to this well-defined shape,
small molecules can target specific RNA domains and this may
result in a modulation of biological activities.[1–6]


The paradigm of small-molecule–RNA interactions is provid-
ed by natural antibiotics, such as aminoglycosides, tetracy-
clines, and macrolides.[7] These compounds can bind to riboso-
mal RNA (rRNA), thereby resulting in interference or blockage
of protein biosynthesis. The aminoglycoside antibiotics, for ex-
ample, bind selectively in the major groove of the A-site of the
16S subunit of rRNA.[8] This binding interferes with two confor-
mationally flexible adenine residues involved in the selection
of cognate aminoacyl transfer RNA during translation. The re-
sulting conformational changes increase the misincorporation
of near-cognate amino acids or result in the termination of
protein biosynthesis.
Analysis of the chemical structures of naturally occurring


aminoglycosides reveals that they contain a 2-deoxystrepta-
mine (2-DOS) or streptamine moiety (Scheme 1). This moiety is
glycosylated with aminosugars at C-5 and C-6 to give the neo-
mycin class or at C-4 and C-6 to give the kanamycin–gentami-
cin class. These compounds share a pseudoglycoside core, in
which 2-DOS is glycosylated at the C-6 position with a 2-
amino- or 2,6-diamino-substituted a-glucopyranosyl moiety,
such as in paromamine and neamine. NMR spectroscopy[9–13]


and X-ray crystallography[14–17] studies have indicated that this
subunit is the minimal motif for selective binding to the A-site
of 16S rRNA.
Although aminoglycosides are widely used in the treatment


of various infections caused by gram-positive and -negative
bacteria and mycobacteria, their use is associated with several
drawbacks. Aminoglycosides are cytotoxic and may impair
hearing and kidney function at high doses. Furthermore,
strains of organisms resistant to aminoglycosides are emerging


at an increasing rate; these resistant strains have enzymes
capable of modifying these compounds by acetylation or
phosphorylation, thus rendering them ineffective.[18, 19]


Not surprisingly, these developments have triggered a
search for novel compounds capable of binding to specific
RNA structures, with the long-term goal of these studies being
the development of antibiotics displaying minimal toxicity and
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A highly convergent approach has been employed for the facile
synthesis of a library of 24 disaccharides that are a(1–3), b(1–3),
a(1–4), or b(1–4) linked and contain 2–4 amino groups. Fourier-
transformation ion cyclotron resonance mass spectrometry (FT-
ICR MS) has been used to determine dissociation constant (Kd)
values for the binding of the disaccharides to a prototypical frag-


ment of 16S ribosomal RNA. Several derivatives bound with affin-
ities similar to that of neamine. Structure–activity relationships
have revealed the substitution pattern that is important for high-
affinity binding. The compounds described here are unique lead
compounds for the design of novel aminoglycoside antibiotics.


Scheme 1. Chemical structures of aminoglycoside antibiotics. 2-DOS=2-deoxy-
streptamine.
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inhibition of resistance development. The rational design of
novel ligands for RNA remains in its infancy, compared to the
well-tried routes to protein-based drug design. Prior ap-
proaches have been based on the chemical modification of
natural aminoglycosides or part structures, such as nea-
mine.[3,20–40] Due to the structural complexity of aminoglyco-
sides, selective protection followed by chemical modification is
very complex.
Here, we report a highly convergent synthesis of a wide


range of disaccharides that contain several amino groups. It is
shown that a number of these derivatives can bind to a proto-
typical segment of 16S rRNA with affinities similar to that of
neamine. Structure–activity relationships have revealed the
structural elements that are important for high-affinity binding.


Results and Discussion


Synthesis of disaccharides


Neamine is the smallest structural motif of the neomycin-type
aminoglycosides for selective binding to the A-site of the 16S
rRNA. This pseudodisaccharide has been obtained by mild acid
cleavage of the riboside glycosidic linkage of neomycin B.[24] In-
genious protecting group manipulations followed by chemical
modifications have produced a limited number of derivatives,
a few of which had noteworthy properties.
The possibility of discovering a synthetic disaccharide that


would exhibit an affinity for rRNA similar to that of neamine
was quite compelling to us. The rationale for this approach is
that improved methods for oligosaccharide synthesis would
allow a convenient preparation of a wide range of saccharides
with a varying number of amino groups at different positions.
If this were achieved, it would create a unique opportunity to
perform detailed structure–activity relations. Furthermore, it
was expected that these studies would provide new lead com-
pounds that were readily available and more amenable for
chemical modification than neamine.
A highly convergent building-block approach was employed


for the convenient preparation of a library of disaccharides.
Compounds 1 and 2, which have free hydroxy groups at C-3
and C-4, respectively, were used as glycosyl acceptors
(Scheme 2). As glycosyl donors, the trichloroacetimidates 3–5,
which have azido moieties at C-2, C-2 and C-6, and C-6, respec-
tively, were employed. Coupling of each donor with each ac-
ceptor would give six disaccharides, with each as a mixture of
anomers. Selective removal of the C-6’ protecting groups of
the resulting disaccharides followed by conversion of the hy-
droxy groups into azido moieties would give an additional
12 disaccharides. Deprotection of the disaccharides with con-
comitant reduction of the azido groups to amines would give
24 disaccharides that are a(1–3), b(1–3), a(1–4), or b(1–4)
linked and have 2–4 amino groups. It was expected that these
disaccharides, which have different combinations of amines at
C-2 and C-6, might be compounds that bind with high affinity
to rRNA. As will be shown below, amino groups of disacchar-
ides linked in a(1–3) or a(1–4) fashion overlay well with the
amino groups of neamine and paromamine. NMR spectros-


copy[9–13] and X-ray crystallography[14–17] studies have shown
that the pseudodisaccharide moiety of aminoglycoside antibi-
otics is the minimal motif for selective binding to rRNA. It has
also been shown that the 2,6-diamine-2,6-dideoxyglucopyrano-
side moiety of neamine makes many of the key interactions
with RNA. Studies by Wong and co-workers have demonstrat-
ed that substitution patterns other than 2,6-diamines lead to
loss of activity.[30] They argue that glyco-type 1,3-hydroxy-
amines can interact through multiple hydrogen bonds with
phosphodiesters and the Hoogsteen face of guanidine.[35,38]


Glycosyl acceptors 1 and 2 and donors 3–5 were employed
in the assembly of the library of disaccharides. First, each of
the glycosyl donors was coupled with acceptor 1 to give (1–3)-
linked disaccharides 6–8 (Scheme 3). When BF3·OEt2 was em-
ployed as an activator in dichloromethane at �30 8C, the reac-
tive glycosyl donors 3 and 5 gave mainly the disaccharides 6
and 8 as b anomers.[41] The 2,6-diazido donor 4 was not reac-
tive under these conditions. Activation of the trichloroacetimi-
dates 3–5 with the more powerful promoter TMSOTf gave,
however, in each case, mixtures of anomers.[41] The anomers of
disaccharides 6 and 7 could easily be separated by silica gel
column chromatography, whereas acetylation, separation, and
deacetylation were required to obtain the individual anomers
of derivative 8. The anomeric configuration for each com-
pound was confirmed from J1,2 coupling constant data.
Compounds 12–14, which have an additional azido function


at C-6’, could easily be prepared from 6–8, respectively. Thus,
removal of the benzylidene acetal moieties by using standard
conditions gave 9–11. Regioselective mesylation of these deriv-
atives with mesyl chloride in pyridine followed by displace-
ment of the mesyl groups with NaN3 in DMF at 85 8C gave
compounds 12–14.
In a similar manner, individual anomers of the (1–4)-linked


disaccharides 15–17 were obtained by coupling glycosyl ac-
ceptor 2 with glycosyl donors 3–5, respectively, with TMSOTf


Scheme 2. Glycosyl acceptors 1 and 2 and glycosyl donors 3–5 for preparation
of the library of disaccharides.
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as the promoter (Scheme 4). These compounds could be con-
verted into 21–23 by a three-step procedure involving removal
of the acetyl ester followed by mesylation of the resulting hy-
droxy group and displacement of the mesylates with NaN3 in
DMF.
Finally, catalytic hydrogenation of the individual anomers of


9–14 and 18–23 over Pd/C, which was deactivated with pyri-
dine, resulted in selective reduction of the azido groups to
amines. The resulting amines were immediately subjected to a
second catalytic hydrogenation, but in this case Pd(OH)2


[30] was
used in a mixture of acetic acid and water to remove the
benzyl ethers and give the individual anomers of target com-
pounds 24–35 (see Table 1). Impure compounds were ob-


tained when the reduction of the azido and benzyl ethers was
performed as a one-step procedure.


Binding of disaccharides to rRNA


High-resolution mass spectrometry (HRMS) has considerable
potential for monitoring complex formation between small
molecules and RNA fragments.[42,43] The mild electrospray-ioni-
zation (ESI) process effectively transfers both free and com-
plexed RNAs into the gas phase. The result is a representation
of the relative distribution of bound and free RNA present in
solution. This conveniently allows a determination of dissocia-


Scheme 3. Reagents and conditions. a) TMSOTf, �55 8C!�10 8C; or BF3·Et2O, �35 8C!�10 8C); b) TFA, H2O, CH2Cl2, RT; c) MsCl, Pyr, then NaN3, DMF, 95 8C.
TMSOTf= trimethylsilyl trifluoromethanesulfonate, TFA= trifluoroacetic acid, Ms=mesyl=methanesulfonate, Pyr=pyridine, DMF=N,N-dimethylformamide.


Scheme 4. Reagents and conditions: a) TMSOTf, �55!�10 8C; or BF3·Et2O, �35!�10 8C; b) NaOMe, MeOH; c) MsCl, Pyr, then NaN3, DMF, 95 8C.
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tion constants by measuring ion abundances for the free and
complexed RNAs as a function of ligand concentration. Fouri-
er-transformation ion cyclotron resonance mass spectrometry
(FT-ICR MS) coupled with this approach has successfully been
used to determine dissociation constant (Kd) values for the
binding of several aminoglycoside antibiotics to rRNA frag-
ments.[44]


ESI–FT-ICR mass spectra were acquired under noncompeti-
tive binding conditions from 0.5 mm mixtures of untagged 16S
and mass-tagged 18S with 0.75, 2.5, 7.5, and 25 mm concentra-
tions of disaccharides 24–35a/b. The relative ion abundances
were used to determine the dissociation constants. The Kd
value for the binding of 16S rRNA to neamine was determined
to be approximately 7 mm by using this method and provided
a comparator for the compounds in this study. The dissociation
constants of the synthetic compounds are listed in Table 1.


Similar values were obtained for the 16S and 18S rRNA frag-
ment, a result indicating no selectivity for the bacterial rRNA
over the eukaryotic rRNA fragment.
Most of the amino disaccharides bound to the 16S rRNA


fragments with high micromolar affinities (Table 1). However,
five compounds (28a, 29a, 32a, 34a, 35a, and 35b) bound
with Kd values of <50 mm. The best compound tested was the
a(1–4)-linked derivative 35a, which has four amino groups at
C-2, C-2’, C-6, and C-6’. Importantly, this derivative has an affini-
ty for the 16S rRNA similar to that of neamine, a result indicat-
ing that the amino disaccharides have the potential to mimic
the interaction of neamine with RNA. A comparison of the
data for the different compounds reveals that the a-linked
compounds bind with higher affinities than analogous b-linked
compounds. Furthermore, a(1–3)-linked compounds generate
weaker complexes than similarly substituted a(1–4)-glycosides.
Only compounds with three or four amino groups showed
affinities better than 50 mm.
In an attempt to rationalize the binding date, structural fea-


tures of the disaccharides were compared with those of nea-


mine moieties of natural aminoglycoside antibiotics that com-
plex to RNA fragments. Detailed three-dimensional information
of aminoglycoside recognition by ribosomal RNA has come
from recent NMR spectroscopy[9–13] and X-ray crystallogra-
phy[14–17] studies. In each study, the common neamine moiety
bound in such a way that adenine residues 1492 and 1493
were extruded from the helix and bulged out. This particular
conformation of the aminoglycoside–A-site complex is stabi-
lized by a precise set of specific interactions. In particular, the
2,6-diaminoglucoside moiety of neamine forms a pseudo base
pair with two direct hydrogen bonds to the Watson–Crick sites
of A1408 and its puckered ring makes C�H p interactions to
G1491. In addition, the amino and hydroxy groups of the pseu-
dosaccharide core make a large number of direct or water-
bridged hydrogen bonds to phosphate oxygen atoms, N1 and
N7 of several adenines, and N7 of several guanines. Additional


saccharide moieties attached to
neamine make additional hydro-
gen-bonding contacts that
confer specific interactions.[45]


There is evidence to support the
idea that, in the bound state,
the conformation of the nea-
mine moiety is similar to the
global minimal energy confor-
mation in solution.[46]


Models of disaccharides 29a
and 35a were built in which the
Y and F torsional angles be-
tween the two sugar rings were
identical to those proposed for
the similar glycosidic linkage of
neamine.[15] Next, the nonreduc-
ing 2,6-diamino-2,6-dideoxygly-
cosamine moieties of 29a and
35a were superimposed on the
neamine moiety of paramomy-


cin (Figure 1). In these overlays, the important amine at C-1 of
the 2-deoxystreptamine moiety was mimicked by the amines
on C-2 of the a(1–3)-linked disaccharide 29a (Figure 1A) and
on C-6 of the a(1–4)-linked disaccharide 35a (Figure 1B). The
amine on C-3 of the 2-deoxystreptamine moiety was not
mimicked by these compounds, a fact that provides a possible
explanation for the slight reduction in binding affinities. It is
likely that the amines on C-6 of 29a and C-2 of 35a make indi-
rect water-mediated interactions with RNA, as the removal of
these functionalities leads to loss of affinity. In the case of the
b anomers, no overlays with good root mean square deviation
could be made with the 2-deoxystreptamine moiety. In this
case, the reducing moiety of the disaccharides may make indi-
rect interactions that contribute to the affinities.


Conclusion


Aminoglycoside antibiotics are a class of compounds that can
bind to specific sites in prokaryotic ribosomal RNA and thereby
disrupt protein biosynthesis. The emergence of bacterial resist-


Table 1. Binding studies with the 16S rRNA fragment. Kd values less than 50 mm are highlighted in bold.


R1 R2 R3 Kd Kd


(1–3)-linked [mm] (1–4)-linked [mm]


NH2 OH OH 24a 69 30a 166
NH2 OH OH 24b 121 30b 71
OH NH2 OH 25a 107 31a n.d
OH NH2 OH 25b 97 31b n.d
NH2 NH2 OH 26a 68 32a 40
NH2 NH2 OH 26b 119 32b 81
OH NH2 NH2 27a 211 33a 187
OH NH2 NH2 27b 108 33b 136
NH2 OH NH2 28a 49 34a 26
NH2 OH NH2 28b 81 34b 87
NH2 NH2 NH2 29a 37 35a 11
NH2 NH2 NH2 29b 85 35b 39


neamine 7
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ance in conjunction with cytotoxicity has triggered a search for
analogues that retain antibiotic activity but have reduced tox-
icity and inhibit the development of resistance. Neamine is the
smallest structural motif of the neomycin-type aminoglyco-
sides for selective binding to the A-site of 16S rRNA. This unit
is, however, most susceptible to modifications by enzymes of
targeted pathogens. Here, we have outlined a novel strategy
whereby amino disaccharides mimic the unique spatial ar-
rangements of the functional groups of neamine that are re-
quired for the recognition of the RNA target. In a highly con-
vergent fashion, 3 glycosyl donors and 2 glycosyl acceptors
could be converted into 24 disaccharides that are a(1–3), b(1–
3), a(1–4), or b(1–4) linked and have 2–4 amino groups. Fouri-
er-transformation ion cyclotron resonance mass spectrometry
(FT-ICR MS) was employed to determine Kd values for the bind-
ing of the disaccharides to rRNA fragments. Although most
amino disaccharides bound to the 16S rRNA with high micro-
molar affinities, several compounds displayed more favorable
dissociation constants. The best compound tested was the
a(1–4)-linked derivative 35a, with four amino groups at C-2,
C-2’, C-6, and C-6’, which displayed an affinity similar to that of
neamine. Superimposition of compound 35a on the neamine
moiety of paramomycin indicated that that three of the four
amino groups have similar spatial orientations.


Several of the disaccharides described here are attractive
lead compounds for further development as novel antibiotics.
Neamine has only weak antibiotic activity at high concentra-
tions. In this respect, it has been indicated that it can bind to
16S RNA in to different fashions. Attachment of other sugar
residues is required for increasing the affinity and for proper
positioning in the A-site of rRNA. Therefore, it is to be expect-
ed that only trisaccharides and larger structures will provide
compounds with antibiotic activity. The preparation of these
derivatives is under way and the results will be reported in
due course.


Experimental Section


General procedures, syntheses, and characterization of all starting
materials and intermediates are reported in the Supporting Infor-
mation.


General procedure for the deprotection of disaccharides to form
24–30a/b and 32–35a/b : Pd/C (10%, 1–1.5 times the weight of
the starting material) was added to a solution of the protected
azido disaccharides (5–75 mg) in pyridine (2–5 mL) under Ar. After
evacuation, the flask was placed under an atmosphere of H2. The
reaction was stirred overnight until TLC analysis (hexane/EtOAc
(1:1), CHCl3/CH3OH (90:10), and iPrOH/28% NH4OH (95:5)) indicat-
ed the completion of the reaction. The mixture was filtered
through a polytetrafluoroethene (PTFE) syringe filter (diameter
25 mm, pore size 0.2 mm), which was further washed with pyridine.
The solvents were coevaporated with toluene. The residue was
dried in vacuo for several hours. Matrix-assisted time-of-flight
(MALDI) MS and NMR spectroscopy confirmed the reduction of the
azido groups. Pd(OH)2 (Degussa type, Aldrich,[30] 1–2 times the
weight of the starting material) was added to the above-obtained
material dissolved in a mixture of AcOH and H2O (10:1, 2–5 mL)
under Ar. The mixture was placed under an atmosphere of H2 and
stirred overnight. TLC (iPrOH/28% NH4OH (95:5) and iPrOH/H2O/
28% NH4OH (30:10:5 or 30:20:10)) indicated the presence of a
single compound. The mixture was filtered through a PTFE syringe
filter (as above) and further washed with AcOH. The solvents were
coevaporated with toluene. The residue was dried in vacuo for sev-
eral hours. A 1m solution of HCl in Et2O (1.1 equiv per NH2 group)
was added with a microsyringe to a solution of the recovered
dried acetates of the amino disaccharides dissolved in a small
amount of CH3OH until a pH value of 2 was reached. The solution
was then evaporated with an excess of CH3OH and toluene and
the products were dried in vacuo. The recovered materials were
passed through a small amount of C-18 silica gel (0.35–0.5 g) and
slowly eluted with water. The fractions containing the products
were collected, filtered through a PTFE syringe filter (diameter
5 mm, pore size 0.2 mm), and freeze dried.


Methyl O-(2-amino-2-deoxy-a-d-glucopyranosyl)-(1–3)-2-amino-
2-deoxy-b-d-glucopyranoside hydrochloride (24a): Compound
9a (25 mg, 0.037 mmol) was hydrogenated in pyridine (3.5 mL) in
the presence of Pd/C (25 mg). The intermediate was further hydro-
genated in AcOH and H2O (3.5 mL, 10:1) in the presence of
Pd(OH)2 (30 mg). The product was transformed into its HCl salt to
give 24a (14.0 mg, 89%): 1H NMR (D2O, 500 MHz): d=5.66 (d, J=
3.6 Hz, 1H; H-1’), 4.67 (d, J=8.7 Hz, 1H; H-1), 4.02 (dd, J=9.4 and
9.8 Hz, 1H; H-3), 3.95–3.90 (m, 3H; H-6a, H-3’, H-6’a), 3.83 (m, 1H;
H-5’), 3.80–3.72 (m, 3H; H-4, H-6b, H-6’b), 3.59 (s, 3H; OCH3), 3.57
(m, 1H; H-5), 3.49 (dd, 1H; J=9.5 and 10.1 Hz, H-4’), 3.46 (dd, J=
10.7 Hz, 1H; H-2’), 3.25 ppm (dd, J=10.1 Hz, 1H; H-2); 13C NMR


Figure 1. Superimposition of compound A) 29a and B) 35a with paromomycin
(grey). The conformation of paromomycin is the same as that observed in the
crystal structure of paromomycin complexed with the ribosomal decoding site
(PDB code 1J7T).[15] The f and y dihedral angles in 29a and 35a were adjusted
to the same values as those observed in the bound conformation of paromo-
mycin. Atoms C-1’, C-2’, C-3’, C-4’, C-5’ and the ring oxygen atom in com-
pounds 29a and 35a were superimposed with the corresponding atoms of the
glucosamine ring of paromomycin. The superimposition was performed by
using the InsightII 98 modeling package.
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(D2O, 75 MHz): d=99.5 (C-1), 96.8 (C-1’), 80.0 (C-3), 75.7, 73.7, 69.6,
69.5, 69.1, 60.5 and 60.0 (C-6 and C-6’), 57.6 (OCH3), 54.7 and
54.0 ppm (C-2 and C-2’).


Methyl O-(2-amino-2-deoxy-b-d-glucopyranosyl)-(1–3)-2-amino-
2-deoxy-b-d-glucopyranoside hydrochloride (24b): Compound
9b (40 mg, 0.059 mmol) was hydrogenated in pyridine (4 mL) in
the presence of Pd/C (25 mg). The intermediate was further hydro-
genated in AcOH and H2O (4.4 mL, 10:1) in the presence of
Pd(OH)2 (35 mg). The product was transformed into its HCl salt to
give 24b (24 mg, 95%): 1H NMR (D2O, 500 MHz): d=5.09 (d, J=
8.6 Hz, 1H; H-1’), 4.65 (d, J=8.5 Hz, 1H; H-1), 4.14 (t, J=9.8 Hz,
1H; H-3), 3.97–3.90 (m, 2H; H-6a, H-6’a), 3.83–3.76 (m, 3H; H-4, H-
6a, H-6’b), 3.72 (dd, J=8.9 and 10.4 Hz, 1H; H-3’), 3.51–3.61 (m,
6H; including OCH3), 3.28–3.22 ppm (m, 2H; H-2, H-2’) ; 13C NMR
(D2O, 75 MHz): d=99.9 (C-1), 96.2 (C-1’), 76.9 (C-3), 76.0, 72.0, 69.3,
67.2, 60.3 and 60.2 (C-6 and C-6’), 57.6 (OCH3), 55.0 and 54.9 ppm
(C-2 and C-2’).


Methyl O-(6-amino-6-deoxy-a-d-glucopyranosyl)-(1–3)-2-amino-
2-deoxy-b-d-glucopyranoside hydrochloride (25a): Compound
11a (23 mg, 0.034 mmol) was hydrogenated in pyridine (3.5 mL) in
the presence of Pd/C (25 mg). The intermediate was further hydro-
genated in AcOH and H2O (3.5 mL, 10:1) in the presence of
Pd(OH)2 (30 mg). The product was transformed into its HCl salt to
give 25a (14.0 mg, 96%): 1H NMR (D2O, 500 MHz): d=5.48 (d, J=
4.9 Hz, 1H; H-1’), 4.70 (d, J=8.2 Hz, 1H; H-1), 4.06–3.97 (m, 1H; H-
3, H-5’), 3.94 (dd, J=3.0 and 13.5 Hz, 1H; H-6a), 3.83 (t, J=9.8 Hz,
1H; H-4), 3.81–3.75 (m, 2H; H-6b, H-3’), 3.65 (dd, J=9.1 Hz, 1H; H-
2’), 3.59 (s, 3H; OCH3), 3.53 (m, 1H; H-5), 3.43 (dd, J=3.3 and
13.3 Hz, 1H; H-6’a), 3.37 (t, J=9.4 Hz, 1H; H-4’), 3.29 (dd, J=
11.0 Hz, 1H; H-2), 3.19 ppm (dd, J=8.0 Hz, 1H; H-6b); 13C NMR
(D2O, 75 MHz): d=99.6 (C-1), 95.6 (C-1’), 77.6, 76.4, 72.2, 70.9, 70.8,
68.7, 68.1, 60.2, 57.7 (OCH3), 53.5 (C-2), 40.4 ppm (C-6’).


Methyl O-(6-amino-6-deoxy-b-d-glucopyranosyl)-(1–3)-2-amino-
2-deoxy-b-d-glucopyranoside hydrochloride (25b): Compound
11b (20 mg, 0.029 mmol) was hydrogenated in pyridine (3.5 mL) in
the presence of Pd/C (25 mg). The intermediate was further hydro-
genated in AcOH and H2O (4.4 mL, 10:1) in the presence of
Pd(OH)2 (35 mg). The product was transformed into its HCl salt to
give 25b (14 mg, 97%): 1H NMR (D2O, 500 MHz): d=4.70 (m, 2H;
H-1, H-1’), 3.98–3.92 (m, 2H; including H-3 (dd, J=8.9 and 10.4 Hz),
H-6a), 3.78 (dd, J=5.5 and 12.5 Hz, 1H; H-6b), 3.72–3.63 (m, 2H; H-
4, H-5’), 3.59 (s, 3H; OCH3), 3.57–3.53 (m, 2H; including H-5, H-3’ (t,
J=9.2 Hz)), 3.47 (dd, J=2.8 and 13.5 Hz, 1H; H-6’a), 3.42 (t, J=
8.2 Hz, 1H; H-2’), 3.36 (t, 1H; H-4’), 3.28 (dd, J=8.5 Hz, 1H; H-2),
3.17 ppm (dd, J=8.5 Hz, 1H; H-6’b); 13C NMR (D2O, 75 MHz): d=
103.6 and 99.6 (C-1 and C-1’), 82.2 (C-3), 76.0, 75.4, 73.7, 72.4, 71.0,
68.7, 60.4 (C-6), 57.7 (OCH3), 55.4 (C-2), 40.6 ppm (C-6’).


Methyl O-(2,6-diamino-2,6-dideoxy-a-d-glucopyranosyl)-(1–3)-2-
amino-2-deoxy-b-d-glucopyranoside hydrochloride (26a): Com-
pound 10a (23 mg, 0.037 mmol) was hydrogenated in pyridine
(3.5 mL) in the presence of Pd/C (20 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (2.6 mL, 10:1) in the presence
of Pd(OH)2 (18 mg). The product was transformed into its HCl salt
to give 26a (10.7 mg, 64%): 1H NMR (D2O, 500 MHz): d=5.94 (d,
J=3.6 Hz, 1H; H-1’), 4.64 (d, J=8.5 Hz, 1H; H-1), 4.15 (dd, J=9.5
and 9.7 Hz, 1H; H-3), 4.00–3.94 (m, 2H; H-3’, H-5’), 3.90 (dd, J=2.4
and 12.5 Hz, 1H; H-6a), 3.81–3.74 (m, 2H; H-4, H-6b), 3.57 (s, 3H;
OCH3), 3.53 (m, 1H; H-5), 3.49–3.40 (m, 3H; H-2’, H-4’, H-6’a), 3.27
(dd, J=7.0 and 13.6 Hz, 1H; H-6’b), 3.15 ppm (dd, J=9.5 Hz, 1H;
H-2); 13C NMR (D2O, 75 MHz): d=99.7 (C-1), 95.3 (C-1’), 77.0 (C-3),


75.7, 70.7, 70.2, 69.1, 68.4, 59.9 (C-6), 57.6 (OCH3), 54.4 and 53.5
(C-2 and C-2’), 40.1 ppm (C-6’).


Methyl O-(2,6-diamino-2,6-dideoxy-b-d-glucopyranosyl)-(1–3)-2-
amino-2-deoxy-b-d-glucopyranoside hydrochloride (26b): Com-
pound 10b (12 mg, 0.019 mmol) was hydrogenated in pyridine
(1.5 mL) in the presence of Pd/C (13 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (2.2 mL, 10:1) in the presence
of Pd(OH)2 (17 mg). The product was transformed into its HCl salt
to give 26b (7 mg, 76%): 1H NMR (D2O, 500 MHz): d=5.12 (d, J=
8.5 Hz, 1H; H-1’), 4.68 (d, J=8.6 Hz, 1H; H-1), 4.18 (t, J=9.2 Hz,
1H; H-3), 3.95 (dd, J=1.8 and 12.2 Hz, 1H; H-6a), 3.82–3.72 (m, 3H;
H-4, H-6b, H-3’, H-5’), 3.61–3.54 (m, 4H; H-5’, OCH3), 3.53–3.45 (m,
2H; H-6’a, H-4’), 3.32–3.25 ppm (m, 3H; H-2, H-2’, H-6’b); 13C NMR
(D2O, 75 MHz): d=99.6 (C-1), 96.4 (C-1’), 77.4 (C-3), 75,9, 72.8, 71.5,
70.9, 67.2, 60.1 (C-6), 57.6 (OCH3), 55.1 and 54.9 (C-2 and C-2’),
40.1 ppm (C-6’).


Methyl O-(6-amino-6-deoxy-a-d-glucopyranosyl)-(1–3)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (27a): Com-
pound 14a (33 mg, 0.047 mmol) was hydrogenated in pyridine
(4 mL) in the presence of Pd/C (25 mg). The recovered intermedi-
ate was further hydrogenated in AcOH and H2O (4.4 mL, 10:1) in
the presence of Pd(OH)2 (39 mg). The product was transformed
into its HCl salt to give 27a (20.5 mg, 91%): 1H NMR (D2O,
500 MHz): d=5.57 (d, J=4.09 Hz, 1H; H-1’), 4.76 (H-1), 4.06 (m, 1H;
H-3), 3.98 (m, 1H; H-5’), 3.78–3.72 (m, 3H; H-4, H-5, H-3’), 3.63 (dd,
J=9.8 Hz, 1H; H-2’), 3.59 (s, 3H; OCH3), 3.51 (dd, J=1.5 and
13.0 Hz, 1H; CHNH2), 3.43 (dd, J=3.4 and 13.4, 1H; CHNH2), 3.36 (t,
J=8.8 Hz, 1H; H-4), 3.33 (dd, J=10.6 Hz, 1H; H-2), 3.22–3.10 ppm
(m, 2H; 2MCHNH2);


13C NMR (D2O, 75 MHz): d=99.5 (C-1), 95.9
(C-1’), 76.9 (C-3), 72.0 (M2), 70.7, 70.6, 70.0, 68.6, 57.7 (OCH3), 53.4
(C-2), 40.2 and 40.2 ppm (C-6 and C-6’).


Methyl O-(6-amino-6-deoxy-b-d-glucopyranosyl)-(1–3)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (27b): Com-
pound 14b (21.4 mg, 0.30 mmol) was hydrogenated in pyridine
(3.5 mL) in the presence of Pd/C (25 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (4 mL, 10:1) in the presence
of Pd(OH)2 (34 mg). The product was transformed into its HCl salt
to give 27b (13.3 mg, 94%): 1H NMR (D2O, 500 MHz): d=4.74 (d,
J=8.9 Hz, H-1), 4.70 (d, J=8.0 Hz, 1H; H-1’), 4.01 (dd, J=8.8 and
10.5 Hz, 1H; H-3), 3.80 (m, 1H; H-5), 3.70 (m, 1H; H-5’), 3.64–3.59
(m, 4H; H-4, OCH3), 3.57–3.52 (m, 2H; H-3’, H-6’a), 3.47 (dd, J=3.0
and 13.7 Hz, 1H; H-6a), 3.43 (dd, J=9.4 Hz, 1H; H-2’), 3.37 (dd, J=
9.1 and 9.5 Hz, 1H; H-4’), 3.31 (dd, 1H; H-2), 3.24–3.20 ppm (m 2H;
H-6b, H-6’b); 13C NMR (D2O, 75 MHz): d=103.7 and 99.6 (C-1 and
C-1’), 81.7(C-3), 75.4, 73.7, 72.4, 71.9, 70.9, 70.5, 57.7 (OCH3), 55.2
(C-2), 40.5 and 40.4 ppm (C-6 and C-6’).


Methyl O-(2-amino-2-deoxy-a-d-glucopyranosyl)-(1–3)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (28a): Com-
pound 12a (12.6 mg, 0.018 mmol) was hydrogenated in pyridine
(2.0 mL) in the presence of Pd/C (20 mg). The recovered intermedi-
ate was further hydrogenated in AcOH and H2O (2.0 mL, 10:1) in
the presence of Pd(OH)2 (25 mg). The product was transformed
into its HCl salt to give 28a (7.6 mg, 91%): 1H NMR (D2O, 500 MHz):
d=5.64 (d, J=3.8 Hz,1H; H-1’), 4.70 (d, J=8.5 Hz, 1H; H-1), 4.03
(dd, J=8.9 and 10.0 Hz, 1H; H-3), 3.93 (dd, J=2.1 and 12.2 Hz, 1H;
H-6’a), 3.90 (dd, J=9.5 and 10.7 Hz, 1H; H-3’), 3.83–3.75 (m, 2H; H-
5, H-5’), 3.73 (dd, J=7.0 Hz, 1H; H-6’b), 3.69 (t, 1H; H-4), 3.59 (s,
3H; OCH3), 3.53 (dd, J=3.0 and 13.5 Hz, 1H; H-6a), 3.47 (t, 1H; H-
4’), 3.44 (dd, 1H; H-2’), 3.33 (dd, 1H; H-2), 3.17 ppm (dd, J=9.2 Hz,
1H; H-6b); 13C NMR (D2O, 75 MHz): d=99.5 (C-1), 96.8 (C-1’), 79.3
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(C-3), 73.8, 71.8, 71.2, 69.5, 69.0, 60.5 (C-6’), 57.7 (OCH3), 54.5 and
54.0 (C-2 and C-2’), 40.2 ppm (C-6).


Methyl O-(2-amino-2-deoxy-b-d-glucopyranosyl)-(1–3)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (28b): Com-
pound 12b (71 mg, 0.101 mmol) was hydrogenated in pyridine
(5 mL) in the presence of Pd/C (30 mg). The recovered intermedi-
ate was further hydrogenated in CH3CO2H and H2O (4.4 mL, 10:1)
in the presence of Pd(OH)2 (40 mg). The product was transformed
into its HCl salt to give 28b (25.8 mg, 56%): 1H NMR (D2O,
500 MHz): d=5.08 (d, J=8.8 Hz, 1H; H-1’), 4.71 (d, J=8.2 Hz, 1H;
H-1), 4.17 (dd, J=9.0 and 10.2 Hz, 1H; H-3), 3.93 (dd, J=1.8 and
12.2 Hz, 1H; H-6’a), 3.81–3.76 (m, 2H; H-5, H-6’b), 3.75–3.70 (m,
2H; H-3’, H-4), 3.61–3.56 (m, 4H; H-5’, OCH3), 3.55–3.51 (m, 2H; H-
4’, H-6a), 3.33 (dd, 1H; H-2), 3.25 (dd, J=10.4 Hz, 1H; H-2’),
3.21 ppm (dd, J=8.8 and 13.5 Hz, 1H; H-6b); 13C NMR (D2O,
75 MHz): d=99.5 (C-1), 96.1(C-1’), 76.8, 76.3 (C-3), 71.9, 71.8, 69.2,
68.9, 60.1 (C-6’), 57.7 (OCH3), 54.9 and 54.5 (C-2 and C-2’), 40.2 ppm
(C-6).


Methyl O-(2,6-diamino-2,6-dideoxy-a-d-glucopyranosyl)-(1–3)-
2,6-diamino-2,6-dideoxy-b-d-glucopyranoside hydrochloride
(29a): Compound 13a (20 mg, 0.029 mmol) was hydrogenated in
pyridine (3.5 mL) in the presence of Pd/C (25 mg). The intermediate
was further hydrogenated in AcOH and H2O (3.5 mL, 10:1) in the
presence of Pd(OH)2 (33 mg). The product was transformed into its
HCl salt to give 29a (13.5 mg, 87%): 1H NMR (D2O, 500 MHz): d=
5.92 (d, J=3.5 Hz, 1H; H-1’), 3.75 (H-1), 4.13 (dd, J=9.5 and 9.8 Hz,
1H; H-3), 4.02–3.97 (m, 2H; H-3’, H-5’), 3.79 (m, 1H; H-5), 3.74 (t,
1H; H-4), 3.59 (s, 3H; OCH3), 3.52–3.42 (m, 3H; H-2’, 2MCHNH2),
3.28 (dd, J=6.8 and 13.5 Hz, 1H; CHNH2), 3.24 (t, J=9.0 Hz, 1H; H-
2), 3.17 ppm (dd, J=9.1 and 13.1 Hz, 1H; CHNH2);


13C NMR (D2O,
75 MHz): d=99.1 (C-1), 95.0 (C-1’), 75.6 (C-3), 71.8, 71.6, 70.6, 69.1,
68.1, 57.6 (OCH3), 53.9 and 53.3 (C-2 and C-2’), 40.0 and 39.9 ppm
(C-6 and C-6’).


Methyl O-(2,6-diamino-2,6-dideoxy-b-d-glucopyranosyl)-(1–3)-
2,6-diamino-2,6-dideoxy-b-d-glucopyranoside hydrochloride
(29b): Compound 13b (18 mg, 0.028 mmol) was hydrogenated in
pyridine (2.5 mL) in the presence of Pd/C (18 mg) as above. The in-
termediate was further hydrogenated in CH3CO2H and H2O (4.4 mL,
10:1) in the presence of Pd(OH)2 (19 mg). The reduction was in-
complete due to unexpected inactivation of the catalyst. The re-
covered crude acetate was then chromatographed on Iatro beads
(0.350 mg, applied in iPrOH and eluted with iPrOH/H2O/28%
NH4OH (40:10:5)). The recovered amino disaccharide was then
transformed into its HCl salt. Due to loss of material, only 5 mg
(36%) of hydrochloride salt 29b were recovered: 1H NMR (D2O,
500 MHz): d=5.11 (d, J=8.5 Hz, 1H; H-1’), 4.68 (d, J=8.2 Hz, 1H;
H-1), 4.15 (t, J=9.5 Hz, 1H; H-3), 3.80–3.70 (m, 4H; H-4, H-5, H-3’,
H-5’), 3.60 (s, 3H; OCH3), 3.55 (dd, J=2.4 and 13.4 Hz, 1H; CHNH2),
3.49 (dd, J=2.7 and 13.7 Hz, 1H; CHNH2), 3.46 (t, J=9.5 Hz, 1H; H-
4’), 3.34–3.23 (m, 3H; H-2, H-2’, CHNH2), 3.20 ppm (dd, J=9.5 and
13.7 Hz, 1H; CHNH2);


13C NMR (D2O, 75 MHz): d=99.7 (C-1), 96.7
(C-1’), 76.9 (C-3), 72.9, 72.1, 71.7, 71.0, 69.3, 57.7 (OCH3), 55.2 and
54.8 (C-2 and C-2’), 40–4 and 40.2 ppm (C-6 and C-6’).


Methyl O-(2-amino-2-deoxy-a-d-glucopyranosyl)-(1–4)-2-amino-
2-deoxy-b-d-glucopyranoside hydrochloride (30a): Compound
18a (18 mg, 0.023 mmol) was hydrogenated in pyridine (2.0 mL) in
the presence of Pd/C (14 mg) as above. The intermediate was fur-
ther hydrogenated in CH3CO2H and H2O (3.3 mL, 10:1) in the pres-
ence of Pd(OH)2 (15 mg). The product was transformed into its HCl
salt to give 30a (10 mg, 89%): 1H NMR (D2O, 800 MHz): d=5.66 (d,
J=3.7 Hz, 1H; H-1’), 4.63 (d, J=8.4 Hz, 1H; H-1), 3.96–3.92 (m, 2H;


H-3, CHOH), 3.88–3.78 (m, 5H; H-4, H-3’, 3MCHOH), 3.72 (m, 1H; H-
5 or H-5’), 3.65 (m, 1H; H-5 or H-5’), 3.58 (s, 3H; OCH3), 3.57 (t, J=
9.6 Hz, 1H; H-4’), 3.37 (dd, J=10.8 Hz, 1H; H-2’), 3.37 ppm (dd, J=
10.7, 1H; H-2); 13C NMR (D2O, 75 MHz): d=99.8 (C-1), 96.2 (C-1’),
75.0, 74.7, 73.3, 72.6, 69.4, 69.2, 60.3 and 60.1 (C-6 and C-6’), 57.6
(OCH3), 56.1 and 54.2 ppm (C-2 and C-2’).


Methyl O-(2-amino-2-deoxy-b-d-glucopyranosyl)-(1–4)-2-amino-
2-deoxy-b-d-glucopyranoside hydrochloride (30b): Compound
18b (21 mg, 0.027 mmol) was hydrogenated in pyridine (2.0 mL) in
the presence of Pd/C (26 mg). The intermediate was further hydro-
genated in AcOH and H2O (2.2 mL, 10:1) in the presence of
Pd(OH)2 (18 mg). The product was transformed into its HCl salt to
give 30b (9.5 mg, 80%): 1H NMR (D2O, 800 MHz): d=4.79 (d, J=
8.3 Hz, 1H; H-1’), 4.65 (d, J=8.2 Hz, 1H; H-1), 3.95–3.90 (m, 2H; H-
6a, H-6’a), 3.87–3.82 (m, 2H; H-3, H-4), 3.78–3.74 (m, 2H; H-6b, H-
6’b), 3.67 (m, 1H; H-5), 3.65 (m, 1H; H-3’), 3.58 (s, 3H; OCH3), 3.53
(m, 1H; H-5’), 3.47 (m, 1H; H-4’), 3.07 (dd, J=10.6 Hz, 1H; H-2’),
3.04 ppm (dd, J=10.0 Hz, 1H; H-2); 13C NMR (D2O, 75 MHz): d=
99.7 and 97.9 (C-1 and C-1’), 76.9, 76.5, 74.6, 71.9, 70.4, 69.7, 60.4
and 60.2 (C-6 and C-6’), 57.6 (OCH3), 55.9 and 55.7 ppm (C-2 and
C-2’).


Methyl O-(2,6-diamino-2,6-dideoxy-a-d-glucopyranosyl)-(1–4)-2-
amino-2-deoxy-b-d-glucopyranoside hydrochloride (32a): Com-
pound 19a (13 mg, 0.023 mmol) was hydrogenated in pyridine
(2.0 mL) in the presence of Pd/C (14 mg) as above. The intermedi-
ate was further hydrogenated in AcOH and H2O (2.2 mL, 10:1) in
the presence of Pd(OH)2 (14 mg). The product was transformed
into its HCl salt as to give 32a (7 mg, 82%): 1H NMR (D2O,
800 MHz): d=5.80 (d, J=3.8 Hz, 1H; H-1’), 4.65 (d, J=8.5 Hz, 1H;
H-1), 4.10–3.92 (m, 3H; H-3, H-4, H-6a), 3.89 (m, 1H; H-5’), 3.85 (dd,
J=9.1 and 10.5 Hz, 1H; H-3’), 3.82 (dd, J=3.1 and 12.7 Hz, 1H; H-
6b), 3.62 (m, 1H; H-5), 3.57 (s, 3H; OCH3), 3.48–3.44 (m, 2H; H-4, H-
6’a), 3.43 (dd, 1H; H-2’), 3.21 (dd, J=8.5 and 13.5 Hz, 1H; H-6’b),
3.07 ppm (dd, J=9.4 Hz, 1H; H-2); 13C NMR (D2O, 75 MHz): d=99.9
(C-1), 95.7 (C-1’), 74.4, 73.3, 72.9, 71.0, 69.4, 69.1, 59.8 (C-6), 57.7
(OCH3), 56.3 and 53.9 (C-2 and C-2’), 40.3 ppm (C-6’).


Methyl O-(2,6-diamino-2,6-dideoxy-b-d-glucopyranosyl)-(1–4)-2-
amino-2-deoxy-b-d-glucopyranoside hydrochloride (32b): Com-
pound 19b (8.0 mg, 0.011 mmol) was hydrogenated in pyridine
(1.5 mL) in the presence of Pd/C (11 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (1.65 mL, 10:1) in the pres-
ence of Pd(OH)2 (12 mg). The product was transformed into its HCl
salt to give 32b (4.6 mg, 90%): 1H NMR (D2O, 600 MHz): d=4.87 (d,
J=8.3 Hz, 1H; H-1’), 3.96–3.90 (m, 2H; H-4, H-6a), 3.95 (dd, J=9.4
and 10.4 Hz, 1H; H-3), 3.77–3.68 (m, 3H; H-6b, H-3’, H-5’), 3.66 (m,
1H; H-5), 3.57 (s, 3H; OCH3), 3.50 (dd, J=2.4 and 13.5 Hz, 1H; H-
6’a), 3.44 (t, J=9.4 Hz, 1H; H-4’), 3.21 (dd, J=9.1 Hz, 1H; H-6’b),
3.16 (dd, J=10.2 Hz, 1H; H-2’), 3.07 ppm (dd, 1H; H-2); 13C NMR
(D2O, 75 MHz): d=99.9 and 97.4 (C-1 and C-1’), 75.2, 74.6, 72.4,
71.4, 71.3, 70.3, 59.9 (C-6), 57.6 (OCH3), 55.8 and 55.6 (C-2 and C-2’),
40.2 ppm (C-6’).


Methyl O-(6-amino-6-deoxy-a-d-glucopyranosyl)-(1–4)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (33a): Com-
pound 23a (10 mg, 0.0126 mmol) was hydrogenated in pyridine
(2.0 mL) in the presence of Pd/C (14 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (2.5 mL, 10:1) in the presence
of Pd(OH)2 (20 mg). The product was transformed into its HCl salt
to give 33a (5.8 mg, 93%): 1H NMR (D2O, 500 MHz): d=5.50 (d, J=
3.7 Hz, 1H; H-1’), 4.72 (d, J=8.6 Hz, 1H; H-2), 4.04 (dd, J=8.1 and
10.7 Hz, 1H; H-3), 3.91 (m, 1H; H-5), 3.83 (m, 1H; H-5’), 3.73 (dd,
J=9.5 Hz, 1H; H-4), 3.69 (dd, J=8.5 and 10.1 Hz, 1H; H-3’), 3.63
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(dd, 1H; H-2’), 3.60 (s, 3H; OCH3), 3.51 (dd, J=3.0 and 13.0 Hz, 1H;
H-6a), 3.44–3.36 (m, 2H; H-4’, H-6’a), 3.28 (dd, J=10.0 Hz, 1H; H-
6b), 3.23 (dd, J=7.0 and 13.4 Hz, 1H; H-6b’), 3.14 ppm (dd, 1H; H-
2); 13C NMR (D2O, 75 MHz): d=100.1 (C-1), 99.2 (C-1’), 78.4, 72.4,
72.0, 71.4, 71.0, 70.7, 69.1, 58.0 (OCH3), 56.0 (C-2), 40.9 and
40.6 ppm (C-6 and C-6’).


Methyl O-(6-amino-6-deoxy-b-d-glucopyranosyl)-(1–4)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (33b): Com-
pound 23b (8.0 mg, 0.010 mmol) was hydrogenated in pyridine
(2.0 mL) in the presence of Pd/C (18 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (1.6 mL, 10:1) in the presence
of Pd(OH)2 (15 mg). The product was transformed into its HCl salt
to give 33b (4.7 mg, 90%): 1H NMR (D2O, 500 MHz): d=4.72 (d, J=
8.2 Hz, 1H; H-1), 4.53 (d, J=7.6 Hz, 1H; H-1’), 3.90–3.83 (m, 2H; in-
cluding H-3 (dd, J=8.8 and 9.1 Hz)), 3.73–3.63 (m, 3H), 3.61 (s, 3H;
OCH3), 3.53 (t, J=9.1 Hz, H-4), 3.47 (dd, J=2.7 and 13.7 Hz, 1H;
CHNH2), 3.37–3.32 (m, 2H), 3.24 (dd, 1H; J=9.8 and 13.1 Hz,
CHNH2), 3.20 (dd, J=9.3 and 13.7 Hz, 1H; CHNH2), 3.13 ppm (dd,
J=10.7 Hz, 1H; H-2); 13C NMR (D2O, 75 MHz): d=103.0 (C-1’), 99.9
(C-1), 80.1, 75.2, 73.2, 72.0, 71.4, 70.9, 70.3, 57.7 (OCH3), 55.4 (C-2),
40.4 and 40.0 ppm (C-6 and C-6’).


Methyl O-(2-amino-2-deoxy-a-d-glucopyranosyl)-(1–4)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (34a): Com-
pound 21a (20 mg, 0.025 mmol) was hydrogenated in pyridine
(2.5 mL) in the presence of Pd/C (20 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (3.3 mL, 10:1) in the presence
of Pd(OH)2 (15 mg). The recovered product was transformed into
its HCl salt as to give 34a (9.9 mg, 85%): 1H NMR (D2O, 800 MHz):
d=5.61 (d, J=3.7 Hz, 1H; H-1’), 4.69 (d, J=8.3 Hz, 1H; H-1), 3.97
(dd, J=8.8 and 10.6 Hz, 1H; H-3), 3.92–3.87 (m, 2H; H-5, H-6’a),
3.82 (dd, J=9.2 and 10.8 Hz, 1H; H-3’), 3.80–3.75 (m, 2H; H-4, H-
6’b), 3.67 (m, 1H; H-5’), 3.59 (s, 3H; OCH3), 3.56 (dd, J=2.9 and
13.6 Hz, 1H; H-6a), 3.50 (t, 1H; H-4’), 3.40 (dd, 1H; H-2’), 3.24 (dd,
J=9.7 Hz, 1H; H-6b), 3.15 ppm (dd, 1H; H-2); 13C NMR (D2O,
75 MHz): d=99.7 (C-1), 96.9 (C-1’), 78.2, 73.7, 72.0, 70.0, 69.3, 69.2,
60.5 (C-6’), 57.7 (OCH3), 55.8 and 54.1 (C-2 and C-2’), 40.7 ppm
(C-6).


Methyl O-(2-amino-2-deoxy-b-d-glucopyranosyl)-(1–4)-2,6-diami-
no-2,6-dideoxy-b-d-glucopyranoside hydrochloride (34b): Com-
pound 21b (79 mg, 0.099 mmol) was hydrogenated in pyridine
(4.0 mL) in the presence of Pd/C (26 mg). The intermediate was fur-
ther hydrogenated in AcOH and H2O (5.5 mL, 10:1) in the presence
of Pd(OH)2 (55 mg). The product was transformed into its HCl salt
to give 34b (33.5 mg, 72%): 1H NMR (D2O, 500 MHz): d=3.98–3.93
(m, 3H; H-3, H-5, H-6’a), 3.87 (t, J=5.7 and 12.5 Hz, 1H; H-6’b),
3.70 (dd, J=8.8 and 10.7 Hz, 1H; H-3’), 3.60 (s, 3H; OCH3), 3.58–
3.52 (m, 2H; H-6a, H-5’), 3.49 (t, J=9.5 Hz, 1H; H-4’), 3.27 (dd, J=
9.5 and 13.0 Hz, 1H; H-6b), 3.19–3.13 ppm (m, 2H; H-2, H-2’) ;
13C NMR (D2O, 75 MHz): d=99.5 and 97.0 (C-1 and C-1’), 77.6, 76.4,
71.6, 70.7, 69.5, 69.4, 60.2 (C-6), 57.6 (OCH3), 40.1 ppm (C-6).


Methyl O-(2,6-diamino-2,6-dideoxy-a-d-glucopyranosyl)-(1–4)-
2,6-diamino-2,6-dideoxy-b-d-glucopyranoside hydrochloride
(35a): Compound 22a (14.5 mg, 0.020 mmol) was hydrogenated in
pyridine (2.0 mL) in the presence of Pd/C (14 mg). The intermediate
was further hydrogenated in CH3CO2H and H2O (1.6 mL, 10:1) in
the presence of Pd(OH)2 (18 mg). The product was transformed
into its HCl salt to give 35a (9.0 mg, 91%): 1H NMR (D2O, 800 MHz):
d=5.58 (d, J=3.5 Hz, 1H; H-1’), 4.70 (d, J=8.6 Hz, 1H; H-1), 4.04
(dd, J=8.8 and 10.5 Hz, 1H; H-3), 3.92 (m, 1H; H-5), 3.86 (dd, J=
9.1 and 10.7 Hz, 1H; H-3’), 3.84–3.80 (m, 2H; H-4, H-5’), 3.60 (s, 3H;
OCH3), 3.52–3.43 (m, 3H; H-4’, H-6a, H-6’a), 3.33–3.28 (m, 2H; H-6b,


H-6’b), 3.16 ppm (dd, 1H; H-2); 13C NMR (D2O, 75 MHz): d=99.9 (C-
1), 96.0 (C-1’), 76.8, 72.2, 70.6, 70.4, 69.5, 68.7, 57.8 (OCH3), 56.0 and
53.8 (C-2 and C-2’), 40.7 and 40.2 ppm (C-6 and C-6’).


Methyl O-(2,6-diamino-2,6-dideoxy-b-d-glucopyranosyl)-(1–4)-
2,6-diamino-2,6-dideoxy-b-d-glucopyranoside hydrochloride
(35b): Compound 22b (4.5 mg, 0.099 mmol) was hydrogenated in
pyridine (1.2 mL) in the presence of Pd/C (12 mg). The intermediate
was further hydrogenated in AcOH and H2O (1.65 mL, 10:1) in the
presence of Pd(OH)2 (9 mg). The recovered product was trans-
formed into its HCl salt to give 35b (2.4 mg, 82%): 1H NMR (D2O,
500 MHz): d=4.81 (d, J=8.2 Hz, 1H; H-1 or H-1’), 4.70 (d, J=
8.5 Hz, 1H; H-1 or H-1’), 3.93 (m, 1H; H-5), 3.89–3.83 (m, 2H), 3.73
(m, 1H; H-5’), 3.64 (t, J=9.6 Hz, 1H), 3.60 (s, 3H; OCH3), 3.53–3.47
(m, 2H; H-6a, H-6’a), 3.44 (t, J=9.3 Hz, 1H), 3.27 (dd, J=9.8 and
13.9 Hz, 1H; CHNH2), 3.23 (dd, J=8.5 and 13.5 Hz, 1H; CHNH2),
3.16–3.09 ppm (m, 2H; H-2, H-2’) ; 13C NMR (D2O, 75 MHz): d=
100.25 and 99.99 (C-1 and C-1’), 77.69, 71.5, 71.8, 71.2, 71.0, 70.1,
57.7 (OCH3), 55.8, 55.4, 40.2 ppm (C-6 and C-6’).
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Inhibition of Golgi Mannosidase II with
Mannostatin A Analogues: Synthesis, Biological
Evaluation, and Structure–Activity Relationship
Studies
Bing Li, Sameer P. Kawatkar, Shaji George, Heather Strachan, Robert J. Woods,
Aloysius Siriwardena,* Kelley W. Moremen, and Geert-Jan Boons*[a]


Introduction


Cells that have undergone oncogenic transformation often dis-
play abnormal cell-surface oligosaccharides and these changes
in glycosylation are important determinants of the stage, direc-
tion, and fate of tumor progression.[1] Inhibition of the man-
nose-trimming enzyme human Golgi a-mannosidase II (HGMII),
which acts late in the N-glycan processing pathway, is one
method of blocking the oncogene-induced changes in cell-
surface oligosaccharide structures.[2]


HGMII selectively cleaves a1–3 and a1–6 mannosyl residues
present in the natural substrate GlcNAcMan5GlcNAc2.


[3] It is a
retaining glycosylhydrolase, which employs a two-stage mech-
anism involving two carboxylic acids positioned within the
active site to act in concert : one as a catalytic nucleophile and
the other as a general acid/base catalyst.[4–8] Protonation of the
exocyclic glycosyl oxygen atom of the substrate leads to bond
breaking and simultaneous attack of the catalytic nucleophile
to form a glycosyl enzyme intermediate. Subsequent hydrolysis
of the covalent intermediate by a nucleophilic water molecule
gives an a-mannose product with overall retention of configu-
ration. Studies on retaining mannosidases with 5-fluoro-substi-
tuted pseudosubstrates and deuterium-labeled substrates have
shown that the transition states on either side of the covalent
intermediate have marked oxocarbenium ion character.[4–8]


Potent inhibitors of glycosidases are thought to mimic oxocar-
benium-like transition states; for example, the inhibitory activi-
ty of the natural product swainsonine has long been attributed
to its five-membered ring resembling a flattened six-mem-
bered ring that has been forced to attain an oxocarbenium-like
structure. In fact, the crystal structure of swainsonine com-
plexed with Golgi a-mannosidase II from Drosophila shows the


inhibitor to be tilted in such a way as to bring its equivalent
of an anomeric carbon atom close to the presumed catalytic
nucleophile.[9]


Swainsonine has been much investigated as a consequence
of its potent inhibitory properties. Clinical studies have
shown[10–13] it to exhibit potent antitumor and antimetastatic
activity. An unfortunate side effect resulting from this com-
pound is blockage in oligosaccharide catabolism; this arises
from inhibition of a related catabolic a-mannosidase found in
lysosomes.[2,13] It is clear that to develop a drug appropriate for
antimetastatic therapy, an alternative lead compound is re-
quired, one that is amenable to easy modification in a combi-
natorial manner to give compounds that specifically inhibit
HGMII without affecting the function of human lysosomal a-
mannosidase (HLM).


Mannostatins A and B, isolated from the soil microorganism
Streptoverticillus, are the most potent inhibitors of class II a-
mannosidases reported[14] thus far and are interesting com-
pounds for combinatorial modification to give more selective
derivatives (Scheme 1). They were the first nonazasugar-type
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Mannostatin and aminocyclopentitetrol analogues with various
substitutions at the amino function were synthesized. These com-
pounds were tested as inhibitors of human Golgi and lysosomal
a-mannosidases. Modification of the amine of mannostatin had
only marginal effects, whereas similar modifications of aminocy-
clopentitetrol led to significantly improved inhibitors. Ab initio
calculations and molecular docking studies were employed to ra-
tionalize the results. It was found that mannostatin and amino-
cyclopentitretrol could bind to Golgi a-mannosidase II in a simi-


lar mode to that of the known inhibitor swainsonine. However,
due to the flexibility of the five-membered rings of these com-
pounds, additional low-energy binding modes could be adopted.
These binding modes may be relevant for the improved activities
of the benzyl-substituted compounds. The thiomethyl moiety of
mannostatin was predicted to make favorable hydrophobic inter-
actions with Arg228 and Tyr727 that would possibly account for
its greater inhibitory activity.
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inhibitors to be discovered that possess an aminocyclopentitol
structure. The inhibitors are of the reversible, competitive type
and do not show the slow-binding phenomenon exhibited by
swainsonine and its analogues. The synthesis and biological
evaluation of a small number of mannostatin analogues has re-
vealed that the basicity of the primary amine and also the
neighboring cis-diol function are essential for inhibitory activi-
ty.[15–21] The thiomethyl moiety could, for example, be replaced
by a hydroxymethyl group.[21,22] Most mannostatin derivatives
have been tested as inhibitors for Jack-bean and almond man-
nosidases and structure–activity relationships for the more rel-
evant Golgi and lysosomal enzymes are scarce.


Here we report the synthesis of a range of mannostatin ana-
logues that have various aromatic substituents at the amino
function. In parallel, a range of aminocyclopentitetrols, which
are structurally simpler than the mannostatins and, as an addi-
tional feature, are nonchiral, were modified in a similar fashion.
It was hoped that the aromatic substitution on 1a and 2a
would enable favorable interactions with aromatic residues in
the binding site of the mannosidase enzymes. These two fami-
lies of compounds have been tested for their ability to inhibit
HGMII and HLM and the activities of the two series of com-
pounds were compared. Computational studies have been per-
formed to rationalize the data.


Results and Discussion


Synthesis and biological evaluation of mannosidase
inhibitors


Optically pure mannostatin A (1a) and the meso-aminocyclo-
pentitetrol 2a were prepared by a modified literature proce-
dure.[23] A key step of this approach involved an aldol conden-
sation of nitromethane with a dialdehyde derived from myo-
inositol. The physical and spectroscopic data of the two com-
pounds were in agreement with previously reported data. The
amino functionalities of 1a and 2a were modified by reductive
amination with a range of aromatic aldehydes. Conventional
procedures involving Na(CN)BH3 in combination with solvents
such as trimethyl ortho-formate (TMOF),[24] TMOF/methanol, or
dichloromethane/methanol in the presence or absence of ben-


zotriazole[25] resulted in mixtures of products. Alkylation of the
amines with benzyl bromide in the presence of CsOH[26] gave,
apart from the required product, a substantial amount of dis-
ubstituted amine. Fortunately, addition of a methanolic solu-
tion of the hydrochloride salts of 1a and 2a, pretreated with
methanolic sodium hydroxide (0.2 equiv), to a slurry of an aro-
matic aldehyde (2.5 equiv), Na(CN)BH3 (1.0 equiv), and molecu-
lar sieves (3 F), followed by stirring for 18 hours, gave the sec-
ondary amines 1b–g and 2b–g in reasonable to good
yields.[15] The compounds were purified by Iatro-bead column
chromatography and satisfactory compositional and spectro-
scopic data were obtained in each case.


Recently, we described recombinant forms of human Golgi
a-mannosidase II[27] and human lysosomal a-mannosidase.[28]


For these enzymes, the rate of hydrolysis of different concen-
trations of 4-methylumbelliferone alone and in the presence of
different concentrations of inhibitor was measured fluorometri-
cally and inhibition constant (Ki) values were determined from
Dixon plots. As can be seen in Table 1, mannostatin A (1a) is a
markedly better inhibitor than the corresponding aminocyclo-
pentitetrol 2a. Benzylation of the amino functionality of man-
nostatin A gave compounds 1b–g, which were slightly less
potent inhibitors of the Golgi mannosidase II than the lead
compound; N-benzyl, N-(p-fluorobenzyl), N-(p-chlorobenzyl), N-
(p-bromobenzyl), and N-(p-methoxybenzyl) substitution caused
similar reductions in inhibitory activity (3- to 5-fold). Modifica-
tion of the amino functionality with allyl 4-hydroxymethylene-
benzadehyde (to form 1g) had a larger impact, with a 15-fold
loss of activity being observed. Surprisingly, the chemical mod-
ifications to the inhibitors had no significant effect on HLM, a
result indicating that they do not lead to either favorable or
unfavorable interactions with the binding site.


Scheme 1. Aminocyclopentitol inhibitors of human Golgi mannosidase II.


Table 1. Inhibition of human Golgi mannosidase II (HGMII) and human lyso-
somal mannosidase (HLM) by compounds 1a–g and 2a–g.


(1a–g) (2a–g)
R HGMII HLM HGMII HLM


Ki [mm] Ki [mm] Ki [mm] Ki [mm]


a H 0.21 0.09 50 6.6


b 0.88 0.11 10 0.45


c 0.53 0.17 6.0 0.33


d 0.91 0.10 8.1 0.67


e 0.51 0.05 7.6 0.33


f 0.52 0.10 6.6 0.48


g 3.22 0.14 4.4 0.16
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The inhibition data for aminocyclopentitetrols 2a–g dis-
played a different profile than for the mannostatin analogues;
for each enzyme, the introduction of a substituted benzyl
moiety resulted in an improvement of inhibitory activity. In the
case of HGMII, modification of the amino group of 2a with
substituted benzyl moieties led to small improvements in in-
hibitory activity (5- to 10-fold), whereas large increases in activ-
ity (10- to 40-fold) were measured with the lysosomal enzyme.
Compound 2g, with the allyl ester on the para position of the
benzyl substituent, proved to be the best inhibitor tested; it
displayed a 40-fold more favorable Ki value than parent com-
pound 2a. Surprisingly, this substituent caused the largest loss
in inhibitory activity for mannostatin A.


Despite the fact that the introduction of substituted benzyl
moieties resulted in less favorable ratios of Ki(HGMII)/Ki(HLM),
the compounds described here provide important leads for
the development of selective inhibitors of human Golgi man-
nosidase II. This Golgi enzyme is able to recognize two poten-
tial aglycones during cleavage of the substrate GlcNAc-
Man5GlcNAc2 to GlcNAcMan3GlcNAc2. Since the corresponding
alternative substrate, Man5GlcNAc2, is >1000-fold less effective
as a substrate, the Golgi enzyme must have an obligatory
binding site for recognition of one branch of the aglycone to
enable a high-affinity substrate interaction. There is no data to
support the idea that the broad specific lysosomal a-mannosi-
dase is able to recognize an extended aglycone to any signifi-
cant degree. Thus, by combinatorial extension of the benzyl
derivatives with other chemical functionalities, the possibility
exists that favorable interactions may be established with the
extended binding pocket for the aglycone of HGMII, thereby
accentuating the selectivity of this enzyme.


Computational studies


The mode of inhibition by azasugars, such as swainsonine, has
been rationalized by their resemblance to the mannosyl oxy-
carbenium ion, a putative intermediate in the hydrolysis of
mannosidases.[29] There has, however, been some debate as to
whether this model can be extended to the mode of inhibition
of mannostatin (1a). It has been contended that in their
lowest energy conformations, aminocyclopentitols, such as
mannostatin, do not superimpose well onto the hypothetical
oxycarbenium ion intermediate.[15,30] An alternative mode of in-
hibition has been proposed[15] that is based on the resem-
blance of 1a to b-mannopyranosylamine.


Recently, crystal structures have been reported for Drosophi-
la GMII (DGMII) in the absence and presence of the inhibitor
swainsonine.[9] This enzyme has 41% sequence identity and
61% similarity with HGMII and, most importantly, amino acids
in catalytic domain are preserved. Furthermore, it has been
shown that the two enzymes display similar kinetic and inhibi-
tory properties.[31] Thus, it has been proposed that Drosophila
GMII is a good model system for the analogous human
enzyme.


Molecular docking of mannostatin (1a) and aminocyclopen-
titretrol (2a) to the crystal structure of DGMII may provide an
opportunity to study the mode of inhibition of these com-


pounds. Furthermore, some of the inhibitory data summarized
in Table 1 may be rationalized by comparing the docking
modes of the two compounds with those of their benzylated
counterparts (1b and 2b).


Five-membered ring systems, such as those in compounds
1a and 2a, are inherently flexible due to their ability to
assume several twist and envelope conformations, which can
interconvert with relative ease through pseudorotational itin-
eraries.[32,33] Therefore, it is necessary to consider all the possi-
ble low-energy envelope conformers of 1a and 2a for the
docking studies.


Conformational properties of isolated five-membered rings
such as furanoses have been studied by geometry optimiza-
tions of the ten possible envelope conformations through the
use of ab initio molecular orbital calculations.[34–36] Thus, the
conformational properties of 1a and 2a were studied by opti-
mizing the ten possible envelope conformers by constraining a
specific endocyclic torsion angle to 08 and allowing all other
parameters to be optimized at the B3LYP/6-31G* level. The hy-
droxy and amino groups of the resulting structures were
placed in each of the three staggered orientations, which were
then reoptimized without any restraints at the same level of
theory. The effects of solvation were approximated by single-
point calculations of gas-phase and solution-phase energies
with the Poisson–Boltzmann treatment[37,38] in the Jaguar pro-
gram[39] (Table 2). It was observed that, for both compounds,
many hydroxy rotamers converged to a single structure. In the
case of 1a, 30 initial structures led to 20 unique structures,
which represented only 6 envelope conformations (E1,


1E, E2, E3,
3E, and 4E). In the case of 2a, 15 unique structures were ob-
tained, which represented 9 envelope conformations (E1,


1E, E2,
2E, E3,


3E, E4,
4E, and E5). The fact that 2a can adopt a larger


number of envelope conformations indicates that its ring
structure is more flexible than that of 1a. The difference in
ring flexibility is probably due to the differences in the ring
substitutions, which are known to determine the pseudorota-
tional itineraries of five-membered rings.[33]


Table 2. Relative gas-phase and solution-phase energies for envelope con-
formers of mannostain A (1a) and aminocyclopentitetrol 2a. Energies are
only given for those conformers that were docked in the active site of
dGMII.


Low energy Relative energy Low energy Relative energy
conformers [kcalmol�1] conformers [kcalmol�1]
of 1a gas solution of 2a gas solution


phase phase phase phase


E1 0.0 0.0 E1 0.0 1.8
1E 2.8 1.5 1E 1.2 3.1
E2 8.6 4.6 E2 6.4 3.4
E3 5.2 1.7 2E 1.6 3.5


3E 8.9 2.8 E3
[a] 6.4 3.4


4E 5.4 0.5 3E[a] 1.6 3.5
E4


[a] 0.0 1.8
4E[a] 1.2 3.1
E5 0.3 0.0


[a] Conformers E3,
3E, E4, and


4E are mirror images of conformers E2,
2E, E1,


and 1E, respectively, with the same relative energies. These conformers
were also docked in the binding site of dGMII.
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Each of the low-energy conformers of 1a and 2a was subse-
quently docked into the binding site of DGMII. The six enve-
lope conformers of 1a could be complexed in three different
binding modes (Figure 1), with conformer 1E exhibiting the
most favorable binding energy (DGbinding=�9.1 kcalmol�1). In
this binding mode the five-membered ring of 1a stacks
against the aromatic side chain of Trp95, a type of interaction
seen in many carbohydrate–protein complexes.[40] The 3- and
4-hydroxy oxygen atoms of 1a coordinate with the zinc ion in
the active site to give a T6-octahedral coordination geometry.
Furthermore, the nitrogen atom of the exocyclic amino group
of 1a forms hydrogen bonds with the carboxylate oxygen
atom of the putative general acid/base residue Asp341 and
with the hydroxy oxygen atom of Tyr269. In addition, the thio-
methyl moiety of 1a makes favorable hydrophobic interactions
with Arg228 and Tyr727. In the crystal structure of DGMII with
swainsonine[9] (Figure 1), the Zn2+ ion has T6-octahedral coordi-


nation geometry in complexing the 3- and 4-hydroxy oxygen
atoms. However, the bridgehead nitrogen atom of swainsonine
forms a hydrogen bond with the catalytic nucleophile Asp204.
Thus, the two complexes may differ in the interactions of their
amines with acidic residues in the binding site.


Conformers E2 and 3E of 1a, which were predicted to bind
with only slightly smaller computed binding energies than 1E
(DGbinding=�8.7 and �8.8 kcalmol�1, respectively), displayed a
binding mode very similar to that of swainsonine. In this case,
the exocyclic amine of 1a formed a hydrogen bond with the
catalytic nucleophile Asp204. Furthermore, the 3- and 4-hy-
droxy oxygen atoms of 1a coordinated with the zinc ion in T6-
octahedral coordination geometry. The somewhat-lower com-
puted binding energies may be due to loss of hydrogen-bond-
ing interactions between the 4-hydroxy group and the amino
hydrogen atoms of His90 and His471 but may also reflect limi-
tations in the computational method.


Conformers E1, E3, and
4E dis-


played yet another complexation
mode of 1a. In this case, the
amine of 1a coordinated with
the zinc ion in the T5 coordina-
tion geometry. Pentavalent (T5)
coordination is energetically
more favorable than the hexava-
lent (T6) coordination of zinc[41]


and this interaction may there-
fore be an important contributor
to the stabilization of these
complexes. Further stabilization
came from hydrogen bonds be-
tween the nitrogen atom of the
amine and the carboxylic oxygen
atom of the catalytic nucleophile
Asp204. The interactions be-
tween the thiomethyl group and
Trp727 and Arg228 were lost in
this binding mode, which may
account for the slightly lower
binding energies.


It has been suggested that the
coordination of the oxygen
atoms on positions 3 and 4 of
swainsonine with Zn2+ mimics a
similar chelation of the 2- and 3-
hydroxy oxygen atoms of the
mannosyl oxycarbenium ion.
This coordination is an important
determinant of the a-mannoside
specificity of the enzyme. The
binding of swainsonine is stabi-
lized by an important hydrogen
bond between the bridgehead
nitrogen atom and the catalytic
nucleophilic residue Asp204. In
the case of the mannosyl oxycar-
benium ion, its flattened ring


Figure 1. Different binding modes observed for conformers of 1a and 2a. Binding modes 1, 2, and 3 were observed
for 1a and 2a, while modes 4 and 5 were observed only for 2a. The calculated free energies of binding (DGbinding) are
given in the parentheses (in kcalmol�1) and the H-bond interactions are indicated by white dashed lines. For compari-
son, Swainsonine bound in the active site of dGMII, as seen in the crystal structure (PDB code 1HWW), is also shown
in lower right corner.
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structure may place the anomeric center in close proximity to
nucleophile Asp204 for favorable interactions. Furthermore,
swainsonine, and probably the oxycarbenium ion, can make
van der Waals stacking interactions with Trp95 and Phe206.
The conformers E2 and 3E of 1a displayed a very similar bind-
ing mode, in which the exocyclic amino group formed a hy-
drogen bond with Asp204 and the 3- and 4-hydroxy oxygen
atoms coordinated with the Zn2+ ion. However, due to the
flexibility of its five-membered ring, mannostatin can bind in
other low-energy modes. For example, the small change in the
ring conformation of 1E places the exocyclic amine in a posi-
tion to form hydrogen bonds with Asp341 and Tyr269. Other
ring conformers allowed the amine of 1a to coordinate with
the Zn2+ ion in a favorable T5 coordination geometry.


In addition to the three binding modes observed for 1a,
aminocyclopentitretrol 2a could complex in two additional
ways (Figure 1). All the five binding modes displayed very simi-
lar computed binding energies. Conformers 3E and E4 of 2a
complexed in a unique mode, in which the amine and 2-hy-
droxy oxygen atom coordinate with the zinc ion to give a T6


coordination geometry. The ring stacked against Trp95 and the
amine formed hydrogen bonds with the catalytic nucleophiles
Asp204, Asp472, and Asp92. In the case of E5, the amine
formed hydrogen bonds with the hydroxy groups of Tyr727
and Asp472. This binding mode is further stabilized by coordi-
nation of the 2- and 3-hydroxy oxygen atoms with the zinc
ion. All the hydroxy groups formed hydrogen bonds with
Asp204 in addition to hydrogen-bond interactions with Tyr269,
Asp92, and Asp472.


Mannostatin (1a) is a significantly more potent inhibitor of
HGMII than aminocyclopentitretrol 2a (Table 1). Overall, the
computational studies show that 2a is more flexible and
allows additional binding modes. Furthermore, due to inver-
sion of configuration at C-2 and replacement of the thiomethyl
moiety with a hydroxy group, the hydrophobic interactions of
thiomethyl moiety of 1a cannot be made by 2a. Although the
2-hydroxy group of 2a can make hydrogen bonds with
Asp204 and Asp341, it is unlikely that these interactions can
compensate for the loss of hydrophobic interactions.[42,43]


Modification of the amine of mannostatin with benzylic moi-
eties did not improve the inhibitory potential of the resulting
compounds (Table 1). In order to rationalize these observa-
tions, docking studies were also performed with compound
1b. Benzyl moieties were attached to the low-energy confor-
mations of 1a and the resulting derivatives were docked in
the binding site of DGMII to give three different binding
modes. In the case of conformer 1E (Figure 2), typical interac-
tions were observed, such as a hydrogen bond between the
amine and general acid/base residue Asp341 and coordination
of the 3- and 4-hydroxy oxygen atoms with the zinc ion. Fur-
thermore, the phenyl ring of 1b made van der Waals interac-
tions with the aromatic moiety of Tyr269. The orientation of
both the phenyl rings was observed to be similar to the prefer-
red off-centered parallel-displaced arrangement with averages
of Rcen=4.4 F, g=19.98, and q=41.58 as reported by
McGaughey et al.[44] (Rcen= the average distance between the
centroids of the two phenyl rings, g= the angle between the


planes of the two rings, and q= the normal–centroid angle).
The latter p–p stacking required, however, a tilting of the five-
membered ring structure of 1b that disrupted a hydrogen
bond between the 4-hydroxy group and the Ne2 nitrogen
atom of His90, a bond that is observed in the complex with
the parent compound. The phenyl ring in conformers E2, E3,
and 4E of 1b made similar stacking interactions with Tyr269.
For all three conformers, the amine formed a hydrogen bond
with the catalytic nucleophile Asp204 and the hydroxy oxygen
atom of Tyr269. As in 1E, the stacking interactions required a
tilting of the five-membered ring of 1b that led to a loss of hy-
drogen bonds. Thus, the computational studies indicate that
the favorable interactions made between the phenyl ring of
1b and Tyr269 may be offset by loss of hydrogen bonds due
to a tilting of the five-membered ring of the inhibitor.


Conformers E1 and 3E of 1b display a very different binding
mode to that of the similar conformers of parent compound
1a (Figure 2) In these cases the orientation of the inhibitor is
flipped in the catalytic site, thereby allowing the thiomethyl
group to make hydrophobic interactions with Trp95. Neverthe-
less, stacking interactions of the phenyl ring of 1b with Tyr269,
as well as hydrogen bonds with Arg228 and Tyr727, further
stabilize these complexes.


Docking of the conformers of 2b in the binding site of
DGMII resulted in two binding modes, which mainly differ in
the interactions of the amine with either Asp204 (E1, E2, E3,


3E,
and E5) or Asp341 (1E, 2E, E4, and


4E). A stacking interaction of
the phenyl ring of 2b with Tyr269 (average Rcen=4.3 F, g=
13.08, and q=41.58) plays an important role for positioning
the inhibitor in the binding site of the enzyme. In the case of
conformers E3,


3E, E4,
4E, and E5, the five-membered ring struc-


ture of 2b was tilted to allow the stacking interactions. As a
result, the hydrogen-bond patterns observed in 2a were al-
tered. However, conformers E1,


1E, E2, and
2E did not require a


tilt of the five-membered ring and therefore no loss of hydro-
gen bonds was observed. In this case, the interactions made
by the phenyl moiety might be responsible for the observed
improved affinity of compounds 2b–g for GMII enzymes.


Although, the molecular docking analysis predicted that
each of the inhibitors had a significant affinity for the enzyme,
the method could not distinguish between stronger and
weaker binding. The benzylated analogues would be expected


Figure 2. Binding modes observed for conformers of 1b.
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to pay a proportionally larger entropic penalty upon binding
than that associated with the simpler, more rigid inhibitors.
Autodock does not explicitly consider conformational entropy
and so would be expected to overestimate the strength of
binding of compounds 1b and 2b. While a quantitative rank-
ing of affinities was not achieved, much information could be
gained from inspection of the predicted binding modes.


Conclusion


Mannostatin analogues and structurally simpler aminocyclo-
pentitetrols have been synthesized, which have various benzyl-
ic moieties at their amino functions. It was observed that man-
nostatin A (1a) is a markedly better inhibitor than the corre-
sponding aminocyclopentitetrol 2a. Furthermore, the substitu-
tions of the aminocyclopentitetrols led to significant improve-
ments of inhibitory activity for both HGMII and HLM, whereas
similar substituents of mannostatin A had only a marginal
effect. Computational studies have been performed to provide
a rationale for these observations. First, the conformational
properties of mannostatin and aminocyclopentitetrol were
studied by geometry optimizations of the ten possible enve-
lope conformations with ab initio molecular orbital calcula-
tions. Subsequently, the low-energy conformers of each com-
pound were docked in the binding site of DGMII and the re-
sults were compared with interactions of swainsonine ob-
served in a crystal structure with the same enzyme. It has been
shown that mannostatin and aminocyclopentitretrol could
bind to DGMII in a similar mode to that observed with swain-
sonine. The latter compound probably mimics the mannosyl
oxycarbenium ion, which is a putative intermediate in the hy-
drolysis of mannosidases. Thus, it appears that mannostatin
and aminocyclopentitretrol can inhibit GMII enzymes in a simi-
lar fashion. However, due to the flexibility of the five-mem-
bered rings of 1a and 2a, additional low-energy binding
modes could be adopted. It is conceivable that the ring struc-
ture of 1a and 2a remains flexible within the binding site of
GMII enzymes, thereby allowing transitions between different
binding modes. The thiomethyl moiety of mannostatin could
make favorable hydrophobic interactions with Arg228 and
Tyr727. These interactions are not present in complexes with
aminocyclopentitretrol 2a and they therefore provide a ration-
ale for the lower inhibitory potential of this compound. It was
also observed that the five-membered ring of 2a is significant-
ly more flexible than that of 1a and allows additional binding
modes. Attachment of benzyl moieties to mannostatin led to
stacking interactions with the aromatic moiety of Tyr269.
These p–p interactions required, however, a tilting of the ring
structure of 1b that resulted in a disruption of the hydrogen-
bonding network observed. Due to the greater flexibility of
aminocyclopentitretrol 2a, attachment of the benzyl moiety
led to conformers that could make the stacking interactions
without disrupting hydrogen bonds. This observation may pro-
vide a rationale for the improved activities of benzyl-substitut-
ed aminocyclopentitretrols.


It is to be expected that further combinatorial extension of
the benzyl derivatives will lead to compounds that can interact


with the HGMII extended binding pocket for the aglycone of
the natural substrate, thereby accentuating the selectivity of
this enzyme. In this respect, the different binding modes com-
puted for both compounds may provide an important oppor-
tunity for the design of targeted libraries.


Experimental Section


General procedure for reductive amination : A solution of NaOH
in MeOH (0.1m, 0.2 equiv) was added under argon at room tem-
perature to a solution of compound 1a or 2a in MeOH to give a
solution with pH 7. A methanolic solution of benzaldehyde (2.5m,
1.0 equiv) and molecular sieves (3 F) was added to this solution,
then a methanolic solution of NaCNBH3 (1.75m, 0.6 equiv) was
added. After 20 h, the reaction was diluted with MeOH and filtered
through celite. The solution was acidified to pH 1 with 1n HCl and
concentrated in vacuo. The residue was purified by flash chroma-
tography (Iatro beads; CH3CN/HOAc/H2O, 10:0.5:1) to give the
expected product.


(1R,2R,3R,4R,5S)-1-(Methylthio)-2,3,4-trihydroxy-5-(N-benzylami-
no)cyclopentane (1b): Yield: 98%; Rf=0.35 (CH3CN/H2O/HOAc,
10:2:1) ; [a]D=++21.48 (c=0.45, MeOH), lit.=++20.18 [23] (c=0.43,
MeOH); 1H NMR (300 MHz, D2O): d=7.44 (s, 5H), 4.37–4.26 (m, 3H),
4.02 (t, J=4.5 Hz, 1H), 3.96 (t, J=6.0 Hz, 1H), 3.39 (t, J=7.8 Hz,
1H), 3.13 (t, J=7.8 Hz, 1H), 1.99 (s, 3H) ppm; 13C NMR (75 MHz,
D2O): d=130.6, 130.2, 130.0, 129.6, 74.6, 71.5, 68.8, 59.7, 51.3, 50.6,
12.1 ppm.


(1R,2R,3R,4R,5S)-1-(Methylthio)-2,3,4-trihydroxy-5-(N-(p-fluoro-
benzyl)amino)cyclopentane (1c): Yield: 75%; Rf=0.38 (CH3CN/
H2O/HOAc, 10:2:1) ; [a]D=++33.08 (c=0.58, MeOH); 1H NMR
(300 MHz, D2O): d=7.51–7.47 (m, 2H), 7.20–7.1 (m, 2H), 4.37–4.26
(m, 3H), 4.06–3.97 (m, 2H), 3.38 (t, J=7.2 Hz, 1H), 3.14 (t, J=
7.2 Hz, 1H), 2.03 (s, 3H) ppm; 13C NMR (75 MHz, D2O): d=132.4,
132.3, 126.8, 126.7, 116.5, 116.2, 74.7, 71.6, 68.8, 59.7, 51.4, 49.9,
12.1 ppm.


(1R,2R,3R,4R,5S)-1-(Methylthio)-2,3,4-trihydroxy-5-(N-(p-chloro-
benzyl)amino)cyclopentane (1d): Yield: 64%; Rf=0.40 (CH3CN/
H2O/HOAc, 10:2:1) ; [a]D=++15.38 (c=0.28, MeOH); 1H NMR
(300 MHz, D2O): d=7.46 (s, 4H), 4.34–4.28 (m, 3H), 4.05–3.99 (m,
2H), 3.42 (t, J=7.2 Hz, 1H), 3.15 (t, J=7.2 Hz, 1H), 2.03 (s,
3H) ppm; 13C NMR (75 MHz, D2O): d=131.7, 129.5, 74.6, 71.6, 68.7,
59.8, 51.2, 49.9, 12.0 ppm.


(1R,2R,3R,4R,5S)-1-(Methylthio)-2,3,4-trihydroxy-5-(N-(p-bromo-
benzyl)amino)cyclopentane (1e): Yield: 80%; Rf=0.37 (CH3CN/
H2O/HOAc, 10:2:1) ; [a]D=++33.48 (c=0.44, MeOH); 1H NMR
(300 MHz, D2O): d=7.61 (d, J=8.4 Hz, 2H), 7.37 (d, J=8.4 Hz, 2H),
4.31–4.20 (m, 3H), 4.04–3.96 (m, 2H), 3.40 (t, J=6.2 Hz, 1H), 3.11 (t,
J=6.6 Hz, 1H), 2.03 (s, 1H) ppm; 13C NMR (75 MHz, D2O): d=132.4,
131.8, 74.8, 71.6, 68.9, 59.9, 51.7, 49.9, 12.0 ppm.


(1R,2R,3R,4R,5S)-1-(Methylthio)-2,3,4-trihydroxy-5-(N-(p-methoxy-
benzyl)amino)cyclopentane (1 f): Yield: 99%; Rf=0.38 (CH3CN/
H2O/HOAc, 10:2:1) ; [a]D=++28.58 (c=0.63, MeOH); 1H NMR
(300 MHz, D2O): d=7.43 (d, J=8.4 Hz, 2H), 7.02 (d, J=8.4 Hz, 2H),
4.67–4.22 (m, 3H), 4.05–3.96 (m, 2H), 3.38 (t, J=7.2 Hz, 1H,), 3.13
(t, J=7.2 Hz, 1H), 2.00 (s, 1H) ppm; 13C NMR (75 MHz, D2O): d=
131.9, 123.1, 114.9, 74.6, 71.6, 68.7, 59.4, 55.7, 51.3, 50.1, 12.0 ppm.


(1R,2R,3R,4R,5S)-1-(Methylthio)-2,3,4-trihydroxy-5-(N-(p-allyl
ester benzyl)amino)cyclopentane 1g : Yield: 59%; Rf=0.49
(CH3CN/H2O/HOAc, 10:2:1) ; [a]D=++19.38 (c=0.21, MeOH); 1H NMR
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(300 MHz, D2O): d=8.08 (d, J=7.8 Hz, 2H), 7.61 (d, J=8.1 Hz, 2H),
6.11–5.98 (m, 1H), 5.39 (d, J=17.4 Hz, 1H), 5.29 (d, J=10.5 Hz, 1H),
4.65–4.30 (m, 3H), 4.07–3.99 (m, 2H), 3.45 (t, J=7.2 Hz, 1H), 3.17 (t,
J=7.5 Hz, 1H), 2.00 (s, 1H) ppm; 13C NMR (75 MHz, D2O): d=132.1,
130.5, 130.3, 118.7, 74.6, 71.6, 68.7, 66.7, 60.1, 51.2, 50.1, 49.1,
12.1 ppm.


(1R,2R,3R,4S,5S)-1,2,3,4-Tetrahydroxy-5-(N-benzylamino)cyclo-
pentane (2b): Yield: 97%; Rf=0.14 (CH3CN/H2O/HOAc, 10:2:1) ;
[a]D=++1.28 (c=0.59, MeOH); 1H NMR (300 MHz, D2O): d=7.47–
7.40 (m, 5H), 4.30–4.23 (m, 4H), 3.99–3.97 (m, 2H), 3.58 (t, J=
6.3 Hz, 1H) ppm; 13C NMR (75 MHz, D2O): d=130.8, 130.3, 130.0,
129.5, 71.0, 69.0, 58.0, 50.8 ppm.


(1R,2R,3R,4S,5S)-1,2,3,4-Tetrahydroxy-5-(N-(p-fluorobenzyl)ami-
no)cyclopentane (2c): Yield: 73%; Rf=0.25 (CH3CN/H2O/HOAc,
10:2:1) ; [a]D=++1.08 (c=0.69, MeOH); 1H NMR (300 MHz, D2O): d=
7.51–7.46 (m, 2H), 7.20–7.14 (m, 2H), 4.28–4.24 (m, 4H), 3.98 (s,
2H), 3.58 (t, J=6.3 Hz, 1H) ppm; 13C NMR (75 MHz, D2O): d=132.5,
132.4, 71.0, 69.0, 58.0, 50.1 ppm.


(1R,2R,3R,4S,5S)-1,2,3,4-Tetrahydroxy-5-(N-(p-chlorobenzyl)ami-
no)cyclopentane (2d): Yield: 48%; Rf=0.40 (CH3CN/H2O/HOAc,
10:2:1) ; [a]D=++10.08 (c=0.18, MeOH); 1H NMR (300 MHz, D2O):
d=7.37–7.34 (m, 4H), 4.17–4.08 (m, 4H), 3.90 (s, 2H), 3.43 (t, J=
6.3 Hz, 1H) ppm; 13C NMR (75 MHz, D2O): d=131.6, 129.3, 70.9,
69.0, 58.0, 50.0 ppm.


(1R,2R,3R,4S,5S)-1,2,3,4-Tetrahydroxy-5-(N-(p-bromobenzyl)ami-
no)cyclopentane (2e): Yield: 65%; Rf=0.42 (CH3CN/H2O/HOAc,
10:2:1) ; [a]D=++1.48 (c=0.06, MeOH); 1H NMR (300 MHz, D2O): d=
7.62–7.59 (m, 2H), 7.38–7.35 (m, 2H), 4.22–4.18 (m, 4H), 3.98 (s,
2H), 3.68 (t, J=6.6 Hz, 1H) ppm; 13C NMR (75 MHz, D2O): d=131.6,
129.3, 70.9, 69.0, 58.0, 50.0 ppm.


(1R,2R,3R,4S,5S)-1,2,3,4-Tetrahydroxy-5-(N-(p-methoxybenzyl)-
amino)cyclopentane (2 f): Yield: 79%; Rf=0.45 (CH3CN/H2O/HOAc,
10:2:1) ; [a]D=++3.28 (c=0.78, MeOH); 1H NMR (300 MHz, D2O): d=
7.42–7.39 (m, 2H), 7.02–7.00 (m, 2H), 6.05–6.00 (m, 1H), 5.41–5.27
(m, 2H), 4.23 (s, 2H), 3.97 (s, 2H), 3.52 (t, J=6.3 Hz, 1H) ppm;
13C NMR (75 MHz, D2O): d=131.8, 123.3, 114.8, 70.9, 68.9, 57.7,
55.6, 50.1 ppm.


(1R,2R,3R,4S,5S)-1,2,3,4-Tetrahydroxy-5-(N-(p-allyl ester benzyl)-
amino)cyclopentane 2g : Yield: 87%; Rf=0.52 (CH3CN/H2O/HOAc,
10:2:1) ; [a]D=++5.18 (c=0.62, MeOH); 1H NMR (300 MHz, D2O): d=
8.07–8.05 (m, 2H), 7.60–7.57 (m, 2H), 6.05–6.00 (m, 1H), 5.41–5.27
(m, 2H), 4.36 (s, 2H), 4.24 (s, 2H), 3.97 (s, 2H), 3.58 (t, J=6.3 Hz,
1H) ppm; 13C NMR (75 MHz, D2O): d=168.1, 136.2, 132.1, 131.0,
130.4, 118.7, 71.0, 68.9, 66.7, 58.5, 50.3 ppm.


Inhibition studies : Assays with HLM were assembled at 4 8C in a
reaction volume (50 mL) containing 4-methylumbelliferyl a-d-man-
nopyranoside (3 mm ; Sigma), sodium acetate (100 mm ; pH 4.5),
and purified recombinant HLM that was expressed and purified
from HEK293 cells. (Detailed methods will be published separately.)
Assays with HGMII were prepared in a similar reaction volume
containing 4-methylumbelliferyl a-d-mannopyranoside (2.5 mm ;
Sigma), sodium acetate (83.3 mm ; pH 5.6), ZnCl (83.3 mm), and puri-
fied recombinant HGMII that was expressed and purified from
HEK293 cells. (Detailed methods will be published separately.) Re-
actions were incubated for one hour at 37 8C and stopped with the


addition of sodium carbonate solution (150 mL) at a final concen-
tration of 150 mm. Fluorescence was quantified on a Spectramax
Gemini XS fluorescence reader. All fluorescence values are com-
pared to a 4-methylumbelliferone standard curve. Inhibitors were
prepared as stock solutions in water (1–10 mm depending on the
amount of compound) and IC50 data were obtained in triplicate
over a concentration range of 10 nm–1 mm and then plotted as
percentage inhibition versus inhibitor concentration. Ki determina-
tions were performed under similar conditions to IC50 determina-
tions, except that 4-methylumbelliferyl a-d-mannopyranoside con-
centrations were also varied from 160 mm–3 mm. Dixon plots were
used to transform the kinetic data into Ki values.


Computational studies : All the geometry optimizations were per-
formed with the Gaussian 94 program[45] by using density function-
al theory (B3LYP[46–48]) and the 6-31G*[49] basis set. The low-energy
unique conformers of 1a and 2a were determined by optimizing
ten possible envelope conformers (1E, E1,


2E, E2,
3E, E3,


4E, E4,
5E, and


E5; the abbreviated nomenclature used here is similar to the one
suggested for the furanose ring system[50]) by constraining a specif-
ic torsion angle to 08 and allowing all other parameters to optimize
at the BLYP/6-31G* level of theory. The hydroxy and amino groups
of the resulting structures were placed in three different orienta-
tions to give different rotamers, which were reoptimized without
any restraints at the B3LYP/6-31G* level. The solvation effects on
the energies of the resulting conformers were approximated by
using the Poisson–Boltzmann treatment[37,38] provided in the
Jaguar program.[39] The unique envelope conformers obtained
were docked in the binding site of DGMII.


Preparation of ligand and receptor molecules for docking : The crystal
structure of Drosophila GMII complexed with swainsonine (PDB file
code: 1HWW) was used as a model for the macromolecule in dock-
ing experiments. The protein target (DGMII) and the ligands were
prepared for docking by using AutoDock Version 3.0.5.[51, 52] Charg-
es were assigned by using the Kollman algorithm.[53] Atomic solva-
tion parameters and fragmental volumes were determined by
using the Addsol programs available in AutoDock. AutoTors was
used to define torsional angles in the ligand. Polar hydrogen
charges of Gasteiger type[54] were assigned and the nonpolar hy-
drogen atoms were merged with the carbon atoms. The macromo-
lecule was kept rigid in all the docking simulations.


Docking simulations : Grid maps for docking simulations were gen-
erated, with 40 grid points (with 0.375 F spacing) in the x, y, and z
directions, by the Autogrid program. The center of the grid was
positioned at the Zn+2 ion (Zn1102). Lennard–Jones parameters
12–10 and 12–6 (supplied with the program package) were used
for modeling hydrogen bonds and van der Waals interactions, re-
spectively. The distance-dependant dielectric permitivity of Mehler
and Solmajer[55] was used for the calculations of the electrostatic
grid maps. The genetic algorithm (GA) and Lamarckian genetic al-
gorithm with the pseudo-Solis and Wets modification (LGA/pSW)
methods were used with the default parameters. For all simula-
tions, the populations in the genetic algorithm were 50 and each
simulation comprised 2.5N105 energy evaluations. Each docking
experiment consisted of a series of 100 simulations.


The p–p stacking interactions between the phenyl ring in certain
1b and 2b conformers and the phenyl ring in Tyr269 were evaluat-
ed by determining the average distance between the centroids of
the two phenyl rings (Rcen), the angle between the planes of the
two rings (g), and the normal–centroid angle (q), as discussed in
ref. [44].
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NMR Structural Model of the Interaction of
Herbicides with the Photosynthetic Reaction
Center from Rhodobacter sphaeroides
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Introduction


An understanding of the mode of interaction of the photosyn-
thetic reaction center from Rhodobacter sphaeroides with herbi-
cides can reveal important information about the mechanism
of inhibition of photosynthesis in general, due to the close
structural homology of this reaction center with the photosys-
tem II (PSII) complex found in thylakoid membranes of photo-
synthetic eukaryotes and cyanobacteria.[1] A high-resolution
structure of PSII has not yet been determined;[2,3] however,
close homologies exist between the D1 and D2 proteins of PSII
with two subunits, named L and M, of the bacterial reaction
center complex.[4–12] Both the L and M subunits bind the elec-
tron donor (special-pair bacteriochlorophylls) and the electron
acceptor (quinone–iron complex)[9] of the electron-transfer
chain; the quinone site on the L subunit (which binds QB) is ac-
cessible to a variety of electron-transfer-blocking substances,
which can displace QB from its binding site.[13–17] On the contra-
ry, QA (the quinone on the quinone site of the M subunit) is
tightly bound and is more difficult to extract.[1, 18] A six-coordi-
nated FeII ion in a high spin state[16,19,20] is placed between the
QA and QB sites, with the quinone ligands belonging to both
the L and M protein subunits. Although direct involvement has
not been demonstrated so far, iron removal modifies the kinet-
ics without preventing the electron transfer.[1]


A well-defined QB site model has been provided by X-ray dif-
fraction analysis, which shed light on the structure of the inter-
mediates in the reductive reaction cycle.[21,22] In the same way,
several investigations have been performed on inhibitors
bound to the bacterial reaction center.[13, 17,23–26] These inhibi-
tors block the electron transfer from QA to QB and are widely
used as herbicides. A mechanism of competitive inhibitor
action at the QB site has therefore been proposed. However, it
has been noticed[25] that the light-induced formation of QA


�


enhances the dissociation constant of bound inhibitor ; since it
is known that the QA


�QB$QAQB
� step moves QB from a proxi-


mal (closer to FeII) binding site towards a distal (farther from
FeII) one, the inhibitor can be hypothesized to compete with
QB at the proximal site.


Here, we report on the interaction of two herbicides, aci-
fluorfen and paraquat, with the bacterial photosynthetic reac-
tion center (BRC) from Rhodobacter sphaeroides and show by
NMR spectroscopy that the herbicides bind in the vicinity of
the FeII ion and the QB site.


Acifluorfen (ACF) is a diphenylether herbicide belonging to
the first generation of the family of peroxidizers, which induce
inhibition of chlorophyll biosynthesis and photooxidative de-
struction of plant membranes, thus affecting the photosynthet-
ic pigment content.[27,28] Its interaction with the photosystem II
complex has previously been studied.[29–31]


Paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride, PAR) is
the active component of several commercial herbicides that
are used to destroy any type of weed. This chemical com-


The interaction of the herbicides acifluorfen and paraquat with
the photosynthetic reaction center from Rhodobacter sphaer-
oides has been studied by NMR relaxation measurements. Inter-
action in aqueous solution has been demonstrated by evaluating
motional features of the bound form through cross-relaxation
terms of protons at fixed distances on the herbicides. Contribu-
tions to longitudinal nonselective relaxation rates different from
the proton–proton dipolar relaxation were inferred, most proba-
bly due to paramagnetic effects originating from the high-spin


nonheme FeII ion in the reaction center. Paramagnetic contribu-
tions to proton relaxation rates were converted into distance con-
straints in order to build a model for the interaction. The models
place paraquat in the QB site, where most herbicides interact, in
agreement with docking calculations, whereas acifluorfen was
placed between the metal and the QB site, as also demonstrated
by the induced paramagnetic shifts. Acifluorfen could therefore
act to break the electron-transfer pathway between the QA and
QB sites.


[a] Dr. N. D’Amelio, Prof. E. Gaggelli, Dr. E. Molteni, Prof. G. Valensin
Department of Chemistry and the NMR Center
University of Siena, Via A. Moro, 53100 Siena (Italy)
Fax: (+39)0577-234254
E-mail : valensin@unisi.it


[b] Dr. P. Mlynarz
Faculty of Chemistry, University of Wroclaw
F. Joliot-Curie 14, 50-383 Wroclaw (Poland)
and Faculty of Chemistry, University of Gdansk
80-952 Gdansk (Poland)


[c] Prof. W. Lubitz
Max-Planck-Institut f@r Bioanorganische Chemie
Stiftstrasse 34–36, 45470 M@lheim an der Ruhr (Germany)


ChemBioChem 2004, 5, 1237 – 1244 DOI: 10.1002/cbic.200400012 D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1237







pound is adsorbed very fast on the leaves of any plant and
inhibits the photosynthesis process.[32]


Accumulated experience of NMR investigations of medium-
size ligands interacting with macromolecules[33–35] and the
long-range properties of the paramagnetic effect[36–38] originat-
ing from the FeII ion, the only paramagnetic species in the
dark in the BRC, have allowed us to structurally characterize
the bound form of the herbicide from study of its fast-ex-
changing free form and to dock it onto the reaction center.


Results and Discussion


Proton assignment


The 1H NMR spectra of acifluorfen (ACF; 7 mm in D2O at
pH 6.5) and of paraquat (PAR; 6.92 mm in H2O at pH 6.9), both
at 298 K, are shown in Figure 1 together with the molecular
structures of the two herbicides. In both cases, protons were
named according to their appearance order in the spectrum.


The proton assignments for the two molecules are reported in
Table 1.


The assignment of signals for paraquat was straightforward,
while for acifluorfen it was accomplished by COSY and NOESY
2D spectra (data not shown). An NMR assignment of this herbi-


cide had previously been reported.[39] The differences found for
the He and Hf protons are probably due to increased deproto-
nation of the carboxyl group at the higher pH value used in
that report.


Interaction with the bacterial reaction center


Upon addition of the reaction center to acifluorfen, a severe
broadening of lines is observed that increases with the
CBRC :CACF ratio (C= the analytical concentration, Figure 2). We
recorded a series of NMR spectra of the herbicide in the pres-
ence of BRC (CBRC :CACF=1:180) at different temperatures
(Figure 3), which show that the line broadening is increasing
with temperature. Due to the low stability of the reaction
center, we could not reach temperatures higher than 303 K.
The integrity of the sample was checked after any raise in tem-
perature.


The line broadening suggests interaction of the herbicide
with the reaction center, as also ratified by the observed shift
(detectable in Figure 2) and enhancement of selective relaxa-
tion rates (see below). The temperature dependence of the
line broadening strongly supports the idea that the exchange
between the free and bound states is approaching the fast-ex-
change limit (tM


�1>Dñ1/2) at the higher tested temperatures.
In fact, a raise in temperature would, by itself, narrow the line
of bound inhibitor, whatever the mechanism of interaction. Ex-
change between the free and bound forms of acifluorfen
slows down by lowering the temperature, thereby making de-
tection of the bound form difficult at low temperature. As the


Figure 1. NMR spectra and molecular structures of a) acifluorfen (7 mm in D2O
at pH 6.5) and b) paraquat (6.92 mm in H2O at pH 6.9), both at 298 K.


Table 1. 1H chemical shifts [ppm] of acifluorfen (7 mm in D2O at pH 6.5,
values uncorrected for the isotopic effect), both free (df) and in the presence
of increasing amounts of photosynthetic reaction center from Rhodobacter
sphaeroides (d), and of free paraquat (6.92 mm in H2O at pH 6.9; df). Chem-
ical shifts of acifluorfen bound to the reaction center (db) were calculated by
using Equation (1) with the assumption of xb=CBRC/CACF. Dd values are the
differences between the bound and free values. Missing values refer to pro-
tons for which severe overlap caused by broadening prevented the determi-
nation.


Proton df d(CBRC :CACF 1:360) d(CBRC:CACF 1:100) db Dd


acifluorfen
Ha 8.19 8.17 8.10 �2.8 �11.0
Hb 8.01 7.99 7.95 �1.5 �9.5
Hc 7.75 7.74 7.71 �0.3 �8.0
Hd 7.42 7.40 7.38 �0.9 �6.5
He 7.11 7.08 – �5.9 �13.0
Hf 7.03 7.04 – – –


paraquat
Ha 8.96
Hb 8.43
Hc 4.42
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exchange is linked to the line width of NMR signals,
we can estimate its value to be in the range of milli-
to microseconds.


Under fast-exchange conditions, the relationship
between NMR parameters in the bound and free
forms[33] is described by Equation (1), where F refers
to a generic NMR parameter, x is the molar fraction, f
and b subscripts refer to the free and bound states,
respectively, obs stands for observed, and tM is the
exchange time that is the residence time of the mol-
ecule in the adduct (the inverse of the ’off rate’).


Fobs ¼ xfFfþxb
1


F�1
b þtM


ð1Þ


Due to the small amount of reaction center and
the strength of the interaction (as indicated by the
large effect observed on the relaxation rates upon
addition of the reaction center in a ratio of 1:550,


see Table 2), we can safely assume xf�1 and xb=CBRC/Cherbicide.
Consequently, parameters of the bound form can be extracted
to get insight into the structural and motional features of the
interaction.


The value of the molar fraction of bound herbicide was used
to estimate the relaxation rates and shifts of the bound form
for both herbicides by using Equation (1). (Although paraquat
does not display any measurable shift, the relaxation rates
were significantly affected.) Relaxation data are shown in
Table 2. These values must be considered as lower limits of the
“real” value because tM was neglected. The change in the
values of selective relaxation rates for the free and bound
forms reflects the slowing of the reorientational motion caused
by the interaction.


The motional correlation time of the bound form, tR, was es-
timated through the Stokes equation [Eq. (2)] , where h is the
viscosity of the solvent (a value of 8.94M10�4 kgm�1 s�1 based
on the viscosity of water[40] was used), rH is the hydrodynamic
radius of the molecule, k is the Boltzmann constant, and T is
the temperature.


tR ¼
4phr3H
3kT


ð2Þ


The value of rH is estimated according to Equation (3), where
V is the specific volume of the reaction center (a value of
0.73M10�6 m3g�1 was used),[41] M is the molecular weight
(101.8 kDa) of the reaction center, NA is Avagadro’s number,
and rW is the hydration layer (we used a value of 0.16 nm,
which corresponds to one half of a hydration shell).[41]


rH ¼
ffiffiffiffiffiffiffiffiffiffiffi
3VM
4pNA


3


r
þ rW ð3Þ


We obtained a value for the rotational correlation time of
3.12M10�8 s. This value nicely agrees with previous measure-
ments.[42]


Figure 2. NMR spectra of acifluorfen (7 mm in D2O at pH 6.5) at 298 K in the
absence (bottom) and presence of BRC in CBRC :CACF ratios of 1:550 (middle) and
1:365 (top).


Figure 3. Temperature dependence of the NMR spectra of acifluorfen (7 mm in
D2O at pH 6.5) obtained in the presence of BRC at a CBRC :CACF ratio of 1:180.


Table 2. Nonselective (Rnsel), single-selective (Rsel), and double-selective (Rbsel) relaxation
rates of acifluorfen (7 mm in D2O at pH 6.5, value uncorrected for the isotopic effect) and
paraquat (6.92 mm in H2O at pH 6.9) in the presence (obs superscript) and in the absence
(f superscript) of the photosynthetic reaction center from Rhodobacter sphaeroides, with
a CBRC :Cherbicide ratio of 1:550 for acifluorfen and 1:180 for paraquat. Relaxation rates of
the two herbicides bound to the reaction center (b superscript) were calculated by using
Equation (1) with the assumption that xb=CBRC/Cherbicide.


Proton Rnsel
f


[s�1]
Rsel
f


[s�1]
Rbsel
f


[s�1]
Rnsel
obs


[s�1]
Rsel
obs


[s�1]
Rbsel
obs


[s�1]
Rnsel
b


[s�1]
Rsel
b [s�1] Rbsel


b


[s�1]


acifluorfen
Ha 0.27 0.22 0.26 0.60 3.62 2.32 182 1874 1135
Hb 0.16 0.16 – 0.52 2.13 – 198 1085 –
Hc 0.34 0.28 0.34 0.61 4.11 2.41 149 2111 1140
Hd 0.33 0.26 0.32 0.61 4.95 2.35 154 2586 1118
He 0.31 0.25 0.29 0.60 4.21 1.94 160 2183 909
Hf 0.15 0.13 – 0.56 2.54 – 226 1327 –


paraquat
Ha 0.33 0.28 0.32 0.37 0.33 0.36 7.88 10.27 7.96
Hb 0.32 0.29 0.35 0.38 0.36 0.41 10.53 13.59 11.52
Hc 0.65 0.60 – 0.70 0.65 – 11.07 9.49 –
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A way to experimentally evaluate the motional correlation
time of the bound form is to measure cross-relaxation terms,
although they may contain contributions from internal mo-
tions and exchange. Cross-relaxation terms were evaluated by
the difference of double- and single-selective relaxation
rates.[33] Such difference is independent of the occurrence of
relaxation mechanisms other than dipolar mechanisms; its
functional form, s, depends on the motional correlation time
as described by Equation (4), where Rbsel is the double-selective
relaxation rate, Rsel is the single-selective relaxation rate, m0 is
the permeability of vacuum, g is the proton magnetogyric
ratio, �h is the reduced Planck’s constant, r is the interproton
distance, w is the proton Larmor frequency.


s ¼ Rbsel�Rbsel ¼ 1=10


�
m0


4p


�2 g4�h2


r6


�
6tR


1þ4w2t2R
�tR


�
ð4Þ


In the presence of fast exchange, the cross-relaxation terms
of the bound form can be extracted from Equation (1). In the
case of acifluorfen, the residence time was demonstrated to be
rather long (in the range of micro- to milliseconds) and can
therefore prevent the measurement of the cross-relaxation rate
(Fb


�1). For paraquat, the cross-relaxation term between protons
at a fixed distance depends uniquely on the motion of the in-
terproton vector (no significant broadening was observed
upon addition of the reaction center) and we can measure the
correlation time of the motion on both rings by measuring the
cross-relaxation rate, s, of the Ha and Hb protons. The values
are reported in Table 3.


An average value of 7.35M10�9 s for tR was found for para-
quat, a result showing (by comparison with the overall tum-
bling time calculated above) the presence of significant contri-
bution from internal motion. The fact that the exchange is
much faster than with acifluorfen indicates a weaker interac-
tion.


When considering the values of relaxation rates of the
bound form (Table 2), it is quite clear that such high values (es-
pecially for acifluorfen) cannot be explained only by proton–
proton relaxation. Although selective relaxation rates and the


line broadening caused by transverse relaxation can be very
large due to the slow tumbling rate, nonselective relaxation at
this tumbling regime can only be very small (<0.74). Other
contributions to this value can arise from other protons on the
reaction-center surface brought near by the interaction, but
still the values found in Table 2 are difficult to explain if only
proton–proton relaxation is considered. (A maximum value of
0.74 was calculated by using the correlation time obtained
from Stokes’ law and imposing a proton–proton distance of
0.10 nm.)


Most probably, a sizeable effect from paramagnetic relaxa-
tion is present due to the high-spin FeII ion (S=2) placed be-
tween the L and M protein subunits in an octahedral environ-
ment.[16, 43] Location of many herbicides near this paramagnetic
center has been previously reported.[13] This center has also
been shown to have some role in mediating the electron
transfer from the ubiquinone in the QA site to the one in the
QB site.[1] A further confirmation of a paramagnetic effect on
the herbicide protons in the case of acifluorfen is provided by
the proton chemical shifts induced for acifluorfen upon addi-
tion of the reaction center (see Table 1). The paramagnetic
shift (Dd in the table) appears to be negative for protons Ha–
He. (The shift of the Hf proton is too small to be meaningful.)
Since the paramagnetic shift depends on both the distance
from the paramagnetic center and the orientation with respect
to the magnetic susceptibility tensor,[36] a direct correlation of
the position of the protons with respect to the metal is only
possible when an independent estimate of the distances is
provided. However, the sign of the shifts only depends on the
orientation. In our case, we can extract distances from the par-
amagnetic relaxation rates by using the Solomon and Curie
equations[36] (see below). As calculated proton–proton dipolar
contributions to nonselective relaxation rates are all very small,
nonselective relaxation rates of the bound form reported in
Table 2 are a direct measure of paramagnetic contributions.
Table 3 contains distances of each proton from the paramag-
netic center calculated from Equation (5), where mo is the per-
meability of vacuum, mB is the electron Bohr magneton, ge is
the free-electron g factor, gI is the proton magnetogyric ratio,
S is the spin quantum number of the paramagnetic species, wI


and wS are the proton and electron precession frequencies, re-
spectively, tc1, tc2, and tc are correlation times, tr is the rota-
tional correlation time of the protein, tM is the lifetime of the
protein–herbicide adduct, and te1 and te2 are the longitudinal
and transverse electronic relaxation times of the metal ion, re-
spectively. Contact contributions on protein nuclei were con-
sidered to be negligible, with the iron center not being directly
accessible.


Rdip ¼ RSolomon þ RCurie ¼ 2=15
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Table 3. Cross-relaxation rates (s) were measured as the difference between
double-selective and single-selective relaxation rates and were used to esti-
mate the correlation time “tR from s” by using Equation (4). Distances from
the FeII ion (r) were calculated through Equation (5), by using the value of tR
obtained from Stokes’ law, tR=3.12K10�2 ms, for both herbicides (see text
for details).


Proton Ha Hb Hc Hd He Hf


acifluorfen
r [nm] 0.40 0.39 0.41 0.41 0.41 0.38


paraquat
s [s�1] �2.31 �2.07 –
“tR from s” [ms] 7.75M10�3 6.94M10�3 –
r [nm] 0.68 0.65 0.64
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ðtc1Þ�1 ¼ ðte1Þ�1þðtrÞ�1þðtMÞ�1 ð6Þ


ðtc2Þ�1 ¼ ðte2Þ�1þðtrÞ�1þðtMÞ�1 ð7Þ


ðtcÞ�1 ¼ ðtrÞ�1þðtMÞ�1 ð8Þ


As for the determination of the correlation time, in the Solo-
mon part of the equation the electronic relaxation time domi-
nates over the exchange time (which is in the millisecond
range for aciflourfen and certainly larger than picoseconds in
any case) and the rotational correlation time, since it is much
smaller than both. For the Curie part of the equation, the pre-
viously calculated motional correlation time of the bound form
was used (3.12M10�8 s) for both herbicides. We chose to use
this value (and not the one extracted from the cross-relaxation
rate reported in Table 3 that contains the contribution from in-
ternal motions) because the dipolar interaction between the
paramagnetic center and each proton of the herbicide is little
affected by internal motions. However, the estimation of the
correlation time for the Curie contribution to the longitudinal
relaxation time is not critical, since for slow motions the Solo-
mon contribution dominates, especially at short distances.


Finally, in the dark, the only paramagnetic species present in
the system is the FeII center that is in the high-spin state and
displays electronic relaxation times of 10�12–10�13 s.[36] By using
these values, the distances of acifluorfen protons from the
metal vary quite dramatically ; all distances are in the ranges
0.39–0.42 nm with te1=te2=10�12 s and 0.31–
0.33 nm with te1=te2=10�13 s. The second set of dis-
tances appears to be too short, with the FeII ion
being hexacoordinated by the protein. For this
reason, an electronic relaxation time of 10�12 s was
used to evaluate the distances reported in Table 3.
Due to the presence of exchange on the micro- to
millisecond timescale in the case of acifluorfen, para-
magnetic contributions (1/T1


b) could be larger than
the values indicated by Table 2 (as mentioned
before). In cases where the exchange is of the same
order of magnitude as the paramagnetic relaxation
rates (T1


b) or larger, the measured paramagnetic con-
tributions are biased and, in particular, values of T1
shorter than tM are leveled off. For this reason, we in-
terpreted the corresponding distances in terms of
upper limit restraints. Such restraints were used for
structure calculations with the DYANA program[44]


(see Materials and Methods for details), with the
structure of the reaction center kept as determined
by X-ray crystallography.[8] Figure 4 shows some of
the conformations thus obtained for acifluorfen.


The calculation places acifluorfen near the metal,
although the structures obtained have a high value
of target function (a function proportional to the dif-
ference between imposed distances and those ob-
tained in the calculated structure), which indicates a


difficulty in satisfying the steric criteria (represented in the pro-
gram by van der Waals violations) together with the imposed
distances between the herbicide and the iron center given in
the input. This is most probably due to the fact that the pro-
tein has been kept fixed in the calculation, with side-chain re-
arrangements that may be needed for the interaction not
being allowed. Indeed, Figure 5, obtained by building the van
der Waals surface of the BRC structure, shows that there is
some empty space, accessible from outside, in the vicinity of


Figure 4. Possible conformations (within the best five structures) of acifluorfen
bound in the BRC as obtained from the DYANA program with the distance
restraints in Table 3. The orientation is such that the QA and QB quinone sites
(not shown) are on the left and right of the iron center, respectively.


Figure 5. a) Two global views, rotated by 180 degrees with respect to one another, of the
van der Waals surface of the bacterial reaction center. b) Detail of the region near the Fe2+


ion, on the side of the QB site, where in the left part colors range from yellow to dark brown
(through orange and red) with increasing distance from the iron center.
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the QB site of the reaction center, where the herbicide mole-
cule may place itself. This space would even enlarge if the iso-
leucine at position 229 was free to move; interestingly, this res-
idue has been shown, in Rhodobacter sphaeroides, to be in-
volved in a mutation leading to herbicide resistance.[45] More-
over, the observed paramagnetic shifts caused by the iron
center confirm its proximity to the herbicide.


Three main families of structures are found (shown in Fig-
ure 4a–c), one of which (b) places the carboxylate group of
the herbicide near the iron center and could thus be stabilized
by electrostatic interaction. Actually, no interaction was found
at low pH values (data not
shown) where the protonation
of this moiety could weaken the
binding. However, the absence
of paramagnetic effects under
these conditions could be due
to the low stability and/or pre-
cipitation of the reaction center
at low pH values. Another inter-
esting feature is that acifluorfen
is placed halfway between the
iron and QB centers and could
therefore act to block the elec-
tron transfer from QA to QB.


These findings are confirmed
by the results of a docking cal-
culation on the same system
(data not shown), although the
latter places the herbicide far-
ther from the metal than ex-
pected from the experimental
data. The reason is likely to be
the one already mentioned with
regard to the structure calcula-
tion with DYANA, that is, the
protein was also kept fixed in
the docking calculation and
side-chain rearrangements of
residues surrounding the QB site,
in particular Ile229, were not
allowed.


For paraquat the structure
calculation with DYANA is mean-
ingless, since this molecule, due
to its symmetry, contains several
protons that are quite far from
each other but that give rise to
indistinguishable signals; these,
therefore, also give distance
constraints that are averages of
the real ones for the single pro-
tons. In this case we only per-
formed a docking calculation, in
order to see if the experimental
distances were compatible with
a model of the interaction


based on theoretical affinity potentials for the various types of
atoms. The results (Figure 6) show possible structures on two
opposite sides with respect to the iron center and its ligands;
these correspond to the QA and QB sites of the BRC.


Judging from the distances in Table 3, paraquat approaches
the iron center with the methyl part first (this is indicated to
be the nearest) ; among the families of structures found, the
third one (Figure 6c) is in the best agreement with this, a
result suggesting that paraquat would prefer the QB site (Fig-
ure 6a–c) to the QA site (Figure 6d). The location of paraquat
in the QB site is confirmed independently by the fact that the


Figure 6. Results of the docking calculation for paraquat and the BRC. a–d) The four families of conformations found.
The orientation is the same as in Figure 4. e) The stereoview of the best structure (in terms of energy) for paraquat
bound on the QB site is shown with the surrounding residues of the reaction center.
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three lowest energy structure families obtained by the docking
calculation (Figure 6a–c), where no experimental constraints
were included, all place the herbicide in this site. Actually, the
quinone in the QA site is more tightly bound and more difficult
to displace.[1,18] Also, this location of the paraquat molecule in
the QB site (Figure 6a–c) strongly resembles that found for
other herbicides and for the quinone QB,


[4,8,12, 16,17] being sur-
rounded by the same amino acids. This is shown in Figure 6e,
which represents a stereoview of the lowest energy structure
(Figure 6a), with the surrounding residues of the reaction
center. In particular, the polar and acidic moieties of the L sub-
unit (such as SerL223, AspL213, and GluL212) which should be
involved in the proton transfer into the QB binding site[46] find
no oxygen to protonate; this could prevent the photosynthetic
reaction.


Conclusion


The interaction of the two herbicides under examination, aci-
fluorfen (ACF) and paraquat (PAR), with the photosynthetic re-
action center from Rhodobacter sphaeroides has been investi-
gated through NMR relaxation measurements. The interaction
has been demonstrated by evaluating motional features of the
bound form through cross-relaxation terms of protons at fixed
distance on the herbicides, while paramagnetic contributions
to relaxation rates of the herbicide protons, induced by the
high-spin nonheme FeII ion in the BRC, have been converted
into metal–proton distance constraints in order to obtain a
model of the protein–herbicide adduct. The models place both
herbicides in the vicinity of the FeII ion. In particular, ACF is lo-
cated halfway between the metal and the QB site, a result ex-
plaining its blocking action on the electron transfer between
the quinones in the QA and QB sites. For PAR the presence of
pairs of undistinguishable protons far from each other pre-
vents this direct procedure; however the comparison of a
docking calculation with experimentally obtained distances
leads to the conclusion that this molecule prefers the QB site
to the QA site, a conclusion in agreement with the fact that the
former is known to be more easily displaced by electron-trans-
fer-blocking substances.


Experimental Section


Acifluorfen and paraquat were purchased from Supelco Inc. and
were dissolved at basic pH values in D2O and H2O, respectively,
without further purification. The pH value was then adjusted to 6.5
with DCl in the case of acifluorfen and to 6.9 with HCl for para-
quat.


Bacterial reaction center preparations from Rhodobacter sphaer-
oides were obtained as described elsewhere.[47,48] After extraction
and purification the BRCs were dialyzed against TLE buffer com-
prising 0.1% n-dodecyldimethylamine N-oxide (LDAO), 15 mm


tris(hydroxymethyl)aminomethane (Tris)/HCl (pH 8), and 1 mm eth-
ylenediaminetetraacetate (EDTA). The obtained ratio of the optical
absorbance at 280/802 nm was 1.20 for the pure BRC preparation.
The BRCs were concentrated by membrane filtration (Amicon Cen-
tricon 30) to a final concentration of 1.6 mm, as determined by the
optical absorption at 802 nm.


NMR spectra were performed at 14.1T with a Bruker Avance
600 MHz spectrometer at controlled temperatures (298�0.1 K).
Chemical shifts were referenced to [2H4]-trimethylsilylpropanesulfo-
nate ([D4]TSP). The assignment was accomplished with COSY and
NOESY 2D experiments. NOESY spectra were obtained with stan-
dard pulse sequences and mixing-time values of 50–350 ms.
During all 2D experiments, water suppression was achieved by
means of the presaturation or excitation-sculpting method.[49]


Spin-lattice relaxation rates were measured with inversion-recovery
pulse sequences. The same sequence was also used to measure
the single- or double-selective relaxation rates by means of suita-
bly shaped p pulses, generated by the SHAPE TOOL module of the
Bruker program XWINNMR, instead of the usual nonselective p


pulse. All rates were calculated by regression analysis of the initial
recovery curves of longitudinal magnetization components and
had errors not larger than �3%.


T1 values were converted into distance constraints as described in
the Results and Discussion section. Simulated annealing in the tor-
sional angle space was performed by using the PSEUDYANA[50]


module of the program DYANA,[44] with 10000 steps and 300
random starting positions of the herbicide generated by the pro-
gram itself around the bacterial reaction center X-ray diffraction
structure,[8] from which we removed the two quinones because
quinone QB is known to be displaced by a series of herbicides.


Docking calculations were performed with the program Auto-
Dock 3.0.[51–53] A grid of 120 elements for each direction with a
spacing of 0.375 Q was used, centered near the iron atom. The cal-
culations were performed by using the Lamarckian genetic algo-
rithm. A population of 100 individuals was used, of which the best
10 in terms of energy survived at each generation, with a gene
mutation rate of 0.02, a crossover rate of 0.80, a maximum of
250000 energy evaluations and of 27000 generations, and a total
of 256 runs. In this case we also removed the two quinones from
the BRC structure.


Protein charges were assigned according to the GROMOS force
field,[54] with a +2 charge assigned to the Fe ion, while partial
charges of paraquat atoms were determined through an ab initio
calculation with the program GAUSSIAN98[55] by using the natural
bond orbital (NBO) procedure. The calculation was performed with
the restricted Hartree–Fock (RHF) method, by using the 6–31g(d,p)
basis for all atoms.
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Introduction


Interactions between carbohydrates and proteins mediate a
broad range of biological activities beginning with fertilization,
passing through embryogenesis and tissue maturation, and ex-
tending to pathological processes such as tumor metastasis.[1, 2]


Many plants respond to pathogenic attack by producing de-
fense proteins,[3,4] some of these being lectins, carbohydrate-
binding proteins that bind reversibly to chitin, a key structural
component of the cell walls of fungi and exoskeletons of inver-
tebrates. Chitin is a polysaccharide composed of b(1!4)-linked
N-acetylglucosamine (GlcNAc) units (Scheme 1). Most of this
kind of lectins include a common structural motif, rich in con-
served glycine and cysteine residues and organized around a
three-to-five conserved disulfide bond core, usually known as a
hevein domain[5] or chitin-binding motif.[6] This domain is pres-
ent in several plant lectins,[7] such as hevein itself, its natural
variant pseudohevein, Urtica dioica agglutinin (UDA), wheat
germ agglutinin (WGA), Amaranthus caudatus antimicrobial
peptides (Ac-AMP), and also as a component of enzymes with
antifungal activity, such as class I chitinases.[8] Surprisingly,
some small hevein-containing proteins have remarkable anti-
fungal properties[9] even though they do not have any known
enzymatic activity. In humans, hevein is the major allergen of
latex and, together with homologous domains, is directly in-
volved in the latex–fruit allergy syndrome.[10,11]


Elucidation of the mechanisms that govern how oligosac-
charides are accommodated in the binding sites of lectins, an-


tibodies, and enzymes is a topic of major interest.[12,13] From a
chemical viewpoint, the amphipathic character of carbohy-
drates causes different kinds of forces to be involved in their
recognition by a given protein.[14–17] Also, there must be a mini-
mum size for a receptor that is able to provide the required
3D structure to support enough specific interactions for ligand
recognition.[18] X-ray analyses, NMR spectroscopy, molecular
modeling, and calorimetric studies are among the methods
that have been widely used to provide detailed structural and


HEV32, a 32-residue, truncated hevein lacking eleven C-terminal
amino acids, was synthesized by solid-phase methodology and
correctly folded with three cysteine bridge pairs. The affinities of
HEV32 for small chitin fragments—in the forms of N,N’,N’’-triace-
tylchitotriose ((GlcNAc)3) (millimolar) and N,N’,N’’,N’’’,N’’’’,N’’’’’-
hexaacetylchitohexaose ((GlcNAc)6) (micromolar)—as measured
by NMR and fluorescence methods, are comparable with those of
native hevein. The HEV32 ligand-binding process is enthalpy
driven, while entropy opposes binding. The NMR structure of
ligand-bound HEV32 in aqueous solution was determined to be
highly similar to the NMR structure of ligand-bound hevein.


Solvated molecular-dynamics simulations were performed in
order to monitor the changes in side-chain conformation of the
binding site of HEV32 and hevein upon interaction with ligands.
The calculations suggest that the Trp21 side-chain orientation of
HEV32 in the free form differs from that in the bound state; this
agrees with fluorescence and thermodynamic data. HEV32 pro-
vides a simple molecular model for studying protein–carbo-
hydrate interactions and for understanding the physiological
relevance of small native hevein domains lacking C-terminal
residues.
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thermodynamic information on protein–oligosaccharide inter-
actions.[17,19–25]


It seems relevant to verify the relative roles of protein size,
structure, and dynamics, as well as the types of interactions in-
volved in the recognition of carbohydrates by proteins. Hevein
domains are useful models with which to obtain such informa-
tion. Hevein-related polypeptides are small and readily availa-
ble by purification,[26] molecular biology,[27] or peptide synthesis
methods.[28,29] X-ray crystallography,[30,31] NMR spectrosco-
py,[32–35] and calorimetric studies[36] have provided structures for
free and bound hevein and thermodynamic data for the com-
plexes. The aromatic residues at relative positions 21, 23, and
30 in hevein stabilize the complexes by means of CH-p stack-
ing interactions[33–35,37] and van der Waals contacts. The hydroxy
groups of conserved Ser and Tyr residues (19 and 30 in hevein)
are involved in hydrogen-bonding interactions with the car-
bonyl group of the acetamide moiety and the OH-3 of a
GlcNAc residue, respectively.[33–35] The same set of interactions
is common to complexes of WGA,[38–40] pseudohevein,[41] Ac-
AMP2,[42] the UDA dimer,[43,44] and pokeweed lectin.[45]


In this work we have truncated the C terminus of hevein to
obtain a 32-residue peptide (which we call HEV32) by solid-
phase synthesis with three disulfide bonds in a similar pattern
to Ac-AMP2, but with an approximately 50% sequence homol-
ogy to this small peptide (Scheme 1). Secondly, the thermody-
namic parameters of HEV32 binding to N,N’,N’’-triacetylchito-
triose, (GlcNAc)3, and N,N’,N’’,N’’’,N’’’’,N’’’’’-hexaacetylchitohexa-
ose, (GlcNAc)6, have been determined by NMR and fluores-
cence measurements. Finally, we have studied the 3D structure
of HEV32 complexed with (GlcNAc)3 by NMR spectroscopy and
molecular dynamics. A comparison with the corresponding
properties of native hevein from latex either in the free or car-
bohydrate bound form has also been carried out.


The importance of hevein as a major latex allergen and the
antifungal activity of Ac-AMP antimicrobial peptides provides
additional interest for the study of truncated hevein domains.


Results


Synthesis and folding of HEV32


Our experimental studies rely on an efficient synthesis of the
32-residue, N-terminal sequence of hevein (HEV32). From previ-
ous experience, we chose a Boc-based solid-phase synthesis
strategy,[46] with formation of the three internal disulfides by
oxidation of a hexathiol precursor resulting from acidolysis of
4-methylbenzyl-protected Cys residues. HF treatment of the
peptide-resin and reverse-phase HPLC purification led (10%
yield) to the fully reduced HEV32 precursor in a highly pure
(>95% by HPLC) form, m/z=3483.98 ([M+H]+ ; calculated
3483.90 Da). Different redox pairs, temperatures, denaturants,
pH, and buffers were tested[47,48] in a search for optimal condi-
tions, leading to HEV32 with the native disulfide bond pattern
as the major product among 15 possible crosslinked isomers.
The optimal protocol consisted of anaerobic oxidation (Ar at-
mosphere) of the peptide at high dilution (14 mm) in 0.1m Tris-


Scheme 1. Primary sequences of hevein, AcAMP-2, and HEV32, indicating the
disulfide bridge pattern. Chemical structures of chitooligosaccharides.


Figure 1. MALDI-TOF mass spectra of HEV32. A) Reduced HEV32. B) oxidized
HEV32, with a molecular mass 6.0 Da lower than the reduced peptide, due to
the presence of the three disulfide bonds.
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HCl buffer at pH 8 in the presence of 1 mm EDTA and
the redox pair GSH/GSSG to promote thiol/disulfide
reshuffling. The reaction was remarkably clean, and
after 48 h it was possible to isolate the folded HEV32
in a combined yield (folding and purification) of
34%. The folded peptide had the expected amino
acid composition and a molecular mass (m/z=
3478.0, [M+H]+) 6.0 Da lower than that of the fully
reduced precursor peptide (Figure 1).


Thermodynamic analysis of HEV32 and hevein
binding to chitooligosaccharide ligands


The equilibrium association constants (Ka) were first
obtained by 1D 1H NMR titrations. The binding of
(GlcNAc)3 to HEV32 and hevein[33–35] was monitored
by recording 1H NMR spectra of a series of protein
samples in the presence of increasing ligand concen-
trations. The amide proton signals of Ser19, Trp21,
and Trp23 of HEV32 and hevein
are all significantly affected by
the addition of ligand (Figure 2).
The observed effects on chemi-
cal shift and line broadening in-
dicate that the interaction is fast
on the chemical shift NMR time-
scale. Variations of more than
0.2 ppm for the chemical shifts
of the Ser19 NH proton were
monitored and used to deter-
mine Ka values for HEV32
(Table 1).


A van’t Hoff plot of NMR-de-
termined Ka values as a function
of temperature was used to
obtain the equilibrium thermo-
dynamic parameters DH8 and
DS8 (Figure 3, Table 1). It should
be noted that although the
linear assumption in the van’t
Hoff plot is only approximate,
our previous studies with hevein
have demonstrated that the NMR values differ by <10% from
those obtained by isothermal titration microcalorimetry.[33–35]


The entropy of binding, DS0, was found to be negative, as
has also been observed for a variety of chitooligosaccharides
interacting with hevein itself, pseudohevein, WGA, and
UDA.[35,36,40, 41,49] In the current case, the enthalpy values for the
binding of (GlcNAc)3 to HEV32 amounted to �62.6 kJmol�1.
Thus, the enthalpy of binding of HEV32 for the trisaccharide is
higher than for hevein itself. On the other hand, the entropy
loss of HEV32 upon complexation is increased with respect to
the natural peptide and reaches a value of �136 Jmol�1 K�1


(Table 1).
Fluorescence spectroscopy was used to obtain independent


measurement of Ka values for HEV32 and hevein with (GlcNAc)3
and (GlcNAc)6 (Figure 4). Trp21, Trp23, and Tyr30, all found in


the ligand-binding site of hevein domains,[33–35] are the only
residues with significant fluorescence properties. The fluores-
cence titration data were fitted to determine the binding affini-
ties of HEV32 and hevein for (GlcNAc)3 and (GlcNAc)6. An ex-
ample of a fitted binding curve for HEV32 with (GlcNAc)3 is
given in Figure 4C. The DG8 values are provided in Table 1 for
comparison with the NMR data. The fluorescence intensity in
the presence of ligand increased by 88% for HEV32 and by
26% for hevein at 335 nm as determined from calculated Bmax


values (Figure 4A and B). Analysis of plots of lmax versus ligand
occupancy (not shown) provides a free lmax of 345.6 nm and a
bound lmax of 341.2 nm for hevein. Free HEV32 has a lmax of
347.0 nm, which is blue-shifted by 6.5 nm when fully bound by
(GlcNAc)6, but is not appreciably shifted in the presence of
(GlcNAc)3. The similar lmax data and patterns of ligand-induced


Figure 2. NMR Titration experiment for (GlcNAc)3 binding to HEV32 at 298 K. Low-field pro-
tein resonances are shown in the absence (1:0) and in the presence of increased amounts of
(GlcNAc)3 (1:5, 1:12, 1:100 ratios). Well-resolved HN resonances that undergo ligand-induced
changes in chemical shift are shown by dotted lines.


Table 1. Ligand-binding parameters (association constants at different temperatures and corresponding thermody-
namic parameters) for hevein and HEV32 as determined by NMR and fluorescence measurements. Van’t Hoff values
from NMR titrations performed at different temperatures are also given. Titration microcalorimetry values previous-
ly obtained for the hevein/(GlcNAc)5 system are also given.


(GlcNAc)3 (GlcNAc)5


Hevein (NMR) DG8=�23.1�0.4 kJmol�1 DG8=�32.6�0.5 kJmol�1


DH8=�36.4 kJmol�1 DH8=�40.1 kJmol�1


DS8=�44.5 JK�1 mol�1 DS8=�26.3 JK�1 mol�1


HEV32 (NMR) DG8=�21.8�0.4 kJmol�1


DH8=�62.6 kJmol�1


DS8=�136.0 JK�1 mol�1


Hevein (NMR) 298 K 303 K 308 K 318 K
Ka [m


�1] 11500 8700 6900 5700
HEV32 (NMR) 298 K 303 K 308 K 313 K
Ka [m


�1] 7700 4200 3400 2200
(GlcNAc)3 (GlcNAc)6


Hevein DG8=�22.9�0.4 kJmol�1 DG8=�33.0�0.5 kJmol�1


(Fluorescence) D335F=++28% D335F=++23%
298 K
HEV32 DG8=�20.7�0.3 kJmol�1 DG8=�29.4�0.4 kJmol�1


(Fluorescence) D335F=++89% D335F=++86%
298 K
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chemical shifts suggest that the ligand-binding modes of
HEV32 and hevein are similar.


Three-dimensional structure of HEV32 bound to (GlcNAc)3
based on NMR data


The 1H NMR spectrum of the HEV32:(GlcNAc)3 complex was as-
signed in aqueous solution. We followed the NOESY/TOCSY
protocol (Figure 5) previously used for complexes of hevein,
pseudohevein, and the B-domain of WGA.[33–35] The assignment
has been deposited in BioMagResBank (entry code 6123).


According to the Ka (Table 1), HEV32 is more than 90%
bound with (GlcNAc)3 at 303 K under these experimental con-
ditions. A set of 509 intramolecular protein–protein NOEs were
unambiguously assigned and converted into 321 relevant dis-
tance constraints (55 intraresidue, 99 sequential, 73 medium,
and 94 long-range). Unfortunately, not all the ligand–protein
and ligand–ligand NOEs could be unambiguously assigned
(Figure 5). Initially only the structure of the peptide in the com-
plex was addressed, and ligand-derived NOEs were not intro-
duced into the structure calculation.


By starting with 500 randomized conformations and apply-
ing the DYANA program,[50] a group of 50 structures with low
target function values was obtained (Table 2). The 25 best
structures from DYANA were subjected to further refinement
through a simulated annealing protocol by using the AMBER
force field implemented in the AMBER 5.0 package.[51,52] At this
stage, the ligand structure was modeled and introduced into
the calculation in a manner based on our previous studies[33–35]


and supported by the fluorescence and binding data. Nine in-
termolecular and four ligand–ligand distances derived from
the NOESY spectra were introduced as loose constraints to po-
sition the ligand on the protein binding site. The conformation
of the ligand was chosen from that deduced for its complex
with native hevein[33–35] and hevamine.[53] The structures have
been deposited in the Protein Data Bank (entry code 1T0W).
The average backbone root mean square deviation (rmsd) of
the refined structures was 0.79 R, while the heavy atom rmsd


Figure 3. Thermodynamic parameters of (GlcNAc)3-binding to HEV32 deter-
mined by NMR. A) Binding curves derived from NMR titrations for the associa-
tion of (GlcNAc)3 to HEV32. B) van’t Hoff plot of lnKa versus 1/T for HEV32-
(GlcNAc)3 complex.


Figure 4. Spectra of hevein and HEV32 in the presence and in the absence of chitooligosaccharides (with 80% occupancy). A) Fluorescence spectra of hevein in free
(solid line), (GlcNAc)3-bound (dashed line), and (GlcNAc)6-bound (dotted line) states. B) Fluorescence spectra of HEV32 in free (solid line), (GlcNAc)3-bound (dashed
line), and (GlcNAc)3-bound (dotted line) states. C) Titration of (GlcNAc)3 into a HEV32 solution followed by tryptophan fluorescence emission (experimental data
denoted by circles). The solid line represents the least-squares fit of the data (results provided in Table 1).
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was 1.60 R (residues 3–31, Table 2). The ensemble of
25 structures (Figure 6) exhibited very small devia-
tions from ideal geometry and no non-bonded con-
tacts. Moreover, the only disulfide pattern that allows
a 3D structure free from violations is the one corre-
sponding to native hevein, thus confirming the ap-
propriate folding of the synthetic polypeptide.


The two-strand antiparallel b-sheet (between resi-
dues 17–18 and 24–25) and a-helical region (29–32),
previously described for hevein domains,[18,33–35,42, 44]


are also observed in the HEV32 complex structure
(Figure 7).


MD-based three-dimensional structure of HEV32
bound to (GlcNAc)6


While the structure of HEV32 was well defined by the
NMR data, the few intermolecular NOE and ligand re-
straints (Figure 5B) were insufficient to provide a well
defined structure for the ligand in the complex.
Therefore, a series of solvated molecular dynamics
simulations starting from the experimentally derived
(NMR) structures was performed in order to obtain,
semi-independently,[54–56] a complete view of the 3D
structure of the peptide–chitooligosaccharide com-
plex.


Two MD-derived 3D structures of the protein were
obtained in the presence (HEV32B) or absence
(HEV32F) of a chitooligosaccharide ligand as a way to
reveal possible differences between free (HEV32F)
and bound (HEV32B) states. In addition, since refined
NMR data are available for free and chitooligosac-
charide-complexed natural hevein, the same molecu-
lar dynamics protocol was also applied to the full-
length protein (HEVB and HEVF), firstly to validate
the MD approach and secondly to compare both
truncated and full-length proteins.


Previous studies proposed an extended binding
site in hevein domains, able to accommodate up to
six units of GlcNAc, allowing two complementary
binding modes for (GlcNAc)3.


[35,40] To avoid structural
heterogeneity, (GlcNAc)6 was used as a ligand, as it
incorporates both binding modes (Figure 8). The sol-
ution conformation of (GlcNAc)3 in the free state[53]


was taken as a starting point to build the structure of
(GlcNAc)6. The conformers are in agreement with the
occurrence of the exo-anomeric effect and corre-
spond to dihedral angles of F=508�208 and Y=


08�208 for the glycosidic linkages. These angles also
agree with data obtained from standard NMR meth-
ods, molecular mechanics, and dynamics calculations
for chitooligosaccharides bound to hevein[33–35] and
hevamine.[53] A view of the major conformation of
(GlcNAc)6 in solution is also shown in Figure 8. Four
MD simulations (Figure 9) were carried out with the
AMBER 5.0 package with explicit water molecules,
counter-ions, periodic boundary conditions, and


Figure 5. Portions of the 800 MHz NOESY (200 ms mixing time) spectrum of the HEV32/
(GlcNAc)3 complex for a 1:6 molar ratio at 298 K. A) Selected protein–protein peaks are high-
lighted with dotted lines. B) (GlcNAc)3–protein NOEs (dotted lines) are indicated. The inset in
the bottom left corner of panel B corresponds to the TOCSY spectrum, in which the saccha-
ride spin systems (dashed lines) can be detected.
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Ewald sums for the treatment of
electrostatic interactions.[56] No
NMR constraints were applied to
retain the starting structure of
the proteins or to maintain
(GlcNAc)6 in contact with the
protein. Significantly, (GlcNAc)6
remained within the binding site
during the complete duration
of the dynamic simulations
of the complexes. Comparison
with the experimentally derived
NMR structures (HEV32BNMR,


HEVFNMR,[32] and HEVBNMR,[34,35] Table 3) gives a fairly good
correlation between the simulated and the experimentally de-
termined data.


After analysis of the four MD simulations (HEVF, HEVB,
HEV32F, and HEV32B, Figure 9, Table 3), it was possible to ob-
serve that the rmsd for the backbone atoms between residues
3–31 is smaller for hevein than for HEV32 in both the free and
the bound states (see Table 3). It seems that truncation of the
C terminus modifies the dynamic features of the protein, pro-


Table 2. Statistics from DYANA and AMBER restrained MD calculations. Limits of variation interval in brackets.


Method Number of Range Backbone Heavy atoms Dyana target Constraints Average sum Maximum
structures rmsd [R] rmsd [R] function violated >0.2 R violation/ violation/


(no structures) structure structure


DYANA 50 3–31 0.68�0.15 1.20�0.19 0.34�0.05 3 2.2 0.14–0.22
(0.22–1.18) (0.68–1.83) (0.20–0.40) (1, 1, 9) (1.8–2.6)


AMBER 25 3–31 0.79�0.16 1.60�0.31
(0.00–1.16) (0.00–2.26)


Figure 6. Superimposition of 25 structures calculated from restrained AMBER
molecular dynamics simulations with the NOE data obtained for (GlcNAc)3-
bound HEV32. A) A view of the protein. The orientations of the key amino acid
residues for binding are shown. B) An orthogonal view of the protein with
ligand (GlcNAc)6.


Figure 7. Schematic backbone superimposition (residues 3–31) with secondary
structure elements of NMR structures of bound HEV32 (red) and bound hevein
(blue). Modeled structures of (GlcNAc)6 are shown.


Table 3. Rmsd values (M) for the 4.5 ns MD simulations of free hevein (HEVF), bound hevein (HEVB), free HEV32
(HEV32F), and bound HEV32 (HEV32B). Comparison with the experimentally derived (NMR) structures for bound
HEV32 (NMRHEV32B) and free (NMRHEVF)[32] and bound hevein (NMRHEVB).[35] Superimposition range is 3–31 in all
cases.


System Backbone rmsd (3–31) [R] rmsd for key lateral chains Pairwise rmsd (3–31) [R]
Ser19/Trp21/Trp23/Tyr30 Systems rmsd


HEVF 0.45�0.11 0.38/0.32/0.33/0.37 HEVF/HEVB 0.73
HEVF/HEV32F 1.43
HEVF/NMRHEVF 1.06


HEVB 0.39�0.10 0.19/0.28/0.32/0.30 HEVB/NMRHEVB 0.58
NMRHEVB 0.63�0.17 0.16/0.34/0.20/0.30 NMRHEVB/NMRHEV32B 0.94
HEV32F 0.73�0.16 0.49/0.47/0.40/0.41 HEV32F/HEV32B 1.44
HEV32B 0.58�0.12 0.19/0.41/0.31/0.36 HEV32B/HEVB 0.71
NMRHEV32B 0.65�0.18 0.32/0.45/0.21/0.38 NMRHEV32B/NMRHEVF 1.11
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ducing a more flexible peptide. Interestingly, complex
formation only marginally modifies the backbone
rmsd for hevein, by 13%. In contrast, complexation
gives rise to a much better definition of the back-
bone of HEV32, with a 25% decrease in the rmsd.


Discussion


Refolding of synthesized HEV32


The native hevein disulfide pattern of HEV32 was
supported by the ligand affinities (Table 1) and con-
firmed by the NMR structure determination
(Figure 6). The efficient preparation of a synthetic
truncated hevein supports the hypothesis that the N-
terminal domain can form a structurally and function-
ally autonomous entity. The folding of HEV32 is anal-


ogous to the results obtained by Muraki et al.[28,29] with a full
length, synthetic chitin-binding domain.


Thermodynamic analysis of HEV32 and hevein binding to
chitooligosaccharide ligands


The DG8 values for hevein binding to (GlcNAc)3, based on fluo-
rescence and NMR data (Table 1), are very similar to DG meas-
ured by isothermal titration calorimetry (�22.2 kJmol�1).[33–35]


The DG of HEV32 for (GlcNAc)3 is 1.3 (NMR) and 2.2 kJmol�1


(fluorescence) weaker than the corresponding value for hevein
(Table 1). The ligand-induced blue shift in lmax values and the
increase in fluorescence intensity of HEV32 and hevein are sim-
ilar to those reported for WGA.[39,57] These data confirm the
consistency of our results with literature data and indicate a
typical hevein binding mode for HEV32. Comparison of
(GlcNAc)6 binding data shows that truncation of hevein leads
to a loss of 3.6�0.7 kJmol�1 in DG8. These data suggest that
the C terminus of hevein does not appear to make a significant
contribution to the overall binding affinity of chitooligosac-
charide ligands. Although the measured Ka values are in the
same range as those of natural hevein, the van’t Hoff data
show a larger DH8 value for HEV32 compensated for by an in-
creased DS8 that strongly opposes association, as shown in
Table 1. Although the origin of this enthalpy–entropy compen-


Figure 8. MD simulation of HEV32 bound to (GlcNAc)6. The protein
binding site can host GlcNAc units on the labeled positions �1,
+1, +2, and +3. For a given (GlcNAc)3, highlighted in stick repre-
sentation in the figure, either the central unit (panel A) or the re-
ducing end (panel B) may interact with Trp21. The conformation
around all glycosidic linkages (syn-Fy) complies with the exo-
anomeric orientation and is in agreement with the published NMR
data for chitooligosaccharides.


Figure 9. Backbone superimposition (residues 3–31) of 24 structures (taken each �200 ps)
from the 4.5 ns solvated AMBER MD simulations for free and bound hevein. A) Free hevein
(HEVF, rmsd 0.448 M). B) Chitohexaose-bound hevein (HEVB, rmsd 0.395 M). C) Free HEV32
(HEV32F, rmsd 0.731 M). D) Chitohexaose-bound HEV32 (HEV32B, rmsd 0.581 M). The interac-
tion of the C terminus of hevein with the Trp21 region may be observed in panels A and B.
This interaction is absent in the truncated mutant (panels C and D).


ChemBioChem 2004, 5, 1245 – 1255 www.chembiochem.org G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1251


A Minimum Hevein Domain



www.chembiochem.org





sation phenomenon remains an open question,[58–60] it has
been reported,[61] for this magnitude and sign of DS and DH,
that hydrogen bonding and van der Waals forces should be
the most important factors that stabilize the complex. Part of
the observed negative entropy of binding could arise from
rigidification of the carbohydrate and/or protein lateral
chains,[59,60] or by reorganization of the water structure.[58] As
deduced in earlier studies,[33–35] the maximum loss of conforma-
tional entropy by freezing of the (GlcNAc)3 ligand upon bind-
ing to lectin domains can reach 17 kJmol�1 at 25 8C (conforma-
tional entropy estimated from the conformational distribution
map of (GlcNAc)3


[33–35])—less than the value of 40.8 kJmol�1 at
25 8C determined for HEV32. Therefore, it seems that the small-
er truncated domain must pay an entropic penalty with some
reduction of the lateral chains’ flexibility upon binding in order
to better accommodate the trisaccharide, and providing a
more favorable binding enthalpy.


Comparison of HEV32 and hevein structures


Fluorescence resonance energy transfer (FRET)[62] would be ex-
pected to provide a large contribution to the fluorescence in-
tensity, as Tyr30 (a FRET donor) is held 10–15 R from Trp21 and
Trp23 (FRET acceptors). The similar fluorescence spectra of
ligand-bound HEV32 and hevein suggest that aromatic resi-
dues enjoy similar degrees of solvent exposure, relative inter-
residue distances and orientations. This is not the case for free
HEV32 and free hevein, the fluorescence spectra of which are
distinct. The slightly longer wavelength lmax (by 1.4 nm) and
greater degree of solvent quenching in HEV32 in relation to
hevein is consistent with: i) loss of packing between the tyro-
sine and tryptophan residues leading to a larger solvent ex-
posed area, ii) longer mean distances between the tyrosine
donor and one or both tryptophan residues, and iii) different
relative orientations of the FRET donor and acceptors. It is not
possible to factorize these contributions from the fluorescence
data alone. However, each factor is revealed in the NMR and
MD models of the free and bound proteins.


The NMR-derived 3D structure of HEV32 within the complex
(NMRHEV32B, Figure 7) in aqueous solution at pH 5.6 is very
similar (rmsd 0.94 R, residues 3–31, and 0.63 R for residues 16–
30) to that previously deduced by NMR methods for hevein
complexed with chitooligosaccharide ligand in aqueous solu-
tion (NMRHEVB, Figure 7),[33–35] to hevein in the free state,
PDB ID: 1HEV, (NMRHEVF, rmsd, 1.11 R) and to the X-ray struc-
ture of hevein recently deposited in the Protein Data Bank
(PDB ID: 1Q9B, rmsd, 0.833 R).


From the rmsds of the backbone computed from the solvat-
ed MD simulations, the structure of hevein is very similar in
the free and the bound states. The MD rmsds are lower than
the corresponding NMR rmsds, and this indicates the impor-
tance of including water molecules in the simulation analysis.
The NMR and MD structures of the complexes for hevein
(HEVB) and HEV32 (HEV32B) are remarkably similar. Both pro-
teins adopt well defined structures within their complexes that
are better organized (lower rmsds) than the free protein
structures.


Larger differences in the protein structures are observed
when the side chain conformations are taken into account.
The hydrophobic patch formed by the three aromatic residues
is of primary interest (Figure 10). It adopts a precise geometry
in both protein complexes that allows the patches to be cov-


ered by the chitooligosaccharide chain (Figure 10A). The ge-
ometry of the hydrophobic patch is largely retained in the free
hevein MD structures (HEVF), reflecting the fact that the bind-
ing site has been found to be preorganized in hevein do-
mains.[33–35] However, Trp21 adopts a wider range of side-chain
conformations in the free HEV32 MD structures (HEV32F) (Fig-
ure 10B). This is reflected in the comparison of rmsd values for
HEV32 and hevein in their free and bound forms (either NMR
or MD structures) (Table 3, Figure 10).


The rmsds of the three key aromatic amino acid residues of
HEV32 implicated in binding (Trp21, Trp23, and Tyr30) show
differences between the free and the bound states, with Trp21
having the largest difference in rmsd (0.09 versus 0.05 or
0.06 R, Table 3). Smaller differences are observed for full-length
hevein. Trp21 is adjacent to the C terminus of hevein. To con-
clude, the loss of the C terminus from hevein appears to be
the source of the conformational mobility of Trp21 in HEV32
and the resulting differences in thermodynamic and fluores-
cence properties for HEV32 in relation to hevein.


According to the NMR and MD data, both van der Waals and
polar interactions contribute to hevein and HEV32 complex
formation, stabilizing the position of the carbohydrate rings
through the formation of hydrogen bonds and p-stacking in-
teractions with aromatic side chains. NMR, X-ray crystallogra-
phy, and thermodynamic measurements have convincingly


Figure 10. Comparison of free and ligand-bound MD structures for HEV32 and
hevein, as deduced from the corresponding 4.5 ns MD simulations. The struc-
tures are backbone-superimposed (residues 3–31). Side chains of the amino
acids involved in ligand-binding—Ser19, Trp21, Trp23, and Tyr30—are shown
in stick representation. A) HEV32F (yellow) and HEV32B (brown), maximum var-
iation of side chain position occurs for Trp21. B) HEVF (light blue) and HEVB
(blue). C) HEVB (blue) and HEV32B (brown). D) HEVF (light blue) and HEV32F
(yellow).
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documented that these interactions are key features for the es-
tablishment of protein–carbohydrate complexes.[6,33–44,63, 64]


Conclusion


The interaction of HEV32 with chitooligosaccharides has been
described in structural terms, with use being made of a NMR-
derived 3D structure and a modeling procedure. We have
shown that the binding process is enthalpically driven and
that both hydrogen bonds and van der Waals forces contribute
to the stability of the complexes in aqueous solution. In con-
trast to the native protein, the orientations of the amino acid
residues of HEV32 implicated in binding are alterered upon
complexation. Therefore, the environment of the binding site
is significant for prediction of the impact of changes in their
constitutions for binding affinity. Our data support the physio-
logical relevance of small native hevein domains (such as the
native Ac-AMP2) that lack C-terminal residues analogous to
hevein 33–43. In principle, the loss of the C terminus is consis-
tent with a small disorganization of the three aromatic residues
that provide the main chitin binding site. The role of the C ter-
minus might be related to other factors, such as selectivity or
a function as a spacer between hevein and other domains of
chitinases. Further modifications in the electronic and lipophilic
nature of the aromatic rings of hevein domains and their
impact on carbohydrate binding are currently underway in our
laboratory.


Experimental Section


Source of lectin and ligand : Boc-protected amino acids and p-
methylbenzhydrylamine resin (MBHA) were from Neosystems
(Strasbourg, France) and Bachem (Bubendorf, Switzerland), respec-
tively. Dichloromethane (DCM) and dimethylformamide (DMF) for
peptide synthesis, and HPLC-grade acetonitrile (MeCN) were from
SDS (Peypin, France). Trifluoroacetic acid (TFA), diisopropylethyla-
mine (DIEA), and other chemicals were from Sigma–Aldrich.


Instrumentation : HPLC preparative and analytical separations
were performed with Waters Delta PREP 4000 and Shimadzu LC-6A
systems, respectively. Amino acid analysis of peptide hydrolysates
(6n HCl, 155 8C, 1 h) were run on a Beckman 6300 analyzer.
MALDI-TOF mass spectra were acquired on a Voyager DE-STR spec-
trometer (Applied Biosystems) in the linear mode by using a-
cyano-4-hydroxycinnamic acid for the matrix. NMR: 1D and 2D
spectra were recorded on 500 MHz Varian UNITY, and Bruker
Avance 500 and 800 MHz spectrometers. Fluorescence experiments
were performed on a Hitachi F-2500 spectrometer at 298 K (main-
tained with a Julaba F-12 temperature control unit).


Peptide synthesis : The 32-amino acid sequence of HEV32 was as-
sembled as a C-terminal carboxamide on a MBHA resin by standard
Boc solid-phase peptide synthesis protocols, in the manual mode.
The original resin substitution (0.70 mmolg�1) was lowered
(0.30 mmolg�1) by substoichiometric coupling of Boc-Ser(Bzl)-OH
(0.5 equiv), followed by capping with acetic anhydride. The syn-
thetic cycle included Boc deprotection with TFA/DCM (40% v/v, 1
+ 20 min, 25 8C), neutralization with DIEA/DCM (5% v/v, 5U1 min)
and Boc-amino acid coupling in the presence of 2-(1H-benzotria-
zol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) and
DIEA (4, 4, and 8 equivalents, respectively) for 30 min, 25 8C, plus


DCM and DMF washes. Amino acid side chains were protected
with benzyl (Ser, Thr), 2-bromobenzyloxycarbonyl (Tyr), 2-chloro-
benzyloxycarbonyl (Lys), cyclohexyl (Asp, Glu), formyl (Trp), 4-meth-
ylbenzyl (Cys), tosyl (Arg), and xanthyl (Asn, Gln) groups. After
chain assembly, the N-terminal Boc group was removed (40% (v/v)
TFA)/DCM, 1 + 20 min, 25 8C), and the peptide-resin was washed
with DCM and DMF, treated with piperidine/DMF (1:1 v/v ; 1 +
20 min, 25 8C) to remove the formyl group, washed, and air-dried.
The peptide was then fully deprotected and cleaved from the resin
by acidolysis with anhydrous HF/p-cresol (9:1 v/v, 1 h, 0 8C). The
crude hexathiol peptide was taken up in 10% AcOH, lyophilized,
and purified by reverse-phase HPLC on Kromasil C8 (Akzo Nobel,
2U25 cm, 10 mm, 100 R pore size), by use of a 15–50% linear gra-
dient of 0.1% (v/v) TFA/MeCN into 0.1% TFA/water over 120 min at
25 mLmin�1. The purity and identity of the different fractions were
assessed by analytical HPLC and by amino acid analysis and
MALDI-TOF mass spectrometry, respectively. Fractions judged to be
of sufficient purity (>95% by HPLC) were pooled, lyophilized, and
used for oxidative folding.


In the optimal folding protocol, the hexathiol peptide was dis-
solved at 14 mm (0.1m Tris-HCl, 1 mm EDTA, pH 8) under an Ar at-
mosphere in the presence of reduced (GSH) and oxidized gluta-
thione (GSSG) to give a peptide/GSH/GSSG ratio of 1:100:10. After
gentle stirring for 48 h at 25 8C, and when the Ellman test[65] of the
major HPLC product was negative, the reaction mixture was
quenched by TFA addition and then directly loaded onto a prepa-
rative reverse-phase HPLC system (see above) and purified by use
of a linear 5–35% gradient of 0.1% TFA/MeCN into 0.1% TFA/
water over 75 min. The peptide was further characterized by
MALDI-TOF mass spectrometry and amino acid analysis. Oligosac-
charides were purchased from Toronto Research Chemicals,
Canada.


NMR titration experiments : The binding of the carbohydrate to
hevein and HEV32 was monitored by recording of 1D 500 MHz
1H NMR spectra of a series of samples at increasing ligand concen-
tration (ten different concentrations) as previously described.[33–35]


The concentration of the protein during the experiments was kept
constant (ca. 0.18 mm). The samples were prepared by dissolving
the lyophilized protein in buffer (1H2O/


2H2O 85:15, 100 mm NaCl,
20 mm NaH2PO4, pH 5.6, 1.0 mL). The 1D NMR spectrum for the
sample with the highest ligand/protein ratio was recorded by dis-
solving the corresponding oligosaccharide (16 mm) in the lectin-
containing solution described above (0.5 mL). The titration curve
was established by addition of small aliquots of the highest ligand/
protein ratio sample to the ligand-free protein sample as previous-
ly described Thermodynamic equilibrium parameters, DS and DH,
for the protein–(GlcNAc)3 interaction were determined from
van’t Hoff plots in which the affinity constants were assessed at 25,
30, 35, and 40 8C.


Two-dimensional NMR experiments : The spectra were recorded
at 500 and 800 MHz. The sample HEV32/(GlcNAc)3 complex (1:6
molar ratio, 0.5 mm protein concentration) was prepared in H2O/
D2O, 85:15, 100 mm NaCl, 20 mm NaH2PO4, pH 5.6 solution and de-
gassed by passage of argon. TOCSY[66] (80 ms mixing time) was
performed by use of standard sequences at 298 K. 2D NOESY ex-
periments[67] were performed with mixing times of 200 and 300 ms
at 298 K.


Structure calculations : The torsion angle dynamics protocol, as
implemented in the DYANA[68] package, was followed. Upper limits
for proton–proton distances were obtained from NOESY cross-peak
intensities at two mixing times (200 and 300 ms). Cross-peaks were
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classified as strong, medium, and weak, corresponding to upper
limits of 2.6, 3.5, and 5.5 R. The lower limit for proton–proton dis-
tances was set as the sum of the van der Waals radii of the pro-
tons. Constraints involving diastereoisomeric atoms were defined
to an intermediate position (pseudoatom) and assigned an addi-
tional distance of 2.20 R. Disulfide linkages were included as dis-
tance constraints between S�S (2.0 R< r<2.1 R) and between Cb�
S (3.0 R< r<3.1 R). Distance geometry calculations were per-
formed on a Linux PC computer by use of DYANA. A set of 321 dis-
tance constraints derived from protein–protein NOEs, plus 13 im-
plied distance restraints relating to the ligand, were used in the
final round of calculations. The 25 best DYANA structures in terms
of target function were subjected to restrained molecular dynam-
ics[69] with the AMBER[52] force field. After an initial restrained
energy minimization (REM) with 2000 conjugate gradient itera-
tions, the structures were equilibrated at 600 K for 2 ps and, at this
temperature, their conformational behavior for the next 2 ps was
simulated by restrained molecular dynamics (RMD). In the next
step, the structures were subjected to a cooling regime, in which
the temperature was decreased by 100 K every 2 ps until a temper-
ature of 100 K was reached. At this temperature, 4 ps of RMD cal-
culations were carried out. The final structures were energy-mini-
mized (REM) by use of 2000 conjugate gradient iterations. The re-
fined structures can be found in the Protein DataBank (PDB ID:
1T0W).


Molecular mechanics and dynamics calculations : F is defined as
H-1’’-C-1’’-O-C4’/H-1’-C-1’-O-C4 and Y as C1’’-O-C4’-H4’C�1’-O-C4-
H4 for the non-reducing-middle and middle-reducing disaccharide
entities respectively. The MD calculations for the complexes were
performed by use of the AMBER 5.0 package.[52] Atomic charges for
the chitooligosaccharides in the MD simulations of the complexes
were AMBER charges. Starting glycosidic torsion angles were taken
from the MM3* calculations for (GlcNAc)3. The input files were pre-
pared from the NMR-derived structures by use of the X-LEAP
module of the AMBER package. The obtained initial structures
were immersed in a box of 3017 TIP3P water molecules in order to
obtain accurate solvation. Cutoff for nonbonding interactions was
set to 11.0 R. The molecular dynamics simulations were carried out
with the Sander module and were performed by use of periodic
boundary conditions and the particle-mesh Ewald approach to in-
troduce long-range electrostatic effects. The SHAKE algorithm for
hydrogen atoms, which used a 2 fs time step, was employed.


All simulations (HEVF, HEVB, HEV32F, and HEV32B) were performed
at constant pressure and temperature, with use of the Berendsen
coupling algorithm for the latter. Equilibration of the system was
carried out as follows: as a first step, a short minimization with po-
sitional restraints on solute atoms was run to remove any poten-
tially bad contacts. The force constant for the positional constraints
was 500 Kcalmol�1 R. Next a 12.5 ps molecular dynamics calcula-
tion was run at 300 K with maintaining of positional restraints on
the ligand in order to equilibrate the water box and ions. A 9 R
cutoff was used for the treatment of the electrostatic interactions.
The system was further equilibrated (12.5 ps run at 300 K) by use
of the mesh Ewald approach for long-range electrostatic effects.
Then, the system was subjected to several minimization cycles
(each using 1000 steepest descent iterations) gradually reducing
positional restraints on the chitooligosaccharides from 500 Kcal
mol�1 R to 0. Finally, MD trajectories at constant pressure (1 atm)
and temperature (300 K) were collected and analyzed by use of
the Carnal module of AMBER. Structures were recorded every
0.5 ps for a total calculation time of 4.5 ns in all cases.


Fluorescence samples : The concentrations of stock hevein and
HEV32 were calculated by UV based on calculated 280e values of
13140 and 13020m�1 cm�1, respectively.[70] Fluorescence experi-
ments were performed with hevein (9.2U10�7


m) and HEV32 (6.0U
10�7


m), with corrections to account for the different protein con-
centrations. The stock chitooligosaccharide concentrations were
calculated by weight.


Emission fluorescence : Experimental parameters were lex=
280 nm, lem scanned between 310 and 390 nm over 120 s, excita-
tion and emission slits of 5 nm and datapoints collected each
0.5 nm. Experiments were performed in buffer (0.1m NaCl, 0.02m
NaH2PO4, pH 5.6, 2 mL). Chitooligosaccharide solution (14–18 ali-
quots) was added to the protein solutions, and protein dilution, up
to 7%, was corrected. Titration data were followed at a fixed wave-
length of 335 nm, providing the maximum difference between
bound and free protein spectra. Titration data were least-squares
fitted in Sigmaplot v8.02 (SPSS Inc. , USA) by use of a curve-fitting
routine that corrects for bound protein concentration.
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Introduction


The primary component of the intracellular protein degrada-
tion pathway is the proteasome, which acts as an effective ma-
chinery for regulating vital cell processes such as cell-cycle pro-
gression, apoptosis, and NF-kb activation.[1] The proteasome is
a multicatalytic protease complex containing various active
sites within its central core (CP, core particle; 20S proteasome)
and a 19S regulatory complex which is attached to the CP and
is responsible for substrate recognition and unfolding. Struc-
ture assembly and enzymatic mechanisms have been elucidat-
ed only for the CP, whereas the organization of the regulatory
particle is less well understood.[2] The CP is a large barrel-
shaped protein complex consisting of four rings of subunits
which are tightly packed in an a1–7b1–7b1–7a1–7 arrangement.
While the a subunits exert substrate gating functions,[3] the b


subunits act as the proteolytic centers, and only the fully as-
sembled CP is able to degrade the unfolded proteins into
small-sized peptides in a processive manner.[4] In eukaryotic
CPs, three b-type subunits (b1, b2, and b5) are autolytically
processed to generate the enzyme active sites, whereas the
other four b-type subunits remain inactive. Within the CP, each
pair of proteolytically active subunits shows a certain degree
of substrate specificity with the b1 subunits particularly re-
sponsible for post-glutamyl peptide hydrolyzing (PGPH) cas-
pase-like activity, the b2 subunits exhibiting trypsin-like activity,
and the b5 subunits chymotrypsin-like activity.[5] The S1 pock-
ets of these subunits are the major specificity determinants
and are appropriately polar and sized to accommodate acidic,


basic, and apolar P1 side chains, respectively, but also bind
noncomplementary residues in a manner consistent with the
low specificity of the proteasome.[2,5b] This last property raises
the main difficulties in the design of highly selective inhibitors
even though the surface characteristics of the substrate bind-
ing subsites are known from X-ray crystallographic studies and
the binding modes of various small-sized synthetic and natural
inhibitors have been elucidated.[2,6]


Because of the promising therapeutic potential of protea-
some inhibition,[1b, c, 7] much attention has been paid to the de-
velopment of synthetic inhibitors and to the discovery of natu-
ral ligands. Besides the synthetic inhibitors derived from 2-ami-
nobenzylstatine,[8] only the secondary metabolites TMC-95A


The complex thermodynamics that govern noncovalent protein–
ligand interactions are still not fully understood, despite the expo-
nential increase in experimental structural data available from X-
ray crystallography and NMR spectroscopy. The eukaryotic 20S
proteasome offers an ideal system for such studies as it contains
in duplicate three proteolytically active sites with different sub-
strate specificities. The natural product TMC-95A inhibits these
proteolytic centers noncovalently with distinct affinities. X-ray
crystallographic analysis of the complexes of the yeast protea-
some core particle with this natural inhibitor and two synthetic
analogues clearly revealed highly homologous hydrogen-bonding
networks involving mainly the peptide backbone despite the
strongly differentiated binding affinities to the three active sites
of the 20S proteasome. The natural product and the two ana-


logues are constrained in a rigid b-type extended conformation
by the endocyclic biaryl clamp, which preorganizes the peptide
backbone for optimal adaptation of the ligands to the active site
clefts and thus favors the binding processes entropically. Howev-
er, the biaryl clamp also dictates the orientation of the P1 and P3
residues and their mode of interaction with the protein binding
subsites. This limitation is optimally solved in TMC-95A with the
conformationally restricted (Z)-prop-1-enyl group acting as P1
residue, at least for the chymotrypsin-like active site ; however, it
critically affects the inhibitory potencies of the analogues, thus
suggesting the use of less-rigid endocyclic clamps in the design
of proteasome inhibitors that allow for a better presentation of
residues interacting with the active site clefts of the enzyme.
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and its diastereoisomers TMC-95B/C/D from Apiospora montag-
nei have been recognized as potent reversible inhibitors of
human 20S proteasome.[9] TMC-95A (1) is a cyclic tripeptide
derivative which is constrained into a 17-membered-ring struc-
ture by an endocyclic biaryl system derived from tyrosine and
a highly oxidized tryptophan side chain (Scheme 1). Its nonco-


valent binding to the b1, b2, and b5 active sites of yeast CP
has been characterized by X-ray crystallographic analysis.[6a]


The interactions of the inhibitor with the active site clefts con-
sist mainly of hydrogen bonds between its rigid extended pep-
tide backbone and the protein to form an antiparallel b-sheet
structure with an additional hydrogen bond involving the oxin-
dole group. The tyrosine residue of the inhibitor interacts only
weakly with the shallow hydrophobic S4 subsites of all active
sites, while the hydroxy group is exposed to the solvent. Simi-
larly, the N-terminal 3-methyl-2-oxopentanoyl group is exposed
to the bulk solvent without apparent interactions with the pro-
tein. Thus, the conformationally restricted C-terminal (Z)-prop-
1-enyl moiety (P1 residue) and the central asparagine (P3 resi-
due) should be mainly responsible for the significantly differen-
tiated binding affinities of TMC-95A to the three active sites.[6a]


A minimal TMC-95 core structure (Scheme 1, 2) was therefore
derived from these crystallographic data and from a compari-
son with the binding mode of epoxomicin.[6a,b]


This synthetically less challenging scaffold was expected to
represent a promising lead for the development of a new class
of noncovalently binding proteasome inhibitors. In the present
study, a first set of related derivatives were synthesized and an-
alyzed for their inhibitory potencies and mode of binding to
yeast 20S proteasome. The information derived from the X-ray
data suggests less rigid scaffolds are more suitable for an opti-
mal display of groups interacting with the binding subsites of
the b1, b2, or b3 active centers.


Results


Design and synthesis of TMC-95A analogues


The X-ray-derived minimal core structure of TMC-95A (2,
Scheme 1) lacks the 3-methyl-2-oxopentanoyl group at the N-
terminus, the synthetically challenging cis-enamide group at
the C-terminus, and the two hydroxy groups of the tryptophan
moiety; however, the oxindole group is retained since it is hy-
drogen bonded to the protein surface. Similarly, the tripeptide
backbone is retained because of its essential contribution to
the hydrogen-bonding networks at the three active sites of the
20S proteasome. To analyze to roles of the P1 and P3 residues
in modulating the inhibitor specificities for the trypsin-, chymo-
trypsin-, and caspase-like activities, this scaffold was substitut-
ed C-terminally with an n-propyl group (acting as the P1 resi-
due) and N-terminally with a benzyloxycarbonyl (Z) N-protect-
ing group, while the central Asn residue of TMC-95A was kept
as the P3 residue (2a) (for a preliminary communication see
ref. [10]). In a second analogue (2b), the (Z)-prop-1-enyl group
of TMC-95A was replaced by a norleucine (Nle) side chain and
Asn by Leu with the aim of increasing the specificity for the
chymotrypsin-like active site. In the case of calpain inhibitor I
(Ac-Leu-Leu-Nle-H)[11] and peptide vinylsulfones,[12] similar P1
and P3 residues were found to be well suited for this purpose.
The superimposition of the X-ray structures of the latter inhibi-
tors[2b,6c] with that of TMC-95A[6a] in complexes with yeast CP
showed an almost identical peptide backbone display, thus
suggesting similar orientations of the Leu and Nle side chains
when incorporated into TMC-95A to act as P1 and P3 residues,
respectively. To facilitate the synthesis of these analogues, the
tyrosine hydroxy group was methylated.


Model studies showed that the synthesis of the biaryl
system proceeded with better yields by a Suzuki coupling be-
tween a phenol boronic acid and a halogenated indole rather
than vice versa.[13] Therefore, the required intermediate, 7-
bromo-l-tryptophan, was synthesized by enzymatic procedures
from 7-bromoindole and l-serine with tryptophan synthase[14]


by following essentially the method reported for the enzymatic
synthesis of chloro-l-tryptophans.[15] Because of the low yields
and the need for recombinant tryptophan synthase, a new
chemical synthesis was developed for the 7-bromo-l-trypto-
phan derivative, which is based on a previously reported syn-
thesis of b-(1-azulenyl)-l-alanine[16] (see Supporting Informa-
tion). Macrolactamizations of linear precursors containing the
biaryl system of TMC-95A (with its highly oxidized Trp compo-
nent) were reported to proceed in good yields.[17] Therefore,
the two analogues 2a and 2b were prepared by following the
synthetic route reported in our preliminary communication.[10]


Briefly, this involves cyclization of the biaryl-containing precur-
sors upon oxidation of the indole group to the oxindole; this
allows sp3 hybridization of the indole C3 atom as required for
ring closure to the constrained 17-membered macrocycle. In
fact, molecular dynamics (MD) simulations with the (R)-C3 dia-
stereoisomer confirmed that for steric reasons cyclization is
only possible with the (S)-C3 diastereoisomer.


Scheme 1. Structure of the natural product TMC-95A (1) and of the related
synthetic analogues 2a and 2b ; according to the X-ray structure of the TMC-
95A–yeast CP complex the R1 and R2 residues should act as P1 and P3 residues,
respectively, and thus interact with the S1 and S3 subsites of the proteasome
active sites; Z=benzyloxycarbonyl.
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Highly convergent solution structures were calculated for
the analogues 2a and 2b with NMR-derived distance con-
straints (Figure 1). The root mean square deviation (rmsd)
values of 0.065 I and 0.055 I for backbone atoms and 0.19 I
and 0.15 I for the heavy atoms of the aromatic residues of 2a
and 2b, respectively, reflect the rigidity of the cyclic structure.
A comparison of these structures with that of TMC-95A in the
yeast CP-bound state[6a] reveals differences only in the spatial
display of the P1 and P3 residues (Figure 1). Thus, from a struc-
tural point of view, these analogues were expected to bind to
the 20S proteasome in a mode very similar to TMC-95A and
with a minimum of entropic penalty.


Inhibition of human, bovine, and yeast 20S proteasome by
TMC-95A


In the case of proteasome CPs, kinetic parameters are known
to depend significantly on the assay conditions and enzyme
preparation. For the present study, the yeast CP was prepared
in high homogeneity by a newly optimized procedure (see Ex-
perimental Section). Inhibition of the chymotrypsin-, trypsin-,
and caspase-like activities of this yeast CP by TMC-95A, 2a, 2b,
and calpain inhibitor I (Ac-Leu-Leu-Nle-H) was determined in
the presence of detergents to allow comparison with kinetic
parameters reported for TMC-95A[9a] and its synthetic replica[18]


using human and bovine 20S proteasome, respectively. Under
these conditions, TMC-95A was found to inhibit the chymo-
trypsin-like activity of yeast CP, human,[9a] and bovine en-
zymes[18] with practically identical potency (Table 1). However,
the trypsin-like activity of yeast CP is inhibited by TMC-95A
with significantly higher potency than that of the human and
bovine species. The opposite is observed for caspase-like activ-
ity: the bovine and human enzymes are more potently inhibit-
ed by TMC-95A. In a similar manner, differences are observed
when inhibiting yeast and human CPs with calpain inhibitor I
(Table 1). These results suggest that both the potency and spe-
cificity of proteasome inhibitors depend significantly on the
source of the enzyme despite the strong sequence homologies
and the highly convergent 3D structures of 20S proteasomes
from different species.[2, 19]


Inhibition of yeast 20S proteasome by TMC-95A analogues


Replacement of the conformationally restricted (Z)-prop-1-enyl
moiety of TMC-95A with the flexible n-propyl chain (acting as
the P1 residue) leads to a 20-fold decrease of binding affinity
for the b5 subunits (chymotrypsin-like activity) of bovine 20S
proteasome (Ki=24 nm).[18] For the analogue 2a, which con-
tains the same C-terminal replacement, a 500-fold lower inhibi-
tion of yeast CP was observed relative to TMC-95A (Table 2).


Compared to TMC-95A, the compound 2a contains, in addition
to the flexible n-propyl chain, an N-terminal benzylurethane in-
stead of the alkylketoamide group. Moreover, it lacks the two
hydroxy groups at the tryptophan moiety. According to the X-
ray structures (vide infra), neither the N-terminal replacement
nor the absence of the two hydroxy groups can account per se
for the additional factor of 25. A combination of both modifi-
cations therefore has to be responsible for the significantly
lower affinity observed.


The inhibitory potencies of TMC-95A for the trypsin- and
caspase-like activities of bovine 20S proteasome (Table 1) are
again lowered by one order of magnitude upon replacing the
(Z)-prop-1-enyl with the n-propyl chain.[18] In the case of yeast
CP, inhibition of the trypsin-like activity by 2a is reduced only
by a factor of 3–4 compared to TMC-95A (Table 2), but inhibi-
tion of the caspase-like activity is reduced by two orders of
magnitude. These results confirm the existence of structural
differences between the b1 active sites of proteasomes from
different species.


Figure 1. Comparison of NMR-derived structures of the TMC analogues 2a
(orange) and 2b (violet) with the structure of TMC-95A (green/normal atom
colors) in the crystallized complex.[6a] Backbone atoms were used for the super-
imposition. The rmsds (referenced to the natural product) of 0.44 I and 0.53 I
were calculated for 2a and 2b, respectively. The N-terminal benzyloxycarbonyl
group is omitted in both analogues.


Table 1. Inhibition of yeast[a] (Ki [mm]), bovine[b] (Ki [mm]), and human 20S
proteasome[c] (IC50 [mm]) by TMC-95A and Ac-Leu-Leu-Nle-H.


Inhibitor Chymotrypsin-like Trypsin-like Caspase-like
activity activity activity
(b5 subunit) (b2 subunit) (b1 subunit)


TMC-95A (1) 0.0011�0.00007[a] 0.043�0.007[a] 0.65�0.023[a]


0.0011�0.0001[b] 0.81�0.12[b] 0.029�0.004[b]


0.0054[c] 0.20[c] 0.06[c]


Ac-Leu-Leu-Nle-
H


0.630�0.025[a] 230�27.8[a] �1800[a]


6.6[c] 6.0[c] 21[c]


[a] Values determined in the present study with the yeast CP prepared
according to an optimized protocol. [b] Values reported from ref. [18] .
[c] Values reported from ref. [9a] .


Table 2. Inhibition of yeast 20S proteasome (Ki [mm]) by TMC-95A and its
analogues 2a and 2b.


Inhibitor Chymotrypsin-like Trypsin-like Caspase-like
activity activity activity
(b5 subunit) (b2 subunit) (b1 subunit)


TMC-95A (1) 0.0011�0.00007 0.043�0.007 0.65�0.023
2a 0.55�0.029 0.15�0.005 90�8.4
2b 1.2�0.06 (K t


i) 5.3�0.6 (K t
i) �1000


2.4�0.09 22�2.6
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Replacement of the (Z)-prop-
1-enyl group with Nle-amide
(acting as the P1 residue) and of
Asn with Leu (acting as the P3
residue) to specifically address
the b5 subunits proved to be an
unfavorable approach. Inhibition
of both the chymotrypsin- and
trypsin-like activities by 2b
shows two phases with tempo-
rary Ki values of 1.2 mm and
5.3 mm, which then convert to
the higher values of 2.4 mm and
22 mm, respectively. This observa-
tion can only be explained by a
chemical transformation of 2b
derived from hydrolysis of the C-
terminal amide if this scissile
amide bond is positioned in sub-
strate-like mode upon binding
of 2b to the active sites. Mass
spectrometry studies confirmed
the occurrence of this hydrolysis.
By monitoring the amide hydrol-
ysis with HPLC upon exposure of
2b to yeast proteasome in the
presence of substrate, a t1=2 value
of 27 min was derived (see Ex-
perimental Section). The result-
ing carboxylate apparently leads
to a less favorable binding of
the inhibitor to b5 and in an
even more pronounced manner
to the b2 subunit. The latter ob-
servation is rather surprising,
since in crystals of the CP–inhibi-
tor complexes, compound 2b
binds to the b2 subunit in a
mode similar to 2a and TMC-95A, but to the b5 subunits in a
different manner (vide infra).


The binding affinity of 2b for b1 subunits is even more re-
duced than in the case of b2 and b5. This may well be ex-
plained by the presence of an Arg residue in the S1 pocket of
the b1 subunits, which dictates selectivity for negatively charg-
ed residues and thus induces the caspase-like activity.


X-ray crystallographic analysis of proteasome complexes
with 2a and 2b


Well-defined electron density maps were obtained from crys-
tals of the yeast CP complexed with the inhibitors 2a and 2b,
as illustrated in Figure 2 for the b5 active site complexed by
2b. The electron density maps clearly revealed the presence of
the inhibitor 2a in the b1, b2, and b5 active sites (Figure 3),
whereas 2b was not detectable in the b1 active site despite
the high inhibitor concentrations (5 mm) used in the soaking
experiments. This fact further confirms the weak binding of 2b


to the caspase-like active site. After refinement, resolutions of
3.1 I and 2.6 I were obtained for the CP complexes with 2a
and 2b, respectively (for refinement statistics see Table 3). To
facilitate a comparison of the binding modes of TMC-95A, 2a,
and 2b to yeast CP at the various active sites, hydrogen-bond-
ing pairs are listed in Table 4.


Binding of inhibitors to the b2 subunit


A comparison of the hydrogen-bonding donor–acceptor pairs
and of the related interaction distances for TMC-95A and the
analogue 2a in the b2 subunit (Table 4) reveals that the strong
hydrogen bond (2.5 I) between the C=O moiety of the N-ter-
minal amide of TMC-95A and the side-chain carboxamide of
Gln22 of the protein is replaced by a weaker hydrogen bond
(3.6 I) between the Tyr C=O of 2a and the Gln22 carboxamide.
All other hydrogen bonds are identical for both ligands. The
superimposition of the crystal structures of 2a and TMC-95A in
the b2 active site (Figure 4) reveals a slight shift of the biaryl


Figure 2. a) Noncovalent binding of 2b to subunit b5 of the yeast 20S proteasome. 2b is depicted in yellow and
shown in stereo mode, together with its unbiased electron density. The active site threonine is highlighted in black.
Met45, which is in particular responsible for the specificity of the S1 pocket, is shown in black, whereas the disordered
side chain of this residue is colored in green. b) Close up view of the S1 pocket of subunit b5 in complex with 2b. The
bulky Nle side chain of the inhibitor induces the flexibility of the side chain of Met45 in subunit b5.
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moiety, but an almost identical display of the peptide back-
bone and of the C-terminal amide—the main components of
the hydrogen-bonding network. In both complexes a water
molecule is bound to Thr21, Gly23, and Tyr24 of the b3 subu-
nit. This water molecule is hydrogen bonded to O42 (TrpgOH)
of TMC-95A but not to 2a where the two hydroxy groups are
missing. Moreover, differences are detectable in the mode of
insertion of the (Z)-prop-1-enyl moiety of TMC-95A and the n-
propyl group of 2a into the S1 binding pocket, whereas the
Asn side chain is oriented in an identical manner for both in-
hibitors (Figure 4). The results suggest that the lower affinity of


2a relative to TMC-95A results
from the loss of the water-medi-
ated hydrogen bond and a
weaker hydrogen bond involving
the N-terminus of the ligand,
and more decisively from the en-
tropic penalty that derives from
the flexible n-propyl chain re-
placing the conformationally re-
stricted (Z)-prop-1-enyl group as
the P1 residue.


The overall binding mode of
2b to the b2 subunit is very sim-
ilar to that of 2a (Figure 4). The
hydrogen bond between the
Asn side chain of 2a and the
protein Gln22 is lost in 2b be-
cause of the Asn/Leu replace-
ment (Table 4). Moreover, con-
version of the C-terminal amide
to a carboxylate group should
lead to solvation of the anion
and thus to entropic costs which
together with those derived
from insertion of the long flexi-
ble Nle n-butyl chain into the S1
pocket can well account for the
significantly weaker binding of
2b compared to 2a.


Binding of inhibitors to the b5
subunits


The crystal structures of yeast CP
in complex with TMC-95A and
2a reveal an identical hydrogen-
bonding pattern in the b5 subu-
nits (Table 4). The Asn side chain
and peptide backbones of both
inhibitors are fully superimposa-
ble (Figure 4), whereas the biaryl
system of 2a is slightly shifted
but still retains the oxindole in
hydrogen-bonding distance to
Gly23 NH as in TMC-95A. The
main differences are observed in


the display of the C-terminal carboxamide group and of the N-
alkyl chains that protrude into the S1 pocket. A bound water
molecule was not detected in the interface between the biaryl
system and the protein surface, although there would be suffi-
cient space. Correspondingly, the TrpgOH (O42) residue is not
involved in a hydrogen bond to the protein surface as was ob-
served for TMC-95A bound to the b2 subunit. If desolvation of
the two hydroxy groups of TMC-95A in the bound state
indeed occurs, binding of TMC-95A to the b5 active site could
be substantially favored by the gain of entropy resulting from
released water molecules. In fact, reorganization of the water


Figure 3. Stereoview of a 30 Å sector of the crystal structures of the a) b1, b) b2, and c) b5 active sites of yeast 20S
proteasome in complex with the inhibitor 2a.
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is known to contribute substantially to the binding enthalpy,[20]


and release of one water molecule is accompanied by an en-
tropy gain of up to 28 Jmol�1 K�1.[21] In addition to the lack of
this potential entropy gain for 2a, the more flexible n-propyl
P1 residue (cf. the (Z)-prop-1-enyl moiety in TMC-95A) has to
account for the rather weak binding affinity of 2a. The (Z)-
prop-1-enyl group of TMC-95A optimally fills the hydrophobic


S1 pocket without any steric clashes, whereas the n-propyl
chain is deeply inserted, thus clashing with the side chain of
Met45.


A comparison of the structures of lactacystin and the norleu-
cinal tripeptide bound to yeast CP clearly revealed structural
rearrangements of Met45 induced by larger-sized P1 resi-
dues.[2b] Such an effect is also observed with the inhibitor 2b.
Although the Met45 side chain is partly displaced (Figure 2b),
the steric clash in the S1 pocket acts like a lever on the C-ter-
minal Nle residue and on the biaryl group and pushes the pep-
tide backbone away from the binding position in the active
site cleft. In particular, the C-terminal amide is displaced from
the active site Thr1gOH and is not correctly positioned for hy-
drolysis to occur. Therefore, the observed deamidation of 2b is
likely to occur at the b2 trypsin-like active sites. Since the


carboxylate group is withdrawn
from the active site, it should
not affect the binding affinity as
strongly as in the b2 subunit.


In a preceding study, the (Z)-
prop-1-enylamide of TMC-95A
was replaced with the keto-
methylene moiety NleY[COCH2]-
Gly-Ala-Ala-NH2 to span the
active site and to possibly ex-
ploit interactions with the S’ sub-
sites of the b5 subunit.[14] This C-
terminal extension was expected
to increase the inhibitory poten-
cy; however, the opposite effect
was observed—a fact that can
now be explained rationally by
the binding mode of the precur-
sor molecule 2b.


Binding of inhibitors to the b1
subunits


The hydrogen-bonding accept-
or–donor pairs (Table 4) and the
overall binding modes of TMC-
95A and 2a to the b1 subunit
are identical (Figure 4). As in the
case of the b5 active site, the n-
propyl group protrudes deeply
into the S1 pocket to reach an
interacting distance of 3.25 I
with the positively charged
Arg45 guanidino group, whereas
the (Z)-prop-1-enyl group of


TMC-95A remains at a distance of 4.3 I. As a consequence,
both the entropic penalty derived from the more flexible n-
propyl group and the unfavorable interaction with the guanidi-
no group have to account for the significantly lower binding
of 2a compared to TMC-95A. Because of the close proximity to
the charged guanidino group observed with the n-propyl
group, it is not surprising that further elongation of the P1


Table 3. Crystallographic data collection and refinement statistics.


Parameter Proteasome/2a Proteasome/2b


Space group P21 P21


a [I] 136.0 135.4
b [I] 300.2 300.8
c [I] 144.3 143.9
b [8] 113 112.9
Resolution [I] 15–3.1 15–2.6
Observation (2s) 576890 1039309
Uniques 198643 325229
Completeness [%] 96.6 95.8
Rmerge/last resolution shell [%] 11.3/47.1 6.3/43.1
Rcrys/Rfree [%] 21.3/25.2 22.3/23.7
Rms bonds [I] 0.007 0.006
Rms angles [8] 1.27 1.296


Figure 4. Stereoview of the superimposed structures of TMC-95A (yellow), 2a (green), and 2b (black) bound to the
active sites of a) b1, b) b2, and c) b5 subunit. In the b2 active site (b), the black arrow indicates that insertion of the
P1 residue into the large S1 pocket is not limited, whereas in the S1 pocket of the b5 subunit (c), the residues are
inserted to identical depth.
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alkyl chain with the Nle residue in 2b abolishes binding to this
active site.


Discussion


The resolution of the crystallographic analysis obtained for the
yeast CP–inhibitor complexes (2.6–3.1 I) accounts for an error
in the protein–ligand bond distances of a few tenths of an
OngstrPm.[22] Although this uncertainty precludes a clear dis-
tinction between more or less efficient hydrogen bonds, the
measured distances nevertheless provide valuable guidelines.


The differences in affinity of TMC-95A for the three subunits
is likely due to the nature of the P1 and P3 residues and their
spatial display by the bound rigid core structure. In this con-
text the conformationally restricted (Z)-prop-1-enyl chain (P1
residue) of the natural product appears to play a decisive role,
since the Asn side chain (P3 residue) is inserted into the S3


pocket in an almost identical manner in all three active sites.
The hydrophobic S1 pocket of the b5 active site (chymotryp-
sin-like activity) is occluded by Met45 and thus limited in size,
whereas in the S1 pocket of b1 the charged Arg45 dominates
the electrostatic properties and generates the caspase-like ac-
tivity. It is well established that efficient occupation of binding
pockets by shape- and charge-complementary ligand moieties
substantially dictates affinities for the receptor molecule. Since
the P1 residues of TMC-95A and 2a are both hydrophobic, but
differ in the degrees of conformational flexibility, the loss of
entropy for the n-propyl in the bound state of 2a is apparently
not compensated by the enthalpy of binding. The n-propyl
groups in the S1 subsites of b5 and b1 are well defined, but
different from that of the (Z)-prop-1-enyl chain (Figure 4).
While the (Z)-prop-1-enyl group optimally fills these pockets
with its bent conformation, the n-propyl chain is deeply insert-
ed in a well-defined extended conformation into the S1 sub-


Table 4. Interacting distances (r) between inhibitors and protein in the b1, b2, and b5 active sites.


Inhibitor Subunit b1 r [I] Subunit b2 r [I] Subunit b5 r [I]


TMC-95 (1) N26�CO/G47(b1) 3.0 N26�CO/G47(b2) 3.1 N26�CO/G47(b5) 2.9
O46�N/T21(b1) 3.0 O46�N/T21(b2) 2.9 O46�N/T21(b5) 2.8
N9�CO/T21(b1) 2.9 N9�CO/T21(b2) 2.7 N9�CO/T21(b5) 2.8
O41�N/G23(b1) 3.8 O41�N/G23(b2) 3.1 O41�N/G23(b5) 4.0
O44�N/T49(b1) 2.8 O44�N/A49(b2) 3.1 O44�N/A49(b5) 3.3


O48�N/L115(b3) 4.1
O49�Q22Ne2(b2) 2.5
N12�D114COd1/2(b3) 3.1 N12�D114Od1/2(b6) 3.1


2a N26�CO/G47(b1) 3.0 N26�CO/G47(b2) 3.0 N26�CO/G47(b5) 2.8
O48�NH/T21(b1) 3.0 O48�N/T21(b2) 2.8 O48�N/T21(b5) 3.0
N9�CO/T21(b1) 2.9 N9�CO/T21(b2) 2.8 N9�CO/T21(b5) 2.8
O45�NH/G23(b1) 3.8 O45�N/G23(b2) 3.0 O45�N/G23(b5) 4.0
O46�NH/T49(b1) 3.0 O46�N/A49(b2) 2.7 O46�N/A49(b5) 3.3


O50�N/L115(b3) 3.9
O47�Q22Ne2(b2) 3.6
N12�D114Od1/2(b3) 3.1 N12�D114Od1/2(b6) 3.1


2b no binding N26�CO/G47(b2) 2.8 N26�CO/G47(b5) 2.5
N9�CO/T21(b2) 2.9 N9�CO/T21N(b5) 4.5
O49(OK)�N/T21(b2) 4.1 O49�N/T21(b5) 4.5
O46�N/G23(b2) 3.2 O46�N/G23(b5) 5.7
O47�N/A49(b2) 3.2 O47�N/A49(b5) 3.3
N12�D114Od1(b3) 3.0 N12�D114Od1(b6) 3.4
O55�N/Leu115(b3) 2.5 O54�N/G47(b5) 2.7
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sites in close proximity to Met45 of the b5 active center and to
the charged Arg45 guanidino group of b1. The steric clashes
with Met45 of b5 and the unfavorable proximity to a charged
residue in b1 are even worse in the case of compound 2b
whose n-butyl side chain was found to displace the peptide
backbone from the ideal alignment with the active site cleft of
b5 and thus to further weaken the binding affinity. In the case
of the b1 active site, the analogue 2b loses its inhibitory activi-
ty completely.


Conclusion


The main message derived from this study is that the restricted
conformational freedom of the cyclic tripeptide dictates the
mode of insertion of residues into pockets of the active site
cleft and, correspondingly, the optimal occupancy of critical
binding subsites. In fact, the rigid display of the backbone se-
verely limits the choice of groups acting as P1 residues without
steric clashes. Thus, the use of other possibly less bulky and
less rigid endocyclic clamps for conformational restriction of
the peptide backbone could allow better orientation of groups
interacting with the various subsites. Promising results along
these lines have been obtained by incorporating an isodityro-
sine-type biaryl ether,[23] which is also known to restrict the
peptide backbone in a b-type extended conformation,[24] into
the TMC-95A tripeptide.


Experimental Section


Materials and methods : Reagents and solvents were of the high-
est quality commercially available and were used without further
purification. All amino acids are of l configuration. TLC was carried
out on silica gel 60F254 precoated glass plates (Merck, Darmstadt,
Germany). Analytical HPLC was performed on I) X-Terra-MS C8
5 mm column (150R3.9 mm) from Waters, II) Luna C18 5 mm column
(150R4.6 mm) from Phenomenex (Aschaffenburg, Germany), and
III) Chromolith C18 5 mm column (100R4.6 mm) from Merck (Darm-
stadt, Germany) using linear gradients from 5% MeCN in 2% aq.
H3PO4 to 90% MeCN in 2% aq. H3PO4 in 15 min (I, II) or 7 min (III)
at flow rates of 1 (I), 1.5 (II), and 3 mLmin�1 (III). For preparative re-
verse-phase (RP) HPLC, a Nucleosil C8 SP250/10 column (Macherey
& Nagel, DSren, Germany) and gradients from 0.1% aq. TFA to
MeCN containing 0.1% TFA (flow rate 3 mLmin�1) were used. ESI
mass spectra were recorded on a PE Sciex API165 instrument. Rou-
tine 1H NMR spectra of intermediate products were recorded at
27 8C on a Bruker AMX 400 spectrometer and are consistent with
the assigned structures.


Synthesis of TMC-95A analogue 2a


Boc-Trp(7-Br)-NHPr (3): Diisopropylethylamine (DIEA; 280 mL,
1.63 mmol), 1-hydroxybenzotriazole hydrate (HOBt·H2O; 250 mg,
1.63 mmol), and N’-ethyl-N’-(3-dimethyl-aminopropyl)carbodiimide
hydrochloride (EDCI; 310 mg, 1.63 mmol) were added to a solution
of Boc-Trp(7-Br)-OH (570 mg, 1.49 mmol) in N,N-dimethylforma-
mide (DMF; 30 mL). After stirring for 10 min at room temperature
(RT), n-propylamine (150 mL, 1.78 mmol) was added, and the mix-
ture was kept overnight at RT. The reaction mixture was then con-
centrated, diluted with EtOAc, and washed with 5% aq. NaHCO3,
5% aq. KHSO4, and brine. After drying (Na2SO4), the organic layer
was evaporated to dryness to afford the title compound (574 mg,


91% yield). TLC (CHCl3/MeOH, 9:1): Rf=0.55; HPLC (I): tR=
11.00 min; ESI-MS: m/z calcd for C19H26BrN3O3: 423.34, 425.34;
found: 424.2 [M(79Br)+H]+ , 426.2 [M(81Br)+H]+ .


Boc-{7-[3’-(Z-Tyr(Me)-OH)]}Trp-NHPr (4): A solution of 3 (270 mg,
0.64 mmol), Z-Tyr(3-boronic pinacol ester, 4-Me)-OMe[14] (450 mg,
0.95 mmol), and K2CO3 (260 mg, 1.91 mmol) in DMF/water (7:1,
30 mL) was degassed and then saturated with argon.
[Pd(dppf)Cl2]·CH2Cl2 (dppf=1,1’-bis(diphenylphosphino)ferrocene;
20 mg, 0.02 mmol) was added, and the mixture was kept for 10 h
at 90 8C. Upon cooling to RT, the mixture was acidified with 5% aq.
KHSO4 (30 mL) and extracted with EtOAc (3R30 mL). The com-
bined organic extracts were washed with water and brine, dried
(Na2SO4), and evaporated to dryness. The residue was purified by
chromatography on silica gel (CHCl3/MeOH, 9:1) to afford the title
compound (351 mg, 81% yield) as a yellowish powder. TLC (CHCl3/
MeOH, 9:1): Rf=0.52; HPLC (II): tR=11.28 min; ESI-MS: m/z calcd
for C37H44N4O8: 672.79; found: 673.7 [M+H]+ .


Boc-{7-[3’-(Z-Tyr(Me)-Asn-OtBu)]}Trp-NHPr (5): H-Asn-OtBu·HCl
(80 mg, 0.34 mmol) was added to a solution of 4 (210 mg,
0.31 mmol), DIEA (110 mL, 0.67 mmol), HOBt·H2O (50 mg,
0.34 mmol), and EDCI (70 mg, 0.34 mmol) in DMF (30 mL). After
stirring overnight at RT, the mixture was evaporated to dryness.
The residue was dissolved in EtOAc (30 mL) and washed with 5%
aq. NaHCO3, 5% aq. KHSO4, and brine. The organic layer was dried
(Na2SO4) and evaporated to dryness to afford the title compound
(240 mg, 92% yield) as a white solid. TLC (CHCl3/MeOH, 9:1): Rf=
0.43; HPLC (II): tR=11.46 min; ESI-MS: m/z calcd for C45H57N5O11:
843.97; found: 844.9 [M+H]+ .


H-b-{7-[3’-(Z-Tyr(Me)-Asn-OH)]}oxindolylalanine-NHPr·HCl (6):
Compound 5 (180 mg, 0.21 mmol) was dissolved in glacial AcOH/
conc. HCl (4:1, 20 mL) and then treated with dimethyl sulfoxide
(DMSO; 360 mL, 0.42 mmol). After 2 h at RT, the solution was co-
evaporated to dryness from toluene (twice), and the crude product
was purified by preparative HPLC. The title compound (80 mg,
49% yield) was isolated as the lyophilizate from tBuOH/water (4:1).
HPLC (II): tR=6.42 min; ESI-MS: m/z calcd for C36H41N5O10: 703.76;
found: 704.7 [M+H]+ .


TMC-95A analogue 2a : A solution of 6 (80 mg, 0.11 mmol) and
DIEA (20 mL, 0.11 mmol) in DMF (50 mL) was added over 30 min to
a stirred (degassed and then) argon-saturated solution of (benzo-
triazol-1-yl-oxy)-tris(pyrrolidino)phosphonium hexafluorophosphate
(PyBOP; 230 mg, 0.44 mmol), DIEA (80 mL, 0.44 mmol), and
HOBt·H2O (70 mg, 0.44 mmol) in DMF (250 mL). After 24 h at RT,
the reaction mixture was evaporated, and the residue was purified
by preparative HPLC. The title compound (30 mg, 33% yield) was
isolated as the lyophilizate from tBuOH/water (4:1). TLC (CHCl3/
MeOH, 8:2): Rf=0.34; HPLC (II): tR=9.90 min; ESI-MS: m/z calcd for
C36H39N5O9: 685.75; found: 686.7 [M+H]+ ; 1H NMR (500 MHz,
[D6]DMSO): d=8.86 (d, J=7.9 Hz, 1H; AsnNH), 8.21 (s, 1H; Trpindole),
7.90 (d, J=9.3 Hz, 1H; TrpNH), 7.52 (t, 1H; propylamideNH), 7.43,
7.08 (2 s, 2H; AsnNH2), 7.38 (s, 5H; Zarom), 7.19 (d, J=7.7 Hz, 1H;
TrpC8), 7.19 (s, 1H; TyrC2), 7.13 (d, J=7.7 Hz, 1H; TrpC6), 6.98 (t, J=
7.7 Hz, 1H; TrpC7), 6.95 (d, J=8.6 Hz, 1H; TyrC6), 6.92 (d, J=8.6 Hz,
1H; TyrC5), 5.78 (m, 3JNa=7.7 Hz, 1H; TyrNH), 5.10, 5.03 (2d, J=
12.6 Hz, 2H; ZCH2), 4.63 (m, 1H; Asna), 4.53 (m, 1H; Tyra), 3.85 (m,
1H; Trpa), 3.70 (s, 3H; TyrO


�
CH3), 3.60 (t, 1H; Trpg), 3.07 (dd, Jbb=


12.8 Hz, 1H; TyrOCH3), 3.01, 2.96 (m, 2H, propylamideCH2), 2.90 (dd,
Jab=4 Hz, 1H; Tyrb), 2.62, 2.51 (dd, 2H; Asnb), 2.58 (t, 1H; Trpb),
2.35 (dd, 1H; Trpb), 1.35 (m, 2H; propylamideCH2), 0.78 (t, 3H; pro-
pylamideCH3) ppm.
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Synthesis of TMC-95A analogue 2b


Boc-Trp(7-Br)-Nle-NH2 (7): Dicyclohexylcarbodiimide (DCC)
(86.7 mg, 0.42 mmol) and HOBt·H2O (64.3 mg, 0.42 mmol) were
added to a solution of Boc-Trp(7-Br)-OH (160 mg, 0.42 mmol) in
CH2Cl2 (5 mL), and the mixture was stirred for 30 min at RT. The
urea was filtered off, and H-Nle-NH2·trifluoroacetate (103 mg,
0.42 mmol) in CH2Cl2 (3 mL) and DIEA (72 mL, 0.42 mmol) were
added to the filtrate. The mixture was stirred overnight and then
evaporated to dryness. The title compound (178 mg, 90% yield)
was isolated as described for 3. TLC (CHCl3/MeOH, 6:1): Rf=0.42;
HPLC (III): tR=3.63 min; ESI-MS: m/z calcd for C22H31BrN4O4: 494.42,
496.42; found: 495.2 [M(79Br)+H]+ , 497.2 [M(81Br)+H]+


Boc-{7-[3’-(Z-Tyr(Me)-OH)]}Trp-Nle-NH2 (8): [Pd(dppf)Cl2]·CH2Cl2
(20 mg, 0.02 mmol) was added to a stirred (degassed and then)
argon-saturated solution of 7 (300 mg, 0.61 mmol), Z-Tyr(3-boronic
pinacol ester,4-Me)-OMe[14] (570 mg, 1.21 mmol), and K2CO3


(250 mg, 1.83 mmol) in DMF/water (7:1, 50 mL), and the mixture
was kept for 10 h at 90 8C. Upon cooling to RT, the mixture was
acidified with 5% aq. KHSO4 (30 mL) and extracted with EtOAc (3R
30 mL). The combined extracts were washed with 5% aq. KHSO4


and brine, dried (Na2SO4), and evaporated to dryness. The residue
was purified by chromatography on silica gel with a linear gradient
from CH2Cl2/MeOH (9:1) to CH2Cl2/MeOH (4:1) to afford the title
compound (295.5 mg, 65% yield) as a yellowish solid. TLC (CHCl3/
MeOH, 9:1): Rf=0.32; HPLC (III): tR=3.93 min; ESI-MS: m/z calcd for
C40H49N5O9: 743.86; found: 744.8 [M+H]+ .


Boc-{7-[3’-(Z-Tyr(Me)-Leu-OtBu)]}Trp-Nle-NH2 (9): H-Leu-OtBu·HCl
(80 mg, 0.35 mmol) was added to a solution of 8 (200 mg,
0.27 mmol), DIEA (110 mL, 0.62 mmol), HOBt·H2O (50 mg,
0.35 mmol), and EDCI (70 mg, 0.35 mmol) in DMF (25 mL). The re-
action mixture was stirred overnight at RT and worked up as de-
scribed for 5 to afford the title compound (207 mg, 85% yield).
TLC (CHCl3/MeOH, 9:1): Rf=0.34; HPLC (III): tR=5.05 min; ESI-MS:
m/z calcd for C50H67N5O11: 913.12; found: 914.2 [M+H]+ .


H-b-{7-[3’-(Z-Tyr(Me)-Leu-OH)]}oxindolylalanyl-Nle-NH2·HCl (10):
DMSO (274 mL, 3.2 mmol) was added to compound 9 (140 mg,
0.16 mmol) in glacial AcOH/conc. HCl (4:1, 25 mL), and the mixture
was kept at RT for 2 h. The solution was co-evaporated to dryness
from toluene (twice), and the residue was purified by preparative
HPLC. The title compound (39 mg, 54% yield) was isolated as the
lyophilizate from tBuOH/water (4:1). HPLC (III): tR=3.08 min; ESI-
MS: m/z calcd for C41H52N5O10: 773.89; found: 774.8 [M+H]+ .


TMC-95A analogue 2b : A solution of 10 (70 mg, 0.08 mmol) and
DIEA (14 mL, 0.08 mmol) in DMF (35 mL) was added over 30 min to
a stirred (degassed and then) argon-saturated solution of PyBOP
(160 mg, 0.32 mmol), DIEA (110 mL, 0.64 mmol), and HOBt·H2O
(50 mg, 0.32 mmol) in DMF (250 mL). After 36 h at RT, the reaction
mixture was evaporated to dryness, and the residue was purified
by preparative HPLC. The title compound (23 mg, 38% yield) was
isolated as the lyophilizate from tBuOH/water (4:1). TLC (CHCl3/
MeOH, 8:2): Rf=0.39; HPLC (III): tR=3.74 min; ESI-MS: m/z calcd for
C39H44N6O10: 756.82; found: 757.7 [M+H]+ ; 1H NMR (500 MHz,
[D6]DMSO): d=8.75 (d, J=7.3, 1H; LeuNH), 8.20 (d, J=9.2 Hz, 1H;
TrpNH), 8.17 (s, 1H; Trpindole), 7.40 (s, 5H; Zarom), 7.32, 7.30 (m, 2H; C-
termNH2), 7.20, 7.12 (d, J=7.3 Hz, 2H; TrpC6,C8), 7.12 (s, 1H; TyrC2),
7.04 (m, 1H; NleNH), 6.97 (m, 1H; TrpC7), 6.95 (m, 2H; TyrC3,C4) 5.95
(d, 1H; TyrHN), 5.15, 5.00 (2d, J=12.6 Hz, 2H; ZCH2), 4.5 (m, 1H;
Tyra), 4.24 (m, 1H; Leua), 4.17 (m, 1H; Nlea), 3.86 (m, 1H; Trpa), 3.70
(s, 3H; TyrOCH3), 3.61 (t, 1H; Trpg), 3.10 (m, 1H; Tyrb), 2.94 (m, 1H;
Tyrb), 2.50 (m, 1H; Trpb), 2.42 (m, 1H; Trpb), 1.73 (m, 1H; Leug), 1.61
(m, 1H; Nleb), 1.59 (m, 1H; Leub), 1.53 (m, 1H; Leub), 1.45 (m, 1H;


Nleb), 1.24 (m, 2H; Nled), 1.19 (m, 2H; Nleg), 0.88 (m, 6H; Leud), 0.87
(m, 3H; Nled) ppm.


Enzyme kinetics : Inhibition of the trypsin-like, chymotrypsin-like,
and PGPH activities of yeast proteasome was evaluated by follow-
ing the protocols described elsewhere[14] but using the following
substrates: Z-Ala-Arg-Arg-AMC, Suc-Leu-Leu-Val-Tyr-AMC, and Z-
Leu-Leu-Glu-bNa, respectively. For monitoring hydrolysis of 2b, the
inhibitor was incubated at 37 8C at a concentration of 104 mm in
20 mm HEPES buffer (pH 7.5) containing 0.5 mm EDTA, 0.025%
SDS, and 5% DMSO in the presence of 52 mm Suc-Leu-Leu-Val-Tyr-
AMC as substrate and 10 nm yeast proteasome. Hydrolysis of the
inhibitor to the related carboxy derivative was monitored by HPLC
of aliquots taken at suitable time intervals. Under these conditions
a t1=2 value of 27 min was derived.


NMR spectroscopy : NMR experiments for conformational analysis
were carried out at 22 8C on a Bruker DRX500 spectrometer in
[D6]DMSO. Resonance assignments were performed according to
WSthrich’s method.[25] The 2D TOCSY spectra were recorded with
spin-lock periods of 70–75 ms using the MLEV-17 sequence for iso-
tropic mixing.[26] Experimental interproton distance constraints (2a :
45, 2b : 36) were extracted from 2D-ROESY experiments[27] with a
mixing time of 200 ms. Three 3JHN–Ha coupling constants were de-
rived for each TMC-95A analogue from 2D double quantum filtered
correlation spectroscopy (2D-DQF-COSY)[28] and simple 1D 1H NMR
spectra.


Structure calculations : Distance geometry and MD simulated an-
nealing calculations were performed with the INSIGHT II (version
98.0) software package from MSI on Silicon Graphics O2 R5000
computers. One hundred structures were generated from the dis-
tance-bound matrices. Triangle-bound smoothing was used. The
NOE intensities were converted into interproton distance con-
straints by using the following classification: very strong (vs) 1.7–
2.3 I, strong (s) 2.2–2.8 I, medium (m) 2.6–3.4 I, weak (w) 3.0–
4.0 I, and very weak (vw) 3.2–4.8 I; and the distances of pseudo-
atoms were corrected as described by WSthrich.[25] The 3JHN–Ha cou-
pling constants were converted into constraints for the backbone
F dihedral angles by using the Karplus relationship. Multiple dis-
crete ranges were used for the F torsion angle restraints when
multiple nonoverlapping solutions existed for the Karplus equation
taking into account experimental error and 58 uncertainty from the
Karplus parameters. The structures were generated in four dimen-
sions. These were then reduced to three dimensions with the
EMBED algorithm[29] and optimized with a simulated annealing
step[30] according to the standard protocol of the distance geome-
try II package from INSIGHT II. All one hundred structures were re-
fined with a short MD simulated annealing protocol: after an initial
minimization, 5 ps at 300 K were simulated followed by exponen-
tial cooling to �0 K during 10 ps. A time step of 1 fs was used
with the consistent valence force field (CVFF) while simulating the
solvent DMSO with a dielectric constant of 46.7. The experimental
constraints were applied at every stage of the calculation with
50 kcalmol�1I�2 for distance constraints and 50.0 kcalmol�1 rad�2


for coupling constants. Violations of experimental NOE constraints
were all below 0.2 I for the ten lowest-energy structures.


Protein purification and X-ray analysis : The yeast 20S protea-
some was purified by using a b2-TEV-ProA-tagged mutant. The
strain was prepared by homologous recombination according to
known procedures.[31] The plasmid containing the TEV-ProA (tobac-
co edge virus protease/protein A construct) and Geneticin modules
was a gift from Dr. Knop, Heidelberg. Standard techniques were
used for DNA manipulations.[32] Standard PCR reactions (hot start)
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using Taq polymerase and Taq buffer provided by various suppliers
were used for amplification of the modules using designed pri-
mers. The annealing temperature was 54 8C; the elongation time
was 1 min per 1 kb of DNA. Fractions (2–5 mL) of the PCR reactions
were analyzed by agarose gel electrophoresis. The residual reaction
was precipitated with ethanol, and the DNA was resuspended in
water (15 mL). From this, 3–5 mL was used to transform competent
yeast cells. The transformation protocol was based on the LiOAc
method.[33] Yeast cells of this mutant were grown for at least 6–8 h
(or overnight) to an optical density of 0.5–1.5 (600 nm) at 30 8C in
YPAD medium (1% yeast extract, 2% peptone, and 2% glucose
supplemented with 100 mgmL�1 adenine).


Cells were harvested, resuspended in a twofold volume of buffer 1
(50 mm Tris-HCl, pH 8, 1 mm EDTA), and lyzed by French press.
Lysate was clarified at 15000g for 25 min, incubated with IgG resin
(ICN, Eschwege, Germany) for 1 h at 4 8C, and the resin washed
with 50 bed volumes of buffer 2 (50 mm Tris-HCl, pH 7.5, 1 mm


EDTA, 500 mm NaCl). At this stage, the proteasome is essentially
pure electrophoretically and was eluted by using TEV protease.
The yeast CP was generated by washing the IgG resin with 3 vol-
umes of TEV elution buffer (TEB: 50 mm Tris·HCl, pH 7.5, 1 mm


EDTA, 1 mm DTT), then incubating with 1.5 volumes of TEB buffer
containing 150 U of 6His-TEV protease at 30 8C for 1 h. The en-
zymes were eluted with TEB buffer, and the TEV protease was re-
moved by incubation with nickel-NTA resin (Qiagen, Hilden, Germa-
ny) at 4 8C for 15 min. The CP was further purified by using a Su-
perose 6 (Pharmacia, Freiburg, Germany) size-exclusion chromatog-
raphy. Crystals of the CP were grown in hanging drops at 20 8C as
described elsewhere.[2b] The crystals were soaked at final inhibitor
concentrations of at least 5 mm for 12 h in a cryoprotecting buffer
and frozen in a stream of liquid nitrogen gas (Oxford Cryo Systems,
Oxford, UK). Data were collected by using synchrotron radiation
with l=1.1 I on the BW6-beamline at the Deutsches-Elektronen-
Synchrotron, Hamburg, Germany. The anisotropy of diffraction was
corrected by an overall anisotropic temperature factor by compar-
ing observed and calculated structure amplitudes using the pro-
gram CNS.[34] The electron density was averaged ten times over the
twofold noncrystallographic symmetry axis, and model building
was carried out by using MAIN.[35] The data collection and crystallo-
graphic refinement statistics for complexes of yeast proteasome
with the TMC-95A analogues yielded Rcrys/Rfree=21.3/25.2% (15–
3.1 I resolution, Rmergeoverall 11.3) for CP:2a and Rcrys/Rfree=22.3/
23.7% (15–2.6 I resolution, Rmergeoverall 6.3) for CP:2b (for crystal-
lographic data collection and refinement statistics see Table 3).


The X-ray structures of the yeast proteasome–TMC-95A complexes
were refined by iterative model building by using the software
package CNS and MAIN to Rcrys=21.9% and Rfree=25.4% and a
final resolution of 3.1 I compared to Rcrys=27.1% and Rfree=33.6%
and the resolution of 3.0 I reported previously.[6a]
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SMAF-1 Inhibits the APC/b-Catenin
Pathway and Shows Properties
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The identification of synthetic molecules with similar or identi-
cal functions to those of important proteins is one of the most
challenging tasks of chemical biology. Whereas there are many
examples for the successful simulation of protein functions by
synthetic peptides or by peptidomimitics, only a very few
small compounds are known that harbor protein function but
are not related to peptides.[1–3] We call these molecules small
molecule mimetics of protein function (SMPFs). One possibility
to identify a SMPF would be to employ a cell-based screen
with the protein in its native environment followed by detailed
biochemical characterization.


The Adenomatous Polyposis coli (APC) tumor-suppressor
protein plays a central role in the regulation of cell prolifera-
tion. The induced APC gene expression leads to apoptosis.[4]


One of the intracellular functions of the APC protein is the reg-
ulation of the cytoplasmic and the nuclear level of the proto-
oncoprotein b-catenin.[5] Thereby APC inhibits b-catenin/TCF-4-
induced gene expression. APC, b-catenin, and TCF-4 are key
proteins of the Wnt/APC/b-catenin signaling pathway, which
runs from the transmembrane Wnt receptor to the TCF-4-acti-
vated gene transcription in the nucleus. APC mutations, which
are found in the majority of sporadic and also in inherited col-
orectal tumors, lead to a truncated protein with reduced or no
activity. The inactivation of the APC protein leads to a high
level of b-catenin and thereby to the induction of target genes
with key roles in proliferation. Thus the simulation of the func-
tion of the native APC protein might be a strategy in the thera-
py of tumors caused by APC gene mutations.


Inherited APC gene mutations lead to the cancer predisposi-
tion Familial Adenomatous Polyposis coli (FAP). FAP symptoms
can be prevented and treated with the nonsteroidal anti-in-
flammatory drug (NSAID) Sulindac (2).[6] Sulindac induces apop-
tosis of cultured colorectal cancer cells and of cells in adenom-


atous polyps of FAP patients.[7,8] This effect of Sulindac is inde-
pendent from its effects on the cyclooxygenase pathway.[9,10]


Although the cellular target of Sulindac is not known, its de-
scribed effects are similar to the effects of the APC protein. It
was proposed that Sulindac might be able to simulate APC
function.[4] Therefore Sulindac is a suitable starting point for a
synthetic library of novel APC mimetics.


Recently, we introduced a library of new Sulindac-related
molecules[11] that are able to decrease the proliferation rates of
cultured cancer cells. We screened for effects of the com-
pounds on cells transformed with the Wnt-1 proto-oncogene.
Several of the 189 molecules inhibited the proliferation of
Wnt-transformed cells at significantly lower concentrations
than the proliferation of untransformed cells. Based on these
findings we analyzed the molecular basis of the Wnt inhibiting
effects and especially whether the compounds might be small
molecule mimetics of APC function (SMAFs).


In order to substantiate this possibility, we analyzed the ef-
fects of one of the most potent compounds, SMAF-1 (1), on
the survival and proliferation of C57MG/Wnt-1 and SW480
cells, two cell lines harboring an activated APC/b-catenin sig-
naling pathway and an increased intracellular b-catenin level
(Figure 1A). We found effects of the drug on SW480 prolifera-
tion at an IC50 value of 210 mm, whereas the compound affect-
ed C57MG/Wnt-1 only at higher concentrations. Remarkably,
the mother compound Sulindac had no effect on the tested
cell lines up to 1000 mm (not shown). Next we looked for
SMAF-1 effects on cell morphology. We chose C57MG/Wnt-1
cells because of their characteristic morphological features
(Figure 1B).[12,13] After incubation with SMAF-1 or with Sulindac
C57MG/Wnt-1 cells showed altered morphology. In contrast to
untreated control cells, the treated C57MG/Wnt-1 cells were
small and round with large nuclei. These changes indicated a
reversion of the Wnt-1-induced transformation. In addition, the
morphological changes indicate an activation of apoptosis. In
order to confirm an effect of SMAF-1 on apoptosis, we ana-
lyzed the presence of phosphatidylserine (PS) on the outer
layer of the cell membrane. We looked for Annexin V-positive
cells, which can be rated as cells in the early stages of apop-
tosis.[14] In contrast to untreated cells, C57MG/Wnt-1 cells
showed clear Annexin V staining after incubation with SMAF-1
or with the apoptosis-inducing reagent staurosporine as a pos-
itive control (Figure 1C).


If SMAF-1 mimics the functions of the APC tumor suppres-
sor, then it is assumed to reduce the intracellular b-catenin
level and to inhibit b-catenin/TCF-4-induced gene expression.
Treatment with Sulindac or SMAF-1 led to a significant reduc-
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tion of the total b-catenin level in C57MG/Wnt-1 cells (Fig-
ure 2A). In addition to its transcription-activating function in
the Wnt pathway, b-catenin can bind to the cytosolic domain
of E-cadherin.[15] Therefore the reduction of b-catenin in the
total lysates might be due to a decrease of the cytosolic or of
the nuclear pool of b-catenin. In order to differentiate between
these two pools, we analyzed the fractionated cytosolic pool
and the TCF-4-bound pool of b-catenin (Figure 2B). Remarka-
bly, we found a significant reduction in the TCF-4-bound form
of b-catenin, whereas the level of the cytosolic b-catenin re-
mained unchanged. These results indicate that the SMAF-1-in-
duced decrease of the intracellular b-catenin level was mainly
due to the decrease of the TCF-4-bound and transcription-acti-
vating form of b-catenin. In a reporter-gene assay, we found
that SMAF-1 was able to reduce the b-catenin/TCF-4-induced


promoter activation in a concentration-dependent manner
(Figure 2C).


In order to get hints about analogies and differences be-
tween SMAF-1, Sulindac, and APC function on a more general
level of gene expression, we compared the expression patterns
in SMAF-1- or Sulindac-treated C57MG/Wnt-1 cells with the
pattern of untreated C57MG/Wnt-1 cells by microarray hybridi-
zation. (The complete results of the differential expression
analysis of SMAF-1- and Sulindac-treated cells are available
upon request.) Differences in expression levels were regarded
as significant when they exceeded the factor of 2.5. In summa-
ry, 27 genes showed increased expression levels in the pres-
ence of SMAF-1, whereas 18 genes were induced by Sulindac
(Figure 3A). The increased levels of the four genes, which were
changed in the presence of both compounds, were confirmed
by Northern blot (not shown). Three of these, cytochrome
P450, alcohol dehydrogenase, and glutathione S-transferase
alpha-1, are involved in the metabolism of xenobiotics. The
induction of these compound-metabolizing enzymes can be


Figure 1. A) Concentration-dependent effects of SMAF-1 on the proliferation of
C57MG/Wnt-1 (&) and SW480 cells (*) measured by a conventional prolifera-
tion assay after 24 h incubation. B) Effects of SMAF-1 or Sulindac on the mor-
phology of C57MG/Wnt-1 cells. For better visualization cells were double-
stained for actin (red) and DNA (blue). Untreated cells are shown for control.
C) Effect of SMAF-1 on apoptosis-like membrane asymmetry of C57MG/Wnt-1
cells. Membrane asymmetry was visualized by Annexin V staining. Untreated
and staurosporine-treated C57MG/Wnt-1 cells are shown as control.


Figure 2. A) Effect of SMAF-1 or Sulindac on the total b-catenin levels from
C57MG/Wnt-1 cells. Levels of b-catenin were analyzed by Western blotting of
total lysates. In each lane equal amounts of 10 mg total protein were loaded.
B) Effect of SMAF-1 or Sulindac on the level of TCF-4-bound b-catenin. Analysis
was performed by Western blot of immunoprecipitated TCF-bound b-catenin.
The levels of cytosolic b-catenin are shown for comparison. PCLNx designates
untreated C57MG/PCLNx control cells. C) Effect of SMAF-1 on the gene-expres-
sion activation of b-catenin. Analysis was performed by reporter-gene assays,
as described in the Experimental Section. Columns indicate the relative lucifer-
ase activity. The micromolar SMAF-1 concentrations in the assay are shown.
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rated as a response of the cell to treatment with the xenobiot-
ic compounds.[16] The fourth gene codes for proliferin 2, which
can either stimulate or inhibit various stages of angiogene-
sis.[17] Next we compared the differential expression pattern
obtained with SMAF-1 and Sulindac with the pattern induced
by the expression of dominant negative TCF-4 (dnTCF-4),
which was published recently.[18] Since APC inhibits b-catenin/
TCF-4-induced transcription, the consequences of dnTCF-4 ex-
pression should be comparable to the effects of APC activa-
tion. The tumor-suppressor gene p21CIP1/WAF1 was induced by
both SMAF-1 and by dnTCF-4 (Figure 3A). Microarray data
showed a 6.2-fold increase in the p21CIP1/WAF1 expression level
by SMAF-1 incubation and a 3.3-fold increase by dnTCF-4. The
expression of p21CIP1/WAF1, which is inhibited by the direct b-cat-
enin/TCF-4 target Myc, is important for G1 arrest and cell dif-


ferentiation.[18] The central role of p21CIP1/WAF1 makes it a key el-
ement of the effects induced by SMAF-1. It is noteworthy that
we detected only a 1.5-fold increase in the gene transcription
after Sulindac treatment. Recent reports showed that Sulindac
unfolds its antiproliferative activity by the induction of p21CIP1/


WAF1, and that p21CIP1/WAF1 is essential for tumor inhibition by Su-
lindac.[19,20] Northern blot analysis confirmed our results (Fig-
ure 3B). SMAF-1 restored the level of p21CIP1/WAF1 to a similar
level as that detected in C57MG/PCLNx control cells, whereas
Sulindac had almost no effect on the p21CIP1/WAF1 transcription
level. We also proved by Western blot analysis the SMAF-1-in-
duced restoration of the p21CIP1/WAF1 expression on the protein
level (Figure 3C). Keeping in mind the important role of
p21CIP1/WAF1 in tumor suppression, the effects of SMAF-1 on
p21CIP1/WAF1 expression indicate the potential of compounds like
SMAF-1 in antitumor therapy.


Here we have identified a new SMPF, a small molecule that
is able to mimic functions of a distinct protein. Based on the
well-established effects of Sulindac on APC-negative tumors
and on our findings described herein, we conclude that SMAF-
1 has a target located within the APC/b-catenin pathway and
upstream of b-catenin. Our results support the hypothesis that
SMAF-1 and NSAIDs like Sulindac inhibit the APC/b-catenin
pathway by executing major functions of the APC protein,
even in cells with an activated APC/b-catenin pathway. These
functions include i) an inhibitory effect on the proliferation of
cells with activated APC/b-catenin pathway, ii) induction of
apoptosis, iii) decrease of the intracellular b-catenin level, iv) in-
hibition of b-catenin-induced activation of the TCF-4 promoter,
v) inhibition of b-catenin/TCF-4-induced gene expression, and
vi) the expression regulation of a gene playing a key role in
proliferation control. Future in vivo studies will show the po-
tential of compounds like SMAF-1 as antitumor compounds in
the treatment of tumors with mutationally inactivated APC.


Experimental Section


Compounds and cells : SMAF-1 ((Z)-5-fluoro-2-methyl-1-(3’-furyl-
methylene)-3-indene acetic acid) was synthesized by common or-
ganic-chemical methods as described previously.[11] All other re-
agents were purchased from Sigma. SW480 cells, which lack func-
tional APC, were purchased from ATCC. C57MG/Wnt-1 and C57MG/
PCLNx cells were kindly provided by Jan Kitajewski (Columbia Uni-
versity, New York).[12] C57MG/Wnt-1 and C57MG/PCLNx cells were
derived from C57MG cells by transfection with the murine Wnt-1
oncogene or the empty vector PCLNx, respectively. If not otherwise
mentioned, cells were incubated with 100 mm SMAF-1 or Sulindac
for 24 h before analysis.


Cellular assays for apoptosis : The morphology of apoptotic cells
was visualized by fluorescence microscopy. Cells were double-
stained for nuclear DNA and for the cytoskeletal protein actin.[21]


The loss of plasma-membrane asymmetry is an early event in
apoptosis that results in the exposure of phosphatidylserine (PS) at
the outer plasma-membrane leaflet.[14] As Annexin V interacts spe-
cifically with PS, detection of the bound Annexin V can be used as
a method to screen for cells in the early phases of apoptosis.[22]


Cells treated with the apoptosis-inducing kinase-inhibitor stauro-
sporine (1 mm) were used as control.[23] PS was detected by incu-


Figure 3. A) Summary of the differential gene expression analysis by microarray
hybridization. ESTs or hypothetic genes were not included. Numbers of genes
are shown with at least 2.5-fold-increased expression after incubation with
SMAF-1 (left circle), Sulindac (right circle), or dnTCF-4 (bottom circle). Gene ex-
pression data of dnTCF-4 transfected cells are from ref. [18]. The table lists the
genes that were induced in treated cells together with the factors of their in-
duction compared to untreated cells. B) Effects of SMAF-1 or Sulindac on the
transcription level of p21CIP1/WAF1. Expression of p21CIP1/WAF1 was analyzed by
Northern blotting in C57MG/PCLNx control cells and in compound-treated and
untreated C57MG/Wnt-1 cells. To show equal loading, the ethidium bromide-
stained agarose gel is shown. C) The effects of SMAF-1 or Sulindac on the
p21CIP1/WAF1 protein level. Analysis was performed by Western blotting of cellular
lysates containing equal amounts of cellular protein.
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bating cells with biotinylated Annexin V (Roche) and with Cy3-
labelled streptavidin.


Analysis of total and TCF-4-bound b-catenin : For the analysis of
total b-catenin, cell lysates were calibrated to equal protein con-
centrations with PBS and analyzed by Western blotting. For the
analysis of cytosolic and TCF-bound b-catenin, total lysates were
centrifuged, and the supernatants, defined as cytosols, were cali-
brated to equal protein concentrations. The pelleted nuclei were
lysed and calibrated to equal protein concentrations. TCF-4 was
immunoprecipitated by standard procedures, and the coimmuno-
precipitated b-catenin was detected by Western blotting.


Gene-expression analysis and reporter-gene assay : Differential
expression patterns from C57MG/Wnt-1 cells after incubation with
SMAF-1 or Sulindac (100 mm) were analyzed by array hybridization
with the murine whole-genome array U74 by Affymetrix. The
major part of all known murine genes and 6000 murine ESTs are
represented on this chip. Gene-chip-array analysis and data evalua-
tion were performed by following established protocols. Northern
blot analysis was used to confirm the differential transcription of
all genes selected from the array analysis. The b-catenin/TCF-4
reporter gene assay was performed as described.[24,25]


Keywords: antitumor agents · biological chemistry ·
biomimetics · NSAIDs · proteins
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Bisubstrate Inhibitors of the Enzyme
Catechol O-Methyltransferase
(COMT): Efficient Inhibition Despite
the Lack of a Nitro Group


Ralph Paulini,[a] Christian Lerner,[a]


Roland Jakob-Roetne,[b] Gerhard Z�rcher,[b]


Edilio Borroni,[b] and FranÅois Diederich*[a]


Catechol O-methyltransferase (COMT) catalyzes the O-methyl-
ation of catechols by S-adenosylmethionine (SAM) in the pres-
ence of Mg2+ ions.[1] Inhibition of COMT offers a therapeutic
handle to reduce catecholamine metabolism, therefore provid-
ing a valuable complement for the treatment of CNS (central
nervous system) disorders, such as Parkinson’s disease[2] and
possibly schizophrenia.[3] The most efficacious therapy for Par-
kinson’s disease uses l-Dopa.[4] The introduction of COMT-in-
hibitors (tolcapone (Tasmar8)[5] and entacapone (Comtan8)[6])
as adjuncts to this treatment has resulted in considerable ther-
apeutic improvement, helping to substantially prolong the effi-
cacy of l-Dopa dosage by preventing its catabolism through
O-methylation.


On the other hand, in some cases, adverse effects of hepato-
toxicity have been associated with the use of tolcapone.[7,8] It
has been hypothesized that the hepatotoxic effect may be re-
lated to the nitrocatechol core structure of the drug.[9] There-
fore, the preparation of COMT inhibitors lacking the nitro
group might be of advantage. However, this group is regarded
as a key element for tight and reversible binding to the sub-
strate pocket in the active site.[5] Substitution of the nitro
group by weaker electron-withdrawing substituents drastically
reduces the affinity of catechols to COMT. Furthermore, the
electron-withdrawing effect of the nitro group is reflected by a
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dramatic fall in the pKa value, which is paralleled by a strongly
reduced nucleophilicity of the corresponding catechol OH
group, thereby greatly reducing substrate behavior, that is, O-
methylation. In contrast, bisubstrate inhibitors[10] that block
both the SAM and catechol binding sites of COMT might offer
the opportunity to circumvent this prerequisite for a nitro
group.


Recently, we described the potent bisubstrate inhibitor 1a
(Table 1; IC50=9 nm : IC50=concentration of inhibitor at which
50% maximum initial velocity is observed) and demonstrated
by crystal-structure analysis and enzyme kinetics that its ade-
nosine and nitrocatechol moieties bind to the SAM and sub-
strate sites of COMT, respectively.[11] Here we report that the bi-
substrate inhibition approach eliminates the need for nitro-
substituted catechols, and describe the synthesis and in vitro
evaluation of a new generation of potent COMT inhibitors that
lack the nitro group.


Analysis of the crystal structure of the ternary complex
formed between 1a, COMT, and a Mg2+ ion,[11a,b] by using the
molecular modeling package MOLOC,[12] suggested that ana-
logues of 1a could take advantage of a hydrophobic cleft[2e] at
the enzyme surface that extends in the direction of the nitro
group that we wished to replace. The modeled complex of the
4-methylphenyl derivative 1c (Figure 1) shows that Trp38,
Leu198, Val173, and Pro174 form a pocket[13,14] in which the
hydrophobic residue departing from position 5 of the catechol
moiety is well accommodated. A series of substituents of suita-
ble size and spanning a wide range of electron-withdrawing
capacities, as exemplified by their Hammett substituent con-
stants sp,


[15] was selected (Table 1). According to the modeling,
all proposed inhibitors 1b–t fully maintain the favorable inter-
actions of the adenosine, linker, and catechol moieties with the
protein and the Mg2+ ion that had been observed in the crys-
tal structure of the ternary complex formed by 1a (Figure 1).


The synthesis of the new inhibitors[16] takes advantage of a
convergent, two-building-block strategy, in which the allylic
amine 2[11a,b] is coupled with the N-hydroxysuccinimide esters
3b–t, featuring diphenylmethylketal or di(4-methoxyphenyl)-
methylketal moieties as catechol-protecting groups,[17] to give
amides 4b–t. Deprotection of the catechol and ribose residues
finally yielded the desired inhibitors 1b–t. This protocol is illus-
trated in detail in Scheme 1 for the preparation of 4-methyl-
phenyl derivative 1c.


The key building block for the synthesis of the diphenyl-
methylketal-protected catechol derivatives is the 5-bromo de-
rivative 7, obtained from 5-bromo-2,3-dihydroxybenzoic acid
(5)[18] by esterification to give 6 and protection with dichlorodi-
phenylmethane. Starting from 7, the desired substituents at
position 5 are readily introduced either by using Pd-catalyzed
Suzuki and Heck cross-couplings or Br–Li exchange, followed
by treatment with an appropriate electrophile. For the synthe-
sis of 1c, 7 was subjected to a Suzuki cross-coupling with 4-
methylphenylboronic acid to give 8c. The ester was hydro-
lyzed (LiOH, THF/H2O), and the resulting acid, 9c, was trans-
formed into the N-hydroxysuccinimide ester 3c. Coupling of 2
with the activated ester 3c provided amide 4c, which was fully
deprotected with TFA/H2O to afford the desired inhibitor 1c.


The binding affinity (IC50 values) of the new inhibitors to-
wards COMT in the presence of Mg2+ ions was determined by
using a radiochemical assay that has previously been reported
in full detail.[10b,19] Gratifyingly, 14 out of the 19 new inhibitors
tested showed IC50 values in the double-digit nanomolar


Table 1. Structures, biological activities (IC50 [nM], DGinh (310 K) [kJ
mol�1][21]), Hammett substituent constants sp,


[15] and pKa values[20] of the bi-
substrate inhibitors 1a–t.


Compound R IC50 DGinh sp pKa


[nm] [kJmol�1]


1a NO2 9 �47.8 0.78 4.42


1b
21 �45.6 0.06 6.87


1c 23 �45.3 �0.03 7.06


1d 23 �45.3 0.23 6.89


1e 27 �44.9 – 6.15


1 f Br 28 �44.8 0.23 6.54


1g
29 �44.7 0.29 6.18


1h CN 29 �44.7 0.66 5.18


1i
34 �44.3 0.43 5.42


1j CF3 35 �44.3 0.54 6.22


1k
39 �44.0 0.80 5.74


1l 42 �43.8 – 6.95


1m Cl 44 �43.7 0.23 6.65


1n
83 �42.0 – 5.46


1o 97 �41.6 0.05 6.34


1p 213 �39.6 – 5.07


1q 608 �36.9 �0.09 7.56


1r 1370 �34.8 �0.15 7.63


1s 2000 �33.8 0.36 6.25


1t H 2600 �33.1 0 7.37
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range; this convincingly shows that the nitro group can be
successfully substituted in bisubstrate inhibitors. Kinetic studies
conducted to investigate the mechanism of enzyme inhibition
by ligands 1a–t confirmed that a competitive mechanism with
respect to the SAM binding site is operative in all cases.


Table 1 also shows the Hammett substituent constants sp for
residues R introduced at position 5 of the catechol moiety, as
well as the pKa values


[20] measured for the most acidic catechol
OH group of the inhibitors. The data clearly reveal that no
linear free energy relationships (LFERs) exist between the free
enthalpy of inhibition (DGinh)


[21] and the Hammett parameters
or the pKa values. In other words, the electron-withdrawing ca-
pacity of the substituent R and the acidity of the catechol OH
group para to this substituent, are not the only determinants
of the relative potencies of inhibition displayed by 1a–t. On
the contrary, the 4-methylphenyl-substituted inhibitor 1c is a s


donor (sp=�0.03) and possesses one of the highest pKa


values (6.87) in the series; yet its affinity is one of the highest


(IC50=23 nm) and approaches that of the nitro derivative 1a
(IC50=9 nm, sp=0.78, pKa=4.42).


The data in Table 1 provide additional useful pieces of infor-
mation for the design of future generations of COMT inhibi-
tors. The strong inhibition by 1b–g (IC50 21–29 nm) with resi-
dues R that are weak s acceptors but feature large hydropho-
bic surfaces demonstrates the efficiency of favorable apolar in-
teractions of these residues in the hydrophobic cleft formed
by Trp38, Leu198, Val173, and Pro174 (see Figure 1).[22] These
lipophilic bonding interactions clearly compensate for losses in
binding free enthalpy resulting from the increase in pKa values
of the catechol OH groups. In the absence of suitable lipophilic
residues, however, as in 1t (R=H, IC50=2600 nm, pKa=7.37),
binding affinity deteriorates. While lipophilic residues R might
simply contribute to a better affinity by ensuring a more favor-
able partitioning of the inhibitor between water and protein,
an enhanced binding strength is only observed in the case of
proper molecular recognition of the residue in the hydropho-
bic cleft ; inhibitors 1q (IC50=608 nm) and 1r (IC50=1370 nm)
possess large hydrophobic residues, yet their activity is low.
According to the modeling studies, the fit of the p-toluenesul-
fonyl (in 1p) and p-toluenemethyl (in 1q) residues to the hy-
drophobic cleft is less favorable. Both experimental and model-
ing data suggest that aromatic substituents connected to the
catechol through a biaryl-type linkage (1b–e, 1g), represent
some of the best replacements for the nitro group.


Some of the inhibitors show good activities (IC50 between 35
and 42 nm) by benefiting from both the hydrophobic character
and the s-acceptor capacity of their substituent at position 5
of the catechol moiety (e.g. 1 i, 1 j, 1k, and 1 l). Remarkably,
others with similar acceptor capacity do not (e.g. N,N-dimethyl-
acetamido-substituted 1s ; IC50=2000 nm). Good binding is
also observed for small electron-withdrawing substituents such
as Br (1 f), CN (1h), and Cl (1m).


In conclusion, the bisubstrate inhibition approach has, for
the first time, provided a family of inhibitors for the enzyme
catechol O-methyltransferase (COMT) that do not require a ni-
trocatechol core for high binding activity. Efficient inhibition
was achieved through analysis and exploitation of structural in-
formation, according to molecular-recognition principles, fol-
lowed by convenient synthesis. Further in vitro and in vivo
studies are underway to evaluate the pharmacokinetic proper-
ties of the new inhibitors, the optimization of which could ulti-
mately lead to new therapeutical entities for Parkinson’s dis-
ease and possibly other CNS disorders, such as schizophrenia.
We are at the same time focusing on structural variations of
the ribose and nucleobase moieties for a next generation of bi-
substrate inhibitors, and are exerting efforts to further validate
the proposed binding modes by crystal structure analysis.
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Figure 1. a) Ball-and-stick and b) schematic representation of 1c modeled in
the active site of COMT in the presence of a Mg2+ ion. a) Inhibitor skeleton:
green, C atoms of COMT: gray, O atoms: red, N atoms: blue, S atoms: yellow,
Mg atom: black; b) distances are given in pm.
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VioC is a Non-Heme Iron,
a-Ketoglutarate-Dependent
Oxygenase that Catalyzes the
Formation of 3S-Hydroxy-l-Arginine
during Viomycin Biosynthesis


Xihou Yin[a] and T. Mark Zabriskie*[a, b]


The tuberactinomycins (Tbms) are nonribosomal peptide anti-
biotics produced by various species of Nocardia and Streptomy-
ces and include viomycin (1, tuberactinomycin B) and the cap-
reomycins (2).[1–3] These highly basic compounds exhibit a
range of biological activities that center on their ability to bind
RNA and, most importantly, disturb bacterial protein biosyn-
thesis.[4–6] Both 1 and 2 show potent activity against Mycobac-
terium tuberculosis but associated ototoxicity and nephrotoxici-
ty limit their clinical use to the treatment of recurring or multi-
drug-resistant M. tuberculosis infections.


To gain a better understanding of Tbm biosynthesis, particu-
larly the formation of the nonproteinogenic amino acid resi-
dues, and to facilitate genetic and combinatorial-biosynthesis
approaches to generate less toxic Tbm analogues, we recently
cloned the gene cluster that directs viomycin biosynthesis
from Streptomyces vinaceus ATCC 11861.[7] During our initial
analysis of the viomycin gene cluster, we identified an open


reading frame predicted to encode a non-heme iron, a-keto-
glutarate-dependent oxygenase and, through gene-disruption
experiments, correlated the function of this gene with the pro-
duction of 1. Sequence comparison of the S. vinaceus oxygen-
ase with enzymes of proven function revealed a close similarity
with clavaminate synthase (CS), a trifunctional oxygenase in-
volved in the conversion of the arginine derivative deoxyguani-
dinoproclavaminic acid to the b-lactamase inhibitor clavulanic
acid.[8,9] This suggested that the S. vinaceus enzyme may func-
tion in the oxidative transformation of l-Arg to capreomyci-
dine (3), the characteristic arginine-derived residue present in
all Tbms. Thomas et al. have also identi-
fied and sequenced the entire viomycin
cluster and proposed that this oxygen-
ase gene, termed vioC, encodes an argi-
nine b-hydroxylase.[10]


Because CS catalyzes a b-hydroxyla-
tion, an oxidative cyclization, and a de-
hydrogenation, it seemed plausible that
VioC would promote one or more of
these reactions in the formation of 3.
Previous isotope-incorporation experi-
ments in vivo with the capreomycin producer established that
H-2 and one H-3 of arginine are lost in the conversion to 3.[11]
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This finding is most consistent with the intermediacy of a 2,3-
dehydroarginine species that could arise by either a direct
dehydrogenation or hydroxylation and elimination. In order to
study the biosynthesis of capreomycidine more closely, we
have heterologously expressed vioC in E. coli and report here
the characterization of VioC as a non-heme iron, a-ketogluta-
rate-dependent oxygenase that utilizes free l-Arg as substrate
and generates 3S-hydroxy-l-Arg as product.


The vioC gene was amplified by PCR from cosmid pTOV101
harboring a 30 kb fragment of S. vinaceus chromosomal DNA.[7]


The primers introduced a NdeI site overlapping the start codon
and created BamHI/EcoRI restriction sites downstream of the
stop codon. The amplified DNA fragment was cloned and
checked by DNA-sequence analysis and then transferred into
the E. coli expression vector pET28a encoding a N-terminal
His6-tag. The resulting plasmid, pET28vioC, was used to trans-
form E. coli (DE3) Rosetta cells. Production cultures were
grown at 20 8C, and expression was induced with 0.5 mm iso-
propyl-b-d-thiogalactopyranoside (IPTG). Cells were cultured
for an additional 5 h at 20 8C, harvested, washed, and stored at
�80 8C. Frozen cells were thawed on ice, resuspended, and
lysed by sonication. The cleared supernatant was subjected to
Ni2+-chelate chromatography, and fractions containing His6-
VioC were pooled, dialyzed to remove imidazole, and stored at
4 8C. Figure 1 shows the SDS-PAGE analysis of the overex-
pressed and purified VioC. Size-exclusion chromatography indi-
cated that native VioC is a monomer.


Our initial analysis of VioC evaluated free l-Arg as the sub-
strate. Assays were conducted in 50 mm 3-(N-morpholino)pro-
panesulfonic acid (MOPS), pH 7.0, and included 1 mm l-Arg,
1 mm a-ketoglutarate, 25 mm FeSO4, 0.5 mm dithiothreitol


(DTT), 0.1 mm ascorbate, and appropriately diluted VioC in a
total volume of 200 mL. Reactions were initiated by the addi-
tion of VioC and incubated at 30 8C for 0.5 to 3 h. Protein was
precipitated with cold ethanol, and the supernatant was deca-
nted and stored at �20 8C. Aliquots were removed and derivat-
ized with dansyl chloride (DNS-Cl) to permit HPLC analysis with
UV detection.[12] Figure 2 illustrates results from representative
assays, showing the separation of DNS-l-Arg and the derivat-
ized VioC reaction product. The product was not seen in
boiled controls or when a-ketoglutarate was omitted from the
assay. Leaving FeSO4 out of the assay decreased the amount of
product formed tenfold, and addition of 1 mm EDTA complete-
ly halted product formation. Additionally, the reaction was
completely stereospecific for l-Arg, and a turnover product
was not detected when NG-methyl-l-Arg was evaluated as an
alternate substrate (Table 1). Studies on arginine metabolism
and the intermediacy of 3 in the streptothricin F pathway had


Figure 1. SDS-PAGE analysis of the expression in E. coli and purification of
VioC. Lane 1, total protein; lane 2, soluble protein; lane 3, purified VioC. The
calculated subunit MW of VioC is 41.6 kDa.


Figure 2. HPLC chromatograms identifying the VioC reaction product. A) Complete assay, B) boiled control, C) coinjection of A and DNS-3S-OH-l-Arg, D) coinjection
of A and DNS-3R-OH-l-Arg.
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established that DNS-capreomycidine has a longer retention
time than DNS-Arg under these conditions.[13] Therefore, the
best candidate for the product was b-hydroxy-l-Arg, a com-
pound previously proposed by Gould et al. to be a precursor
to 3[14] and speculated to be the product of VioC.[10]


ESI-MS analysis of the dansylated VioC reaction product
showed a molecular ion at m/z=430.5 corresponding to the
Li+ adduct of DNS-hydroxy-l-Arg. To prove the oxidation oc-
curred at C-3 and to establish the stereochemistry of the
newly introduced hydroxyl, samples of 3R-hydroxy-l-Arg and
3S-hydroxy-l-Arg were derivatized and analyzed under the
same conditions as the VioC assays. The chromatograms in
Figure 2 clearly show that the product of the VioC-catalyzed
reaction is 3S-hydroxy-l-Arg. The overall reaction is summar-
ized in Scheme 1.


The finding that VioC acts on free l-Arg to form 3S-hydroxy-
l-Arg was somewhat unexpected. We predicted in our initial
report on cloning the viomycin pathway that VioC might act
on an arginyl-S-protein species. This was based in part on work
by Walsh’s group demonstrating that b-hydroxylation or a,b-
dehydrogenation of several proteinogenic amino acids des-
tined for secondary metabolite biosynthesis occurred on


amino acyl derivatives tethered as thioesters to the phospho-
pantetheine cofactor of peptidyl carrier proteins (PCPs).[15–18]


Furthermore, the gene product in the public databases with
the greatest similarity to VioC is SttL from the streptothricin F
cluster (43% identity, 58% similarity). The streptolidine moiety
of streptothricin F (4) originates from l-Arg, and isotope-label-
ing experiments implicate capreomycidine as an intermediate
in the rearrangement (Scheme 2).[19,20] However, 3S- and 3R-hy-
droxy-l-[5,5-2H2]Arg and [13C]capreomycidine did not label 4 in
vivo, whereas the more advanced precursor [13C]streptolidine
was efficiently incorporated into 4.[14,21] Even radioisotope-trap-
ping[14] and derivatization[13] experiments with cultures of S. lav-
endulae containing [14C]arginine failed to provide evidence for
the formation of free b-hydroxy-l-Arg. Together these data in-
directly supported an enzyme-bound intermediate(s) between
l-Arg and streptolidine. However, it may be possible that there
are two routes leading to 3 inasmuch as the a-H and both b-H
are lost in the incorporation of arginine into 4 ; this suggests
the intermediacy of b-ketoarginine.[20]


In summary, this report describes the first characterization of
an arginine b-hydroxylase. Whereas the isomeric g-hydroxyargi-
nine is found in several plants[22] and is a component of a mol-
lusk adhesion protein,[23] and N-hydroxyarginine is formed as
an intermediate in the generation of nitric oxide by nitric
oxide synthase,[24] this study provides the first evidence for the
natural occurrence of b-hydroxyarginine. An in-depth charac-
terization of VioC will be reported shortly, and associated stud-
ies on the transformation of 3S-hydroxy-l-Arg to capreomyci-
dine by VioD are reported in the next article.[25]


Experimental Section


Cloning of vioC : Further DNA sequencing of a cosmid harboring
the vioC oxygenase gene (pTOV101) revealed a prior sequencing
error, introducing an extra T at nucleotide 886, that led us to revise
the start site of the open reading frame to nucleotide 786 (Gen-


Bank Accession No. AY225601).
The resulting start codon for vioC
is the same as that reported by
Thomas et al.[10] To construct the
expression plasmid pET28vioC, the
primers VioCf (5’-ACGCATATGACT-
GAGAGCCCCACGACGCA-3’, NdeI
site underlined) and VioCr (5’-CCA-
GAATTCGGATCCTCATCGCTGCCC-
CAGGACC-3’, BamHI/EcoRI sites


Table 1. Effect of assay composition on VioC product formation.


Assay[a] % conversion


complete 60
boiled VioC 0
(�) a-ketoglutarate 0
(�) FeSO4 6
(+) 1 mm EDTA 0
(�) ascorbate 15
(�) DTT 51
d-arginine 0
NG-methyl-l-arginine 0


[a] 3 h incubation, 5 nm VioC.


Scheme 1. Overall reaction catalyzed by VioC.


Scheme 2. Pattern of l-Arg incorporation and proposed involvement of capreomycidine in streptothricin F biosynthesis.
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underlined) were used to amplify vioC with cosmid pTOV101 serv-
ing as DNA template. The gel-purified PCR product was sequenced
and then cloned into the NdeI and EcoRI sites of pET28a (Novagen).
The resulting plasmid was designated pET28vioC.


Expression and purification of recombinant VioC : Plasmid pET28-
vioC was used to transform E. coli (DE3) Rosetta cells (Novagen) for
production of VioC as a N-terminal His6-tagged protein. Single col-
onies isolated from fresh transformation plates were grown over-
night at 30 8C in LB medium (5 mL) containing kanamycin
(50 mgmL�1) and subsequently used to inoculate of LB/kanamycin
medium (500 mL). Cells were grown at 20 8C until the A600=0.6–
0.9, at which point expression was induced with IPTG (0.5 mm).
Cells were cultured for an additional 5 h at 20 8C, harvested by cen-
trifugation at 3000g for 15 min at 4 8C, washed with buffer A
(50 mm sodium phosphate, pH 8.0, 300 mm NaCl) containing phe-
nylmethylsulfonyl fluoride (0.1 mm), and stored at �80 8C. Frozen
cells were thawed on ice, resuspended in buffer A and lysed by
sonication. The cell debris was removed by centrifugation at
35300g for 30 min at 4 8C to give a cleared lysate from which His6-
VioC was purified by using a Ni2+-NTA spin column (Qiagen) ac-
cording to the manufacturer’s directions. The VioC was eluted with
buffer A containing imidazole (200 mm). Efficiency of purification
was verified by SDS-PAGE. Fractions containing VioC were pooled
and dialyzed against sodium phosphate (50 mm), pH 7.6, and NaCl
(300 mm) to remove imidazole and then stored at 4 8C.


Oxygenase assay : Typical assays with arginine or related com-
pounds as substrate were conducted in MOPS (50 mm), pH 7.0,
and included substrate (1 mm), a-ketoglutarate (1 mm), FeSO4


(25 mm), DTT (0.5 mm), ascorbate (0.1 mm) and appropriately dilut-
ed VioC in a total volume of 200 mL. Reactions were initiated by
the addition of VioC and incubated at 30 8C for 0.5 to 3 h. Protein
was precipitated with cold ethanol, and the supernatant was deca-
nted and stored at �20 8C prior to derivatization with dansyl chlor-
ide (DNS-Cl) to permit HPLC analysis with UV detection.[12] Dansyla-
tion reactions were conducted by mixing the assay mixture (50 mL)
with Li2CO3 (50 mL, 80 mm), pH 10, followed by DNS-Cl (50 mL) in
MeCN (1.5 mgmL�1). The reaction mixtures were vortexed briefly
and kept at room temperature for 1 h, at which point excess DNS-
Cl was consumed with a 2% solution of ethylamine (20 mL). Re-
verse-phase HPLC analysis (Beckman Ultrasphere C18 column, 5 mm;
4.6N250 mm) was performed on a ThermoFinnigan Surveyor
system with photodiode array detection under isocratic conditions
of 80% potassium phosphate (0.1 mm), pH 7.5, 20% MeCN.


Characterization of the VioC reaction product : The purified prod-
uct of the VioC reaction was analyzed by ESI-MS on a ThermoFinni-
gan LCQ Advantage instrument by direct injection. A molecular ion
was seen at m/z=430.5, which corresponded to [M+Li]+ . Analysis
of DNS-Arg showed molecular ions at m/z=408.5 [M+H]+ and
414.5 [M+Li]+ . The authentic samples of 3R- and 3S-hydroxy-l-Arg
used as standards were the same materials used in the labeled pre-
cursor-incorporation studies described in ref. [14] and are deuterat-
ed at C-5. Both isomers of DNS-3-hydroxy-l-[5,5-2H2]Arg produced
an ion at m/z=432.6 [M+Li]+ . DNS-3R and 3S-hydroxy-l-[5,5-
2H2]Arg were readily separated by RP-HPLC. Each isomer was sepa-
rately coinjected with aliquots of the same VioC reaction mixture.
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Formation of the Nonproteinogenic
Amino Acid 2S,3R-Capreomycidine
by VioD from the Viomycin
Biosynthesis Pathway


Xihou Yin,[a] Kerry L. McPhail,[a] Kyung-ja Kim,[a, c] and
T. Mark Zabriskie*[a, b]


The arginine-derived, nonproteinogenic amino acid 2S,3R-cap-
reomycidine (1) is a characteristic residue of the tuberactino-
mycin family of antitubercular peptide antibiotics. These nonri-
bosomal peptides are produced by various actinomycetes and
include viomycin (2, tuberactinomycin B) and the capreomy-
cins.[1–3] The antibacterial activity is similar to that observed for
the aminoglycoside antibiotics and is due to inhibition of bac-
terial protein biosynthesis by binding to the 16S rRNA in the
30S ribosomal subunit.[4–6] Both viomycin and capreomycin are
clinically useful agents for the treatment of tuberculosis but as-
sociated toxicity relegates their status as second-line drugs.


Many semisynthetic tuberactinomycins have been prepared
in attempts to increase potency and/or reduce toxicity.[7–9] Ana-
logues possessing alterations of the 5-OH-capreomycidine resi-
due of 2 have been generated through alkylation of the hy-
droxyl group[10] and by treating 2 with trifluoroacetic acid to
yield a dehydrated guanidine iminium species, followed by the
addition of various nucleophiles.[8] However, opening the cyclic
guanidine has a detrimental effect on biological activity. When
the capreomycidine residue in tuberactinomycin O (3) was re-
placed with l-Arg or 3-guanidinoalanine, the resulting peptides
were inactive or exhibited reduced activity.[11]


The first total syntheses of the tuberactinomycins and ana-
logues relied on capreomycidine isolated from the acid hydro-
lysate of the natural peptides as starting material, or incorpo-
rated amino acids with linear guanidine containing side chains
in place of 1.[12,13] Recently, DeMong and Williams completed
an asymmetric synthesis of capreomycin Ib, in which they also
prepared 2S,3R-capreomycidine.[14] Shiba and co-workers first
synthesized l-capreomycidine,[15] and we have also reported an
asymmetric preparation of 13C-labelled 1 used in studies on
the conversion of arginine to the streptolidine core of the
streptothricin antibiotics.[16]


Our interest in the biosynthesis of 1 arises from the fact that
it is an important element of the tuberactinomycin pharmaco-
phore, is formed by a unique enzymatic process, and repre-


sents a valuable building block for combinatorial applications
but is not readily available. The viomycin biosynthesis gene
cluster has been cloned from Streptomyces vinaceus ATCC
11861 and sequenced.[17,18] Our preceding paper demonstrated
that the vioC gene from this cluster encodes a non-heme iron,
a-ketoglutarate-dependent oxygenase that catalyzes the for-
mation of 3S-hydroxy-l-Arg from l-Arg.[19] The gene immedi-
ately downstream of vioC encodes a product, VioD, that exhib-
its sequence similarity with pyridoxal phosphate (PLP) depen-
dent aminotransferases and was predicted to function as a
capreomycidine synthase.[18] We now demonstrate that VioD
directs the cyclization of 3S-hydroxy-l-Arg to 2S,3R-capreomy-
cidine (1) and represents the first example of a PLP-dependent
enzyme that promotes an intramolecular b-replacement reac-
tion.


The vioD gene was amplified from cosmid pTOV101 contain-
ing a 30 kb segment of the viomycin biosynthesis gene clus-
ter.[17] The amplified DNA fragment was cloned into the E. coli
expression vector pET28a encoding a N-terminal His6-tag. The
resulting plasmid, pET28vioD, was used to transform E. coli Ro-
setta (DE3) cells. Production cultures were grown at 20 8C, and
expression was induced with 2 mm isopropyl-b-d-thiogalacto-
pyranoside (IPTG). Cells were harvested, washed, and stored at
�80 8C prior to protein isolation. Thawed cells were resuspend-
ed and lysed by sonication, and the supernatant was applied
to Ni2+ or Co2+-chelate chromatography columns. The bound
His6-VioD was eluted with increasing concentrations of imida-
zole. Several attempts to obtain homogenous His6-VioD by this
method yielded unsatisfactory results as judged by SDS-PAGE
analysis. Furthermore, while His6-VioD was active (vide infra)
the majority of the His6-VioD overexpressed in E. coli Rosetta
(DE3) was insoluble.
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To address purity and solubili-
ty issues, we constructed the
plasmid pBADN3vioD in order
to overproduce native enzyme.
The vioD insert from pET28vioD
was transferred to the pBADN3
expression vector, and the re-
sulting plasmid, pBADN3vioD,
was used to transform E. coli
Top10 cells. Cells were grown at
20 8C, and expression was in-
duced with l-(+)-arabinose to a
final concentration of 1.5%. Pro-
duction cultures were main-
tained at 20 8C for 12 h, then
the cells were harvested, washed, and stored at �80 8C.
Thawed cells were lysed, and the cleared supernatant was sub-
jected to Q-Sepharose High Performance anion-exchange chro-
matography. Fractions enriched in VioD were pooled, concen-
trated, and applied to a Superdex-75 gel filtration column to
yield nearly homogenous native VioD (Figure 1). Additionally,
the proportion of soluble VioD in the crude lysate was ob-
served to be greater for the native protein than for the His6-
tagged derivative.


VioD assays were conducted in 50 mm 3-(N-morpholino)pro-
panesulfonic acid (MOPS), pH 7.0, and included 1 mm 3S-hy-
droxy-l-Arg, 1 mm PLP, and varying amounts of VioD in a total
volume of 200 mL. (Note: the 3R- and 3S-hydroxy-l-Arg used
here are the same materials prepared by Gould et al. in
ref. [25] and are deuterated at C-5. For simplicity, the isotope
designation is omitted). Reactions were initiated by the addi-
tion of enzyme and incubated at 30 8C for 3 to 6 hours. Protein
was precipitated with cold ethanol, and the supernatant was
decanted and stored at �20 8C. Aliquots were removed, deriv-
atized with dansyl chloride (DNS-Cl) and analyzed by HPLC.[20]


Figure 2 illustrates results from representative assays showing
the enzyme-dependent appearance of a new compound that
is clearly separated from DNS-3S-hydroxy-l-Arg (Figure 2A).
The product was not seen in boiled controls (Figure 2B) or
when 3S-hydroxy-l-Arg was omitted from the assay. Addition-


ally, VioD was completely stereospecific for 3S-hydroxy-l-Arg,
as no product formation was observed when 3R-hydroxy-l-Arg
was evaluated as substrate (Table 1). Neither did l-Arg serve as


a substrate. The product of the VioD reaction was confirmed
to be 2S,3R-capreomycidine by coinjecting authentic DNS-1
with the dansylated assay mixture and by comparing mass
spectra of the assay product with authentic 1 (Figure 2C).[16,21]


The partially purified N-terminal His6-VioD was also active
under these assay conditions.


Scheme 1 illustrates the proposed PLP-dependent elimina-
tion/intramolecular b-replacement reaction promoted by VioD.
It is not known if the PLP cofactor is covalently bound to VioD
through a lysyl imine, as is common with many PLP-dependent
enzymes. VioD contains two lysine residues, at positions 29
and 230, and the latter aligns with the active-site lysine found
in the consensus sequence of conserved PLP-binding domains,
such as pfam00155.11 and COG0436.1 associated with class I
or II aminotransferases and aspartate/tyrosine/aromatic amino-
transferases, respectively.[22] PLP was typically added to purifi-
cation buffers because we observed that the enzyme was
more stable in the presence of the cofactor. When VioD was
purified in the absence of PLP, measurable levels of 1 were
produced (Table 1), however we were unable to detect an
enzyme-bound PLP cofactor by UV spectroscopy due to the
small quantity of enzyme available. The final point regarding
the mechanism of VioD is that the configuration of the 2,3-de-
hydroarginine/PLP adduct is unknown. The more facile anti
elimination may be expected and would lead to the (E)-2,3-de-
hydroarginine, but the final stereochemical outcome could
also arise from the adduct with the Z configuration.


Figure 1. SDS-PAGE analysis of the expression and purification of VioD in
E. coli. Lane 1, soluble protein; lane 2, pooled fractions from ion-exchange chro-
matography; lane 3, purified VioD after gel-filtration chromatography. The cal-
culated MW of VioD is 42.0 kDa.


Figure 2. RP-HPLC chromatograms of dansylated VioD assay mixtures. A) complete VioD assay, B) boiled VioD control,
C) coinjection of A and authentic DNS-2S,3R-capreomycidine (DNS-1). The mobile phase was an isocratic mixture of
MeCN/NH4OAc (50 mm), pH 5.5, 18:82 for panels A and B and 20:80 for panel C.


Table 1. Effect of assay composition on VioD product formation.


Assay[a] Product formed


3S-OH-l-Arg + PLP ++


boiled VioD �
3S-OH-l-Arg�PLP +


3R-OH-l-Arg + PLP �
l-Arginine + PLP �


[a] 6 h incubation, 3 nm VioD.
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As noted in our preceding paper on the formation of 3S-hy-
droxy-l-Arg by VioC,[19] the streptolidine moiety of streptothri-
cin F also originates from l-Arg, and 1 probably serves as an
intermediate in the rearrangement.[23] The predicted products
of the sttL and sttN genes from the sequenced Streptomyces
rochei streptothricin F cluster exhibit greater than 40% identity
and 51% similarity to VioC and VioD.[24] This lends further sup-
port to the intermediacy of capreomycidine in the biosynthesis
of the streptothricin antibiotics, even though direct incorpora-
tion experiments with labeled 1 and b-hydroxyarginine yielded
negative results.[16,25]


Together with our preceding report on the role of VioC, we
have now characterized both enzymes that function in tandem
to transform l-arginine to the 2S,3R-capreomycidine residue of
the tuberactinomycins. This will facilitate future in-depth
mechanistic and structural studies on the formation of this rare
amino acid, while providing the means to produce 1 for both
synthetic and combinatorial biosynthesis applications.


Experimental Section


Construction of E. coli expression plasmids for N-terminal His6-
tagged and native VioD. To construct the expression plasmid
pET28vioD, the PCR primers VioDf (5’-TATGAATTCATATGACCGGCC-
CACTC-3’, NdeI site underlined) and VioDr (5’-GCGAAGCTT-
CATCCCGTCCCCCTTCG-3’) were used to amplify vioD by using
cosmid pTOV101 as DNA template.[17] The gel-purified PCR product
was directly cloned into the pGEM-T Easy vector (Promega), and
the purified plasmid was used for sequence confirmation. vioD was
then cloned into the NdeI and EcoRI sites of pET28a (Novagen),
and the resulting plasmid, designated pET28vioD, was used to pro-
duce N-terminal His6-VioD. To produce native VioD, the insert of
pET28vioD was excised and cloned into the vector pBADN3; this
yielded the expression plasmid pBADN3vioD. The plasmid pBADN3
is a modified form of pBADHisA (Invitrogen) that permits expres-
sion of native protein by using an ATG start codon within a NdeI
site rather than a NcoI site, as with the parent vector. pBADN3 was
constructed by eliminating the original two NdeI sites in pBADHisA


by site-directed mutagenesis and
then replacing the NcoI site in the
polylinker with a new NdeI site.


Expression and purification of
recombinant VioD. Plasmid
pET28vioD was used to transform
E. coli Rosetta (DE3) cells (Nova-
gen) for production of VioD as a
N-terminal His6-tagged protein.
The expression and purification
conditions for N-terminal His6-
VioD were the same as described
for VioC (preceding paper) with
the exception that the final con-
centration of IPTG was 2 mm. Plas-
mid pBADN3vioD was used to
transform E. coli Top10 cells (Invi-
trogen) for the production of
native VioD. Single colonies iso-
lated from fresh transformation
plates were grown overnight at
30 8C in LB medium (5 mL) con-


taining ampicillin (100 mgmL�1), and subsequently used to inocu-
late LB/ampicillin medium (500 mL). Cells were grown at 20 8C until
the A600=0.4–0.6, at which point expression was induced with l-(+ )-
arabinose to a final concentration of 1.5%. Cells were cultured for
an additional 12 h at 20 8C, harvested by centrifugation at 3000g
for 15 min at 4 8C, washed with buffer A (50 mm sodium phos-
phate, pH 8.0, 1 mm dithiothreitol and 0.1 mm phenylmethylsulfon-
yl fluoride) and stored at �80 8C. Frozen cells were thawed on ice,
resuspended in buffer A, and lysed by sonication. The cell debris
was removed by centrifugation at 35300g for 30 min at 4 8C, and
the supernatant was applied to a Q Sepharose High-Performance
ion exchange column (3M30 cm) previously equilibrated with buf-
fer A containing PLP (1 mm). The column was washed with the
same buffer (300 mL) and eluted with a gradient of 0.1–0.6m NaCl
in buffer A (300 mL) containing PLP (1 mm) at a flow rate of
1 mLmin�1. Fractions containing VioD activity were pooled and
concentrated with a Centricon Plus-20 Biomax-5 (Millipore). Final
purification was achieved by using gel-filtration chromatography
(Superdex 75, 1.5M100 cm) in buffer A at a flow rate of
0.4 mLmin�1. Fractions with VioD activity were pooled and concen-
trated.


VioD assay. Typical assays were conducted in 50 mm MOPS,
pH 7.0, and included 3S-hydroxy-l-[5,5-2H2]Arg (1 mm) as substrate,
PLP (1 mm), and appropriately diluted VioD in a total volume of
200 mL. Reactions were initiated by the addition of VioD and incu-
bated at 30 8C for various lengths of time. Protein was precipitated
with cold ethanol, and the supernatant was decanted and stored
at �20 8C prior to derivatization with dansyl chloride (DNS-Cl).[20]


Dansylation reactions were conducted by mixing the assay mixture
(50 mL) with Li2CO3 (50 mL, 80 mm), pH 10, followed by DNS-Cl
(50 mL) in MeCN (1.5 mgmL�1). The reactions were mixed and kept
at room temperature for 1 h, then quenched with a 2% solution of
ethylamine (20 mL). Reverse-phase HPLC analysis (Waters Symme-
tryN C18 column, 5 mm; 3.9M50 mm) was performed on a Thermo-
Finnigan Surveyor system by using photodiode array detection
under isocratic conditions of NH4OAc (50 mm), pH 5.5, and either
18 or 20% MeCN.


Characterization of the VioD reaction product. The product of
the VioD reaction was confirmed to be 1 by HPLC coinjection anal-
ysis with authentic 1 that had been similarly derivatized.[16] The


Scheme 1. Proposed mechanism for the VioD-catalyzed formation of 1.
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VioD product was further analyzed by ESI-MS with a ThermoFinni-
gan LCQ Advantage instrument by direct injection. Molecular ions
were observed at m/z=408.2 [M+H]+ and 414.4 [M+Li]+ , corre-
sponding to dansyl-[5,5-2H2]capreomycidine. Authentic dansylated-
1 produced ions two mass units lower.
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The antibiotics of the tuberactinomycin family, which includes
viomycin (1 a), the tuberactinomycins (1 b–e), and the capreo-
mycins (2 a–d) (Scheme 1), are important components of the
drug regimen for the treatment of mycobacterial infections.
Their medical relevance is reflected by 2 a–d being included on
the World Health Organization’s List of Essential Medicines for
the treatment of multidrug-resistant tuberculosis infections[1]


and by 1 d commonly being used in Asia for the treatment of
Mycobacterium tuberculosis[2] and M. avium complex[3] infec-
tions. The tuberactinomycins target the ribosome,[4] and struc-
tural analysis of the moieties needed for their biological activi-
ty identified the cyclic portion of amino acid 5 of the peptide
core as being essential for antimicrobial activity.[5, 6] This amino
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acid is either (2S,3R)-capreomycidine (3) or its hydroxylated de-
rivative (2S,3R)-tuberactidine (Scheme 1). Based on the results
of precursor-labeling studies,[7, 8] these nonproteinogenic amino
acids are derived from the novel intramolecular cyclization of
the side chain of (2S)-arginine (4), which generates the 2-imi-
nohexahydro-2-pyrimidyl ring. It is reasonable to presume that
(2S,3R)-tuberactidine is formed by the subsequent hydroxyla-
tion of 3.[9] While the structures of these unusual amino acids
have been known for over 35 years,[10,11] the exact mechanism
of conversion of 4 to 3 has remained an open question. Here
we present the in vitro characterization of two enzymes, VioC
and VioD, from the 1 a biosynthetic pathway from Streptomy-


ces sp. strain ATCC11861 (previously S. vinaceus). We show that
they catalyze the stepwise conversion of 4 to (3S)-hydroxy-
(2S)-arginine (5) to 3 (Scheme 2), as predicted by our previous
bioinformatic analysis, with the exception that the stereochem-
istry of the intermediate was hypothesized to be (3R)-hydroxy-
(2S)-arginine.[9] This work establishes the steps in the formation
of 3 and sets the groundwork for the use of these enzymes for
combinatorial biosynthesis of natural products or for produc-
tion of enantiomerically pure 3 for semisynthetic purposes.
In addition to being directly incorporated into the tuberacti-


nomycins, 3 is also proposed to be an intermediate in the pro-
duction of the streptolidine lactam moiety of the streptothricin


Scheme 1. Chemical structures of antibiotics that incorporate (2S,3R)-capreomycidine. The (2S,3R)-capreomycidine moiety or moieties derived from (2S,3R)-capreo-
mycidine are highlighted in gray. For compounds 1a–e and 2a–d, the shaded amino acids are residue 5 of the pentapeptide cores of the antibiotics. The shaded
portion of 6 identifies the streptolidine lactam moiety.


Scheme 2. Schematic representation of the proposed (2S,3R)-capreomycidine biosynthetic pathway. The PLP-linked 2,3-dehydroarginine represents the anticipated
VioD-bound intermediate. The C2, C3, and C6 positions of 3 are noted to aid in the interpretation of Table 1.
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broad-spectrum antibiotics, for example, streptothricin F (6)
(Scheme 1). Precursor-labeling studies on 6 have also identified
4 as the precursor for 3 formation.[12,13] Based on the precur-
sor-labeling studies of 1 a, 2 a–d, and 6, along with the recent
identification of the biosynthetic gene clusters for 1 a[9, 14] and
6,[15] three proposals have been made for the mechanism of
conversion of 4 to 3. Based on feeding experiments with
[2,3,3,5,5-2H5]-(2S)-arginine, Gould and Minott first proposed
that this conversion proceeds via a 2,3-dehydroargininyl inter-
mediate.[8] Gould and Minott hypothesized that, to stabilize
this proposed intermediate, the desaturation and cyclization of
the side chain of 4 occurs after peptide synthesis. More recent-
ly, a second proposal was made for the initial steps in the pro-
duction of 3, whereby a nonribosomal peptide synthetase
(NRPS), SttM, from the biosynthetic pathway to 6, activates
and tethers 4 to a peptidyl carrier protein, followed by C3 hy-
droxylation by an a-ketoglutarate (aKG)-dependent non-heme
iron dioxygenase, SttL, to form a peptidyl carrier protein-linked
5.[16] This NRPS-dependent mechanism of 4 hydroxylation was
extended to the biosynthesis of 1 a based on the finding of an
SttL homologue in Streptomyces sp. strain ATCC11861,[14] the
1 a-producing bacterium.[17] In neither of these two latter stud-
ies was a mechanism for conversion of the NRPS-linked 5 to 3
discussed.
We recently sequenced what we have proposed to be the


complete 1 a biosynthetic gene cluster from Streptomyces sp.
strain ATCC11861.[9] Based on our analysis of this gene cluster,
we have made a third proposal, that is, an NRPS-independent
two-enzyme pathway for the biosynthesis of 3 from 4, involv-
ing the enzymes VioC and VioD (Scheme 2).[9] Our hypothesis
was based on the homology of VioC to clavaminic acid syn-
thases (CASs), which are aKG-dependent non-heme iron dioxy-
genases involved in clavulanic acid biosynthesis,[18] and the ho-
mology of VioD to pyridoxal phosphate (PLP) dependent en-
zymes that catalyze b-replacement reactions.[19] We have pro-
posed that this pathway functions not only for 1 a biosynthe-
sis, but that analogous pathways perform the same function
for the biosynthesis of 1 b–e, 2 a–d, and 6.[9] To test our hy-
pothesis, we heterologously overproduced and purified VioC
and VioD from the 1 a biosynthetic pathway and identified the
substrate and product for each reaction. These data are consis-
tent with our proposal shown in Scheme 2.
VioC was overproduced in Escherichia coli with an N-terminal


hexahistidine affinity tag and purified to near homogeneity by
using nickel-chelate chromatography (Figure 1A). To assay for
VioC turnover, we developed an assay that utilized O-phthalal-
dehyde (OPA) derivatization of primary amines in the reaction
mixture, followed by separation of derivatized products by
high-performance liquid chromatography (HPLC). Using this
assay, we detected a new product with an elution time distinct
from 4 (Figure 2). The appearance of this product peak corre-
lated with the loss of the peak associated with 4, and forma-
tion of this product required VioC, 4, FeSO4, and aKG (data not
shown). Furthermore, repeating the reactions with [1-14C]-aKG
and trapping 14CO2 released during VioC turnover, by using a
protocol established for the analysis of CASs,[20] determined
that 14CO2 was released from the reaction in a VioC-, 4-, and


FeSO4-dependent manner (data not shown). These data are all
consistent with the hypothesis that VioC is an aKG-dependent
non-heme iron dioxygenase. Collection of the eluted product
peak from the HPLC and subsequent analysis of the product
by positive electrospray ionization mass spectrometry (ESIMS)
gave results consistent with the product being the OPA-deriv-
atized and hydroxylated 4 ([M+H]+ : observed, 307.6; calculat-
ed, 307.1 for C14H18N4O4).
To identify the 4-derived product of the VioC reaction, a


scaled-up reaction was used to produce enough product for
MS and NMR analysis. Cation-exchange chromatography fol-
lowed by ethanol precipitation yielded the reaction product 5.
The positive ESIMS of 5 exhibited pseudomolecular ions at
m/z=191.0 for [M+H]+ and m/z=213.0 for [M+Na]+ ; these
are consistent with the molecular formula C6H14O3N4 for 5. 1H


Figure 1. A) Purified VioC and B) purified VioD analyzed by a 12% SDS-PAGE
gel stained with Coomassie blue.


Figure 2. HPLC elution profiles (from top to bottom) of OPA-derivatized 4, OPA-
derivatized VioC reaction, OPA-derivatized VioD reaction, and OPA-derivatized
3. Elution of products was monitored at A340. For each sample, OPA and the
sample were combined in a 1:1 ratio (v/v) 5 minutes prior to injection.
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and 13C NMR spectra of the purified product [1H NMR (D2O,
500 MHz, 25 8C): d=4.22 (dt, J=8.0, 3.5 Hz, 1H; H3), 3.90 (d,
J=3.5 Hz, 1H; H2), 3.39 (m, 2H; H5), 1.83 (m, 2H; H4); 13C NMR
(D2O, 125 MHz, 25 8C): d=172.7 (C1), 158.1 (C6), 68.1 (C3), 60.6
(C2), 39.2 (C5), 31.3 (C4)] were in good agreement with previ-
ously reported 1H and 13C NMR spectra for chemically synthe-
sized 5.[21] While the site of hydroxylation was as expected, the
surprising finding was the stereochemistry of the C3 hydroxyla-
tion. VioC is a homologue of CASs, enzymes that catalyze the
hydroxylation of the comparable C3 position of their sub-
strates. However, the hydroxylation by CASs results in (3R)-hy-
droxylation[20] rather than the (3S)-hydroxylation catalyzed by
VioC. Further studies are ongoing to analyze the mechanistic
and structural basis for this altered stereochemical hydroxyla-
tion. We note that OPA-derivatized 5 eluted from the HPLC
with the same retention time as the previously discussed VioC
reaction product peak (data not shown).
VioD is a homologue of PLP-dependent enzymes that cata-


lyze b-replacement reactions. We have proposed that VioD cat-
alyzes the replacement of the C3 hydroxyl of 5 with its own
guanido group, thus catalyzing a novel intramolecular cycliza-
tion of the side chain of 5 (Scheme 2).[9] This proposed mecha-
nism proceeds via a PLP-linked 2,3-dehydroarginine intermedi-
ate, consistent with prior precursor-labeling studies.[8] Further-
more, the PLP would stabilize this intermediate, thereby elimi-
nating the need for peptide synthesis to occur prior to desatu-
ration and cyclization of the side chain of 4 as previously
proposed.[8]


VioD was overproduced in E. coli with an N-terminal hexahis-
tidine affinity tag and purified to near homogeneity by using
nickel-chelate chromatography (Figure 1B). Incubation of puri-
fied VioD with 5, followed by OPA derivatization and HPLC sep-
aration, allowed the identification of a new product that
eluted 0.5 min later than 5 (Figure 2). The formation of this
product peak required VioD and 5, and its formation correlated
to the loss of the peak associated with 5 (data not shown). No
change in the elution of 4 was observed if 4 and VioD were in-
cubated together prior to OPA derivatization and HPLC separa-
tion (data not shown).
To identify the product of the VioD reaction, a scaled-up re-


action was used to generate a sufficient quantity of product
for MS and NMR analysis. The reaction product 3 was purified
as the monoacetic acid salt (see Experimental Section). The
positive ESIMS of 3 showed pseudomolecular ions at m/z=
173.0 [M+H]+ , 195.0 [M+Na]+ , and 345.2 [2M+H]+ ; these are
consistent with the molecular formula C6H12O2N4. The


1H NMR
spectrum (500 MHz, D2O) displayed six proton signals, and the
13C NMR spectrum (125 MHz, D2O) showed all six carbon
atoms. A range of 2D (1H,1H gCOSY, HMQC, and gHMBC) NMR
experiments was carried out that allowed complete assign-
ments of protons attached to their respective carbons
(Table 1). The 1H,1H gCOSY correlations shown in Table 1 re-
vealed the connectivities from H2 to H5. HMBC correlations
from H5a and H5b to C6, and from H2 to C1 established the
planar structure of 3. The optical rotation of 3 we obtained as
the mono-acetic acid salt ([a]20D =++5.3 (c=0.75, H2O)) was
comparable with the reported natural (2S,3R)-capreomycidine


diflavianate,[22] thus demonstrating their same stereochemistry.
We note that OPA-derivatized 3 eluted from the HPLC with the
same retention time as the previously discussed VioD reaction
product peak (Figure 2).
We have presented the complete in vitro reconstitution of


the 3 biosynthetic pathway. The first enzyme, VioC, is an un-
usual aKG-dependent non-heme iron dioxygenase that catalyz-
es the stereospecific hydroxylation of the C3 of 4 to generate
5 (Scheme 2). This product is subsequently recognized by a
novel PLP-dependent enzyme, VioD, which catalyzes the re-
placement of the C3 hydroxyl of 5 with the guanido group of
5 (Scheme 2). This intramolecular cyclization of the side chain
of an amino acid by a PLP-dependent enzyme is unprecedent-
ed in enzymology. This study establishes the enzymatic steps
needed for the biosynthesis of 3, and this two-enzyme path-
way is likely to be followed during 1 b–e and 2 a–d biosynthe-
sis. Furthermore, as we have previously noted, homologues of
VioC and VioD are coded by the biosynthetic gene cluster for
6 (SttL and SttN, respectively).[9] Thus, we hypothesize the
same mechanism as in the formation of 3 will be followed
during formation of the streptolidine lactam moiety of the
streptothricin antibiotics. This work sets the stage for the use
of these enzymes for combinatorial biosynthesis or the produc-
tion of enantiomerically pure 3 for semisynthetic purposes to
introduce new structural diversity to natural products.


Experimental Section


Overproduction and purification of VioC and VioD. The genes
coding for VioC and VioD were independently PCR amplified from
cosmid pVIO-P8C8RH[9] and cloned into the overexpression vector
pET28b (Novagen), and the resulting plasmids were transformed
into E. coli BL21(DE3) for overproduction of the proteins with N-
terminal hexahistidine affinity tags. Overproduction strains were
grown in LB supplemented with kanamycin (50 mgmL�1) in 3K1 L
batches. For overproduction, medium (1 L) was inoculated with a
fresh overnight culture of BL21(DE3) (10 mL) carrying either plas-
mid. Cultures were grown for 24 h at 25 8C, after which cells were
harvested by centrifugation.


Table 1. NMR spectra of 3 as the monoacetic acid salt in D2O.


Position 1H, d 13C d


and


1H,1H gCOSY gHMBC


(J [Hz]) HMQC


1 172.9
2 3.81, d


(4.5)
57.4 H3 C1, C3,


C4
3 4.03, br s 49.8 H2, H4a, H4b
4a 1.97, m 22.4 H4b, H3a, H2, H5a,


H5b
C2, C3,
C5


4b 2.13, m 22.4 H4a, H3a, H2, H5a,
H5b


C2, C3,
C5


5a 3.40, m 36.7 H5b, H4a, H4b C3, C4,
C6


5b 3.45, m 36.7 H5a, H4a, H4b C3, C4,
C6


6 154.8
CH3COO


� 1.93, s 23.6 CH3COO�


CH3COO� 181.8
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Cells overproducing VioC were resuspended in buffer A (30 mL;
Tris-HCl pH 8.0 (20 mm), NaCl (300 mm), glycerol (10% v/v)) with
imidazole (5 mm). Cells were broken by sonication, and cell debris
was removed by centrifugation. The supernatant was incubated
with Ni-NTA Agarose (Qiagen) resin (1 mL) at 4 8C for 1 h with
gentle rocking. The resin was recovered and washed with buffer A
containing imidazole (20 mm). VioC was eluted with a step gradi-
ent of buffer A plus varying concentrations of imidazole (40, 60,
100, or 250 mm). Fractions containing VioC, based on SDS-PAGE/
Coomassie staining, were pooled and dialyzed against buffer B
(Tris-HCl pH 8.0 (50 mm), NaCl (100 mm), glycerol (10% v/v)). The
same protocol was followed for VioD purification, with the excep-
tion that PLP (0.1 mm) was included in all buffers. The concentra-
tion of VioC was determined spectrophotometrically at 280 nm
by use of the calculated molar extinction coefficient of VioC
(47630m�1 cm�1). The concentration of VioD was determined by
BCA assay (Pierce) with bovine serum albumin as a standard.


VioC and VioD assays. Reactions monitoring VioC activity con-
tained Na phosphate pH 7.5 (0.1m), NaCl (0.1m), glycerol (10%
v/v), Na ascorbate (1 mm), Na-aKG (1 mm), dithiothreitol (1 mm),
FeSO4 (50 mm), 4 (400 mm), and VioC (1 mm). After the desired time
of reaction, a sample (25 mL) was removed and added to OPA
(Pierce; 25 mL) to derivatize all free primary amines.[23] Derivatized
reactants and products were separated by HPLC with a Vydac C18
small-pore column at a flow rate of 1 mLmin�1. The following sol-
vents were used: solvent A—double distilled H2O and 0.1% tri-
fluoroacetic acid (TFA); solvent B—acetonitrile and 0.1% TFA. The
profile for separation was 5 min isocratic development at A/B
(91:9%); 20 min linear gradient from A/B (91:9%) to A/B (70:30%).
The elution of OPA-derivatized product was monitored at A340.


Reactions for monitoring VioD activity contained Na-phosphate
pH 7.5 (0.1m), NaCl (50 mm), glycerol (5% v/v), PLP (0.1 mm), 5
(2 mm), and VioD (0.25 mgmL�1). Termination of the reaction by
OPA-derivatization and analysis by HPLC were performed as de-
scribed for VioC.


Preparative isolation of 5. A VioC reaction (50 mL) contained Na
phosphate pH 7.5 (0.1m), NaCl (0.1m), glycerol (10% v/v), Na ascor-
bate (10 mm), Na-aKG (10 mm), dithiothreitol (1 mm), FeSO4
(50 mm), 4 (2 mm), and VioC (5 mm). Progression of the reaction was
monitored by using the OPA-derivatization and HPLC analysis de-
scribed above. Once complete conversion of 4 to 5 was observed,
the pH of the solution was adjusted to 2.5 with HCl, and the pre-
cipitated protein was removed by centrifugation. The supernatant
was passed through a Dowex 50WX8-100 (H+ form) equilibrated
with ddH2O. The column was washed with ddH2O, and 5 was
eluted with a step gradient of 1, 2, 3, 4, and 5n NH4OH. All frac-
tions were flash frozen in liquid N2 and lyophilized. Eluted product
was resuspended in ddH2O, and the pH was neutralized with HCl.
Fractions containing 5 were determined by OPA-derivatization and
HPLC analysis. 5 was precipitated from solution by the addition of
ethanol.


Preparative isolation of 3. A reaction mixture (5 mL) contained Na
phosphate pH 7.5 (0.1m), NaCl (50 mm), glycerol (5% v/v), PLP
(0.1 mm), 5 (40 mm), and VioD (0.3 mgmL�1). The conversion of 5
to 3 was monitored by OPA-derivitization and HPLC analysis as dis-
cussed above. Once complete conversion was observed, the pro-
tein was removed by passage through a microcon 3 spin column.
The reaction mixture was then passed through a Dowex 50WX2-
100 (H+ form) column equilibrated with ddH2O. The column was
washed with ddH2O, and 3 was eluted with a step gradient of 1, 2,
3, 4, and 5n NH4OH. All fractions were flash frozen in liquid N2 and


lyophilized. Eluted product was resuspended in ddH2O, the sample
was neutralized with HCl, and fractions containing 3 were deter-
mined by OPA-derivatization and HPLC analysis. Acid 3 was finally
purified by low-pressure silica gel chromatography by elution with
n-butanol/acetic acid/water (4:1:1) as the monoacetic acid salt.


1H and 13C NMR analysis. 1H and 13C NMR spectra were recorded
on Varian Inova 500 MHz instruments operating at 500 MHz for 1H
and 125 MHz for 13C nuclei. 1H,1H gCOSY, HMQC, and gHMBC were
performed by using standard Varian pulse sequences.
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Multiple Site-Specific Binding of Fis
Protein to Escherichia coli nuoA-N
Promoter DNA and its Impact on
DNA Topology Visualised by Means
of Scanning Force Microscopy


Jian Zhang,[a] Yvonne Zeuner,[b] Alexandra Kleefeld,[b]


Gottfried Unden,[b] and Andreas Janshoff*[a]


The control of bacterial DNA topology is one of the general
means to coordinating gene activity as a function of environ-
mental changes. Among the few “histone-like” proteins, which
are involved in architectural changes of prokaryotic DNA, Fis
(factor for inversion stimulation), a small protein (98 aa/12 kD),
acts on DNA in a growth phase-dependent manner.[1] The reg-
ulatory response of Fis is associated with a substantial increase
in protein concentration during the exponential growth phase
of E. coli. The Fis protein is involved in different biological proc-
esses in E. coli that enhance site-specific recombination, control
DNA replication and regulate transcription of a number of
genes.[2–4] For instance, the proton- or Na+-pumping NADH de-
hydrogenase I of E. coli is encoded by the nuoA-N operon,
which comprises a regulatory region with two promoters, P1
and P2, located upstream of the coding sequence.[5] Under res-
piratory growth conditions, nuo expression is stimulated in the
early exponential growth phase and to a smaller extent in the
stationary growth phase. The
stimulation in the early expo-
nential phase is affected mainly
by the Fis protein. Motivated by
these findings, the effect of rele-
vant transcriptional regulator
(Fis) on nuoA-N expression has
been investigated by using the
respective regulatory mutants of
previous work.[6] By DNAseI foot-
printing assays, three Fis bind-
ing sites were identified.
The observation that Fis can


change the overall shape of su-
percoiled DNA molecules pro-
vides an important clue to the possible role of Fis in control-
ling the architecture of prokaryotic chromosomal DNA in expo-
nentially growing bacterial cells.[7] To achieve a deeper under-
standing of the structural organisation and the interactions be-


tween the nuo promoter and the site-specific binding protein,
Fis, we focused on the direct visualisation of Fis–DNA com-
plexes by scanning force microscopy (SFM). Scanning force mi-
croscopy is particularly well suited since, as well as unambigu-
ous identification of the location of the proteins by direct visu-
alisation of the protein–DNA complex, the determination of
the oligomeric state of the protein is possible by estimating
the volume of the protein aggregate and the topology of the
DNA. SFM has already been proven to be a powerful tool for
the structural analysis of different protein–DNA complexes at
high resolution without the need of external contrast enhance-
ment.[8–12] Hence, SFM analysis of DNA–Fis complexes would
provide direct evidence that the protein has a strong impact
on the general conformation of DNA.[14–16]


Our objective was twofold. On the one hand, we wanted to
investigate whether binding is specific and if up to three Fis
dimers bind to the proposed three binding sites in the region
of the nuo promoter. On the other hand, our goal was to in-
vestigate the impact of Fis on the architecture of DNA. Analysis
of DNA scission of Fis–DNA by a collection of Fis conjugates to
1,10-phenanthroline copper combined with comparative gel
electrophoresis provides evidence that a bending angle be-
tween 508 and 908 occurs due to flanked DNA wrapping
around the bound Fis molecules.[13]


It is possible to determine the degree of compaction due to
wrapping of the DNA around the protein complexes. For this
purpose, we compared the contour length of the DNA in the
absence and presence of Fis. Figure 1 displays the 1242 bp
dsDNA fragment that was used in this study and contains the


complete intergenic region upstream of nuo with the three
binding sites for Fis (fis1, fis2, fis3) located near one end.
From gel-retardation assays it is known that the Fis concen-


tration required for half-maximal binding to fis1, fis2 and fis3, is
about 20, 40 or 100 nm, respectively.[6] In order to form pro-
tein–DNA complexes with all three binding sites occupied,
DNA was incubated with 100 nm of Fis protein in solution. The
protein–DNA complexes were then immobilised on mica and
subsequently analysed by SFM.
Figure 2A shows SFM images obtained in intermittent-con-


tact mode of DNA molecules on a mica surface in the absence
of Fis protein (control), while Figure 2B displays protein–DNA
complexes after incubating the DNA with Fis protein prior to
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Figure 1. The scheme shows the proposed location of the binding sites for Fis (fis1, fis2, fis3) and for ArcA (arc1, arc2)
in the nuo promoter region on the DNA fragments. The whole length of the 1242 bp fragment is 414 nm. The DNA
contour length was calculated from the number of base pairs (0.338 nm per bp).
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adsorption. It is evident that Fis is bound to the nuo promoter
DNA. Different numbers of protein–DNA complexes are dis-
cernable as shown in Figure 2C–J, which were taken at higher
magnifications. Figure 2C–H show the distinctive binding of
one (C, D), two (E, F) or three (G, H) Fis proteins to the linear
DNA strand. Individual Fis dimers can clearly be resolved, and
the observed dimensions correspond well to the expected size
of a dimer of proteins (expected height of 1–2 nm from sepa-
rate experiments imaging Fis dimers (25000 gmol�1) in the
absence of DNA).
Besides the clearly resolved individual Fis dimers bound to


DNA, larger protein aggregates (oligomers) were also found to
occupy the Fis-binding region. As a consequence, the large
aggregates obscure the individual binding of Fis dimers as
shown in Figures 1 I and J. The large protein aggregates exhibit
an average height of 3.4 nm, while the dimers (Figures 1C–H)
only show a mean height of 1.8 nm. Hence, the aggregates
must consist of at least three Fis tetramers or even larger
oligomers (up to 40 Fis dimers as determined from measuring
the volume of the protein aggregates). Since, in some images,
protein aggregates were found on the mica surface without
being attached to the DNA, it is conceivable that the oligomer-
isation occurs already in solution.
The differences in height and volume between individual Fis


dimers and Fis aggregates are revealed most clearly by three-
dimensional images of the protein–DNA complexes. Fig-
ure 3A–C shows the binding of one, two and three Fis dimers,
respectively, while Figure 3D shows the interaction of large


oligomers with the DNA. Evidently, the separated Fis–DNA
complexes composed of individual Fis dimers are much lower
and less broadened than the oligomeric aggregates. Single Fis
dimer–DNA complexes are sometimes difficult to distinguish
from each other because, firstly, the height of the protein is
similar to that of the DNA corrugations and, secondly, the
binding sites are located close together. The formation of large
protein aggregates at the Fis-binding sites of the DNA strand
might either abolish further binding of dimers to the remain-
ing binding sites by steric hindrance or alternatively occupy all
three binding sites in an indiscernable fashion. The formation
of Fis aggregates could not be diminished by reducing the Fis
concentration to 80 nm.
The specificity of Fis binding can be elucidated by the loca-


tion of bound protein on the DNA strand. If the Fis proteins
bind to the specific binding sites (see Figure 1), individual
dimers should be centred at 53, 69 and 85 nm away from one
end of the DNA strand. To obtain the exact location of Fis
binding, we measured the distribution of the distance between
the occurrence of proteins and the end of the DNA strand
nearest to the protein. If more than one protein bound to one
DNA strand, we listed all positions. Figure 4 shows the histo-
gram of Fis position relative to the DNA strand obtained from
several SFM images. Evidently, the binding of Fis proteins to
the nuo promoter region observed by SFM is consistent with
our previously published results from gel-shift experiments on
the same DNA.[6] The broad distribution of the Fis position re-
sults partly from the three adjacent binding sites and the tip
sample convolution, but also from nonspecific binding of Fis
to other locations of the DNA. Assuming that specific binding
is identified by finding Fis in the region of 30 to 110 nm away


Figure 2. SFM images of pure DNA and Fis–DNA complexes deposited onto
mica. A) Typical height image of the DNA fragment. B) Typical height image of
Fis–DNA complexes. The bright spots are Fis proteins occupying the binding
sites. C)–H) Magnifications of Fis–DNA complexes occupying one, two or three
binding sites. Image size is 300B300 nm with a z-range of 4 nm. I) and J) Mag-
nifications of Fis aggregates binding to specific positions of the DNA strand.
Image size is 300B300 nm with a z-range of 6 nm.


Figure 3. Three-dimensional representation of SFM images of Fis–DNA com-
plexes. The white arrows indicate the fine structures of specific complexes with
one, two or three sites occupied by Fis dimers or alternatively one large aggre-
gate consisting of many single Fis proteins. A)–C) Fis proteins bind to one, two
or three binding sites, respectively ; z-range is 4 nm. D) One big aggregate of Fis
proteins occupying presumably all three binding sites ; z-range is 6 nm.
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from one end of the DNA strand, in accordance with the width
of the proteins measured by SFM, a selectivity of 62% is ob-
tained. Thus, we conclude that Fis does not bind exclusively to
the designated binding sites but also in part nonspecifically to
DNA in the nanomolar range.
Figure 5 shows the impact of Fis binding on the contour


length of the DNA. In the presence of Fis (80 nm), a considera-
ble reduction of the contour length of 80 nm can be observed.


A t-test (assuming Gaussian distribution) and a Wilcoxon rank-
sum test (P<0.0001) confirm that the shift in contour length is
highly significant. The SFM images did not resolve whether
wrapping around the proteins occurs. The presence of large
structures (see Figure 2), however, indicates that more complex
architectures are conceivable.
In many of the observed complexes, the DNA seems to be


bent at the position where the protein is bound, that is, the
two flanking DNA arms are pointing from the complex at a rel-
atively sharp angle (see Figure 2C, F, G). The Fis–DNA com-
plexes exhibit a broad Gaussian distribution of bending angles


or—since wrapping around the protein complexes occurs—
the angle between the entering and exiting DNA strand cen-
tred at (87�5)8 (Figure 6A). In the absence of Fis proteins, a
distribution of bending angles at the binding site centred at


around 08 was found, as expected, for DNA without spontane-
ous curvature (Figure 6B). The finding that the average bend-
ing angle or angle between entering and exiting of the DNA at
the position of the protein is around 908 is in good agreement
with results obtained from gel electrophoresis providing values
between 40 and 908.[13–16]


From the SFM images alone it is not possible to infer the
exact architecture of the protein–DNA complex. Implications of
bending and/or wrapping of DNA with respect to the possible
biological significance of Fis might comprise the regulation of
the activity of the promoters or an increase in the accessibility
of other proteins, such as DNA-binding proteins.
In conclusion, we were able to visualise for the first time the


effect of Fis dimers on the structural organisation of DNA on a
molecular level. We investigated the specificity of the interac-
tion of Fis dimers with specific binding sites in the nuo pro-
moter region and the substantial apparent bending of DNA at
the position of the bound protein. In fact, a strong tendency
towards compaction of the DNA in the presence of Fis has


Figure 4. Histogram of the distance between the location of Fis on the DNA
and the shortest way to one end of the DNA strand.


Figure 5. Histogram of the contour length of DNA in the absence (light grey
bars) and presence (dark grey bars) of Fis (80 nm). The fit of the Gaussian dis-
tribution resulted in a mean contour length of (350�3) nm for the DNA with
bound Fis (s=6 nm) and (431�1) nm for DNA in the absence of protein
(s=5 nm).


Figure 6. A) Histogram of the bending angles for Fis proteins bound to the
DNA strand. The mean value is (87�5)8 as obtained from fitting a Gaussian
distribution function to the histogram data. B) Histogram of the bending
angles for pure DNA in the absence of protein.
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been observed. These results pave the way for further studies
on the formation of complexes of the nuo promoter DNA with
the protein ArcA and other regulatory proteins involved in
nuoA-N expression.


Experimental Section


Expression and isolation of Fis : For overexpression of Fis, a
324 bp fragment of chromosomal DNA (from E. coli AN387) con-
taining the coding sequence of the fis gene was amplified by
using PCR with primers fis3NdeI (GACAGACATATGTTCGAACAACGC)
and fis4BamHI (GCATTTAGGGATCCTGAATTAGTTC). After restriction,
the fragment was cloned into the vector pET28a (Novagen); this
yielded pMW279 coding for Fis with a His6-tag and a linker with a
thrombin cleavage site close to the N terminus of Fis. For the isola-
tion of Fis, E. coli BL21DE3 pMW279 (pET28a.fis) was grown in LB
medium (0.8 L) and induced, and the cells were broken in a French
Press cell. After the removal of debris and of the membranes by
centrifugation, the supernatant was applied to a Ni2+-NTA column
(3 mL) equilibrated with buffer A (50 mm Na-K-phosphate, pH 7,
200 mm NaCl, 10 mm imidazole). After being washed with buffer B
(30 mL, buffer A with 20 mm imidazole), the Fis protein was eluted
with buffer C (30 mL, buffer A with 500 mm imidazole). The eluted
protein was stored at 4 8C in buffer with 40% glycerol.


Sample preparation : The intergenic region in front of nuoA was
amplified by PCR with oligonucleotide primers nuo2
(CCGGAAGGGGAGAATTCATTGTTGATTG) and nuoB’EcoRI (ACG-
GATCCCCGAATTCTTGCTCC) from pMW6 and purified with the Qia-
quick PCR Purification Kit (Qiagen). The binding reactions were per-
formed essentially as described previously.[6] Isolated Fis protein
was incubated with nuo promoter DNA (20 ng) in buffer (20 mL,
4 mm HEPES, pH 7.4, 10 mm NaCl, 2 mm MgCl2) for 15 min at 4 8C.
Mg2+ in the binding buffer is necessary to ensure binding of DNA
to the mica surface.[10] After incubation, 5–10 mL of the reaction
mixture was deposited onto freshly cleaved mica. DNA without Fis
was deposited under the same buffer conditions. After approxi-
mately 1 min, the 1–1.5 cm2 mica disc was gently rinsed with ultra-
pure deionised water (2–3 mL, Millipore, Germany). Excess water
was removed with highly absorbent tissue paper, and the disc was
subsequently dried under a gentle flow of nitrogen gas.


Scanning force microscopy : Images were acquired with a Multi-
mode scanning force microscope equipped with a Nanoscope IIIa
controller (Digital Instruments Inc. , Santa Barbara, CA, USA), operat-
ing in TappingModeTM in air with an E-scanner. Rectangular silicon
cantilevers (Nanosensors, 125P30P4 mm) with an integrated tip, a
nominal spring constant of 42 Nm�1 and a resonance frequency of
330 kHz were used. To control and enhance the range of the at-
tractive interaction regime, the instrument was equipped with a
special active feedback circuit, called Q-control (Nanoanalytics,
Germany).[17]


Image processing : Raw SFM images were processed only for back-
ground removal (flattening) by using the NanoScope Image soft-
ware (Veeco Instruments Inc. , Santa Barbara, CA, USA). DNA mole-
cule lengths and bending angles induced by Fis protein were de-
termined manually from the SFM images by employing a graphic
tablet. The bending angle was measured by using the tangents
method by drawing lines from the centre of the Fis protein to the
entry and exit points of the DNA. The deviation from linearity of
one tangent from the other corresponds to the bending angle.
Data workup was performed with the angle-measurement tool of
the software package from Veeco Instruments.
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Type II Thioesterase Restores
Activity of a NRPS Module Stalled
with an Aminoacyl-S-enzyme that
Cannot Be Elongated


Ellen Yeh,[a] Rahul M. Kohli,[a] Steven D. Bruner,[b] and
Christopher T. Walsh*[a]


Nonribosomal peptide synthetases (NRPSs) carry out the bio-
synthesis of numerous peptide natural products, including
many with important clinical applications. The NRPS, organized
into a series of modules, is an efficient, high-fidelity assembly
line for the production of a particular peptide. Each module
consists of domains, whose activities contribute to the accura-
cy of these assembly-line systems. The activation (A) domain
uses ATP to selectively load an amino acid onto the module
through formation of a thioester bond to the pantetheine arm
of the thiolation (T) domain. Peptide-bond formation, catalyzed
by the condensation (C) domain, is stringent for both side-
chain identity and stereochemistry.[1–4] The C domain accepts
an aminoacyl- or peptidylthioester from the preceding module
for nucleophilic addition by the amine of the loaded amino
acid; this generates the elongated peptide attached to the
downstream module. The peptide product is synthesized one
amino acid at a time until it reaches the final module. There,
the fully synthesized chain is released by a type I thioesterase
(TEI), the terminal domain of the NRPS assembly.
Despite the high fidelity of this process, an error in any step


of the assembly-line synthesis severely impacts the efficiency
of the system and creates a bottleneck that results in a build-
up of unprocessed intermediates. For example, an error by the
A domain, which can load amino acids other than that normal-
ly accepted by the C domain,[5–7] would prevent peptide-bond
formation. The loaded module would be blocked until the in-
correct amino acid was hydrolyzed (Figure 1). A type II thioes-
terase (TEII), whose gene is associated with the gene cluster of
many NRPSs and related polyketide synthases (PKSs), improves
the efficiency of product formation in these systems and has
been proposed to edit modules through hydrolysis of acyl
groups.[8–13] In the surfactin NRPS, TEII was shown to regener-
ate misacylated modules resulting from priming of the apo-
module with acyl-CoA groups.[9] In this study we provide evi-
dence to expand the editing function of TEIIs to include restor-


ing the activity of modules stalled by loaded amino acids that
cannot be processed.
N-acetylcysteamine (SNAC) thioesters have been used previ-


ously to assay NRPS domain activities.[2, 13–15] Hydrolysis of
SNAC substrates was used here to explore the specificity of
the TEII from the tyrocidine biosynthetic operon, TycF.[16] TycF
accepted a broad variety of aminoacyl-SNACs of different side-
chain identity and stereochemistry with a 20-fold kcat/Km range
between the most- and least-active substrate (Table 1). A series
of peptidyl-SNACs derived from the tyrocidine sequence was
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Figure 1. Model for the processing of correct versus incorrect amino acids by
NRPS modules. A) Normal processing of an amino acid by a module, including
initial loading of the amino acid followed by the later steps of peptide-bond
formation and/or epimerization. B) Blocking of a module following loading of
an incorrect amino acid (AAX). “X” indicates the inability of C or E domains to
recognize the loaded amino acid.


Table 1. TycF hydrolysis of SNAC substrates. A spectrophotometric assay
used dithionitrobenzoic acid (DTNB) to monitor hydrolysis of SNAC sub-
strates (0.1–5.0 mm).[a]


SNAC substrate kcat/Km [mm
�1min�1]


Ac- 0.13
Ala- 0.11


Ac-d-Ala- 0.06
Ac-d-Leu- 0.30


d-Phe- 0.41
Phe- 0.32


Ac-Phe 0.43
Leu- 0.24


Ac-Leu- 1.40
Orn-Leu- n.d.[b]


Ac-Orn-Leu- –[c]


Val-Orn-Leu- –[c]


Tyr-Val-Orn-Leu- –[c]


Gln-Tyr-Val-Orn-Leu- –[c]


[a] Background hydrolysis, 20–50% of overall signal for aminoacyl-SNACs
and <2% for all others, was subtracted. Nonsaturating kinetics were ob-
served for all substrates tested. [b] Not determined due to high back-
ground hydrolysis ; [c] Rates below detection limit of the assay.
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constructed, in which the C-terminal Leu was maintained but
successively lengthened by one amino acid (Table 1, shaded).
None of these peptidyl-SNACs were substrates for TycF. This
result supports a previous report that TEII release of a tripep-
tide formed by a three-module system was very inefficient.[9]


Therefore, editing by TEII could occur at the level of the ami-
noacyl intermediate after loading but prior to peptide-bond
formation. Indeed, release of inefficiently processed peptidyl
intermediates was found to be independent of TEII and instead
might be catalyzed by the C domain.[17] Notably, acetyl-SNAC
was accepted by TycF with a kcat/Km of 0.13 mm


�1min�1 com-
pared to 0.06–1.4 mm


�1min�1 for aminoacyl-SNACs. Based on
these results, TEII hydrolysis of aminoacyl groups appears com-
parable to that of acetyl groups, the substrate demonstrated
in the mispriming model.[9]


Hydrolysis of amino acids loaded on NRPS modules by TycF
and SrfA-D, the TEII from surfactin biosynthetic operon, was
demonstrated on the first module of gramicidin synthetase,
PheATE. This module introduces d-Phe as the first amino acid
in gramicidin and has high sequence identity to the first
module of tyrocidine synthetase. In addition to A and T do-
mains, an E domain acts to convert the loaded amino acid be-
tween l- and d-stereoisomers.[17,18] Following loading with op-
tically pure l-Phe, d-Phe was generated on the module by the
action of the E domain. Release of d-Phe from the module by
TEII was monitored by its accumulation in solution (Figure 2).
Similarly, rates for TEII cleavage of l-Phe from the module were
also determined following loading with optically pure d-Phe.
Both initial loading and epimerization of Phe were fast relative
to TEII-catalyzed hydrolysis.[18] The kcat/Km for d-Phe-S-enzyme


cleavage by TycF and SrfA-D were 150 and 180 mm
�1min�1,


respectively.[19] Values for the l-Phe-S-enzyme were 180 and
160 mm


�1min�1. Reactions were not saturated at concentra-
tions of PheATE up to 80 mm. Modest rates and high Km values
were also observed for the PKS TEII from pikromycin, and
thought to be consistent with a TEII largely dissociated from
the PKS and able to scan carrier domains without interfering
with normal processing of the PKS.[11] But unlike PKS TEIIs,[11]


interactions with the T domaine might be important for NRPS
TEII recognition, as there was a 500-fold decrease in rates ob-
served for Phe-SNAC as compared to the Phe-S-enzyme. In ad-
dition to l- and d-Phe, TycF and SrfA-D also catalyzed cleavage
of d-Trp and d-Tyr from PheATE following loading with the l-
amino acid. Rates could not be obtained due to the slow initial
loading of these noncognate amino acids.[6] As observed with
SNAC substrates, TycF and SrfA-D recognized a broad range of
amino acids loaded on a NRPS module.
Finally, we evaluated the ability of TEII to restore the activity


of a stalled module, in which the loaded amino acid could not
be processed by the NRPS dimodule PheATE/ProCAT. The
action of PheATE and downstream module ProCAT generates a
dipeptide intermediate that undergoes a self-catalyzed cleav-
age from the enzyme to form d-Phe-l-Pro-DKP (Figure 3A,
left). Previous studies of ProCAT showed that the C domain is
d-amino acid specific for the upstream donor.[2, 20] DKP forma-
tion was abolished when PheATE modules with inactivating
mutations in the E domain were loaded with l-Phe and pre-
sented to the downstream ProCAT,[21] since these mutants were
unable to generate the required d-Phe-S-enzyme (Figure 3A,
right). We used one of these mutants, H753A/N975A, to inves-
tigate the effect of TEII in this system. Following full loading
with l-Phe, addition of the productive d stereoisomer (at equal
concentration to l-Phe) did not lead to recovery of DKP forma-
tion as l-Phe continued to block the carrier-protein-loading
site (Figure 3B, box 1). However, addition of TycF or SrfA-D
along with d-Phe restored product DKP formation by removing
the stalled l-Phe and allowing loading and subsequent proc-
essing of d-Phe (boxes 2 and 3). Interestingly, the recovered
activity varied with different E domain mutants; this suggests
an effect of adjacent domains on TEII activity (Table 2). The
specific function of the residues mutated in these mutants,
whether in catalytic steps of E domain function or substrate
recognition, is unknown. However, if in some mutants the
loaded Phe were displaced from its binding pocket in the E
domain, where it is believed to bind following loading,[3] it
may be more available for TEII hydrolysis. The same would be
true of incorrectly loaded substrates that are not recognized
by later-acting domains (Figure 1B). Lacking specificity for par-
ticular substrates, TEII recognition of unprocessed amino acids
may be kinetically controlled by the increased half-lives of
these unprocessed and unrecognized aminoacyl intermediates.
A similar mechanism was proposed for PKS TEII recognition of
aberrant acyl groups.[11] An attempt was made to compare ki-
netic parameters for cleavage of l-Phe from different E mutant
modules by monitoring the loss of enzyme-bound radioactivity
following loading with 14C-labelled l-Phe. Unfortunately, tight
binding of the Phe-AMP intermediate resulted in fast reloading


Figure 2. TEII acts on loaded NRPS modules. A) Schematic for the assay of TEII
activity on loaded NRPS modules. Following loading of PheATE with optically
pure Phe, release of the stereoisomer generated on the module is detected.
Solid arrows, steps from l-Phe loading to TEII hydrolysis of d-Phe to determine
rates for d-Phe-S-enzyme. Dashed arrows, steps from d-Phe loading to l-Phe-S-
enzyme cleavage. B) Chiral silica TLC shows release of Phe stereoisomer oppo-
site that loaded when TEII is present (24 h incubation).
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of the module such that TEII hydrolysis activity could not be
detected (data not shown).
In summary, we have described several features of NRPS TEII


activity consistent with a role for TEII in amino acid editing, in-
cluding broad specificity for aminoacyl groups, cleavage of
amino acids from NRPS modules at modest rates, and an abili-
ty to restore the activity of modules stalled with unprocessed
aminoacyl intermediates. Moreover, the results describe a
model for amino acid editing by NRPS TEII in which TEII recog-
nizes a variety of loaded amino acids at low affinity and may


discriminate “correct” from “incorrect” amino acids based on
the increased half-life of unprocessed intermediates displaced
from the normal domain binding sites. A general, rather than
specific, mode of recognition is also indicated in PKSs since
TEIIs from heterologous PKS systems can be exchanged with-
out loss of product yields.[12,22] In addition, given its preference
for aminoacyl over peptidyl substrates, editing by TEII at the
level of the aminoacyl intermediate would reflect the energetic
cost of hydrolyzing longer peptides as well as the known strin-
gency of the C domain for downstream acceptor site amino
acid relative to the upstream donor.[1] When the NRPS calcium-
dependent antibiotic (CDA) synthetase was engineered such
that the A domain of the seventh module was mutated and
unable to provide the proper amino acid substrate for the up-
stream C domain, the hexapeptide intermediate was released
from the NRPS in significant yield, probably through C-domain
action.[17] Clearly, release of these longer intermediates is unde-
sirable for the energetic efficiency of NRPS systems and could
be prevented by rigorous editing of the loaded amino acid
prior to incorporation into the product. Together, the results
point toward a model for TEII hydrolytic editing of misloaded
NRPS modules, in addition to that previously described in edit-
ing of misprimed modules.[9] A comparable editing role in PKSs


Figure 3. Restoration of product formation on stalled modules. A) d-Phe-Pro DKP formation by PheATE/ProCAT (left panel), including 1) loading l-Phe, 2) epimeriza-
tion to d-Phe, 3) peptide bond formation with l-Pro, and 4) cyclization and release from module. When PheATE containing an E-domain mutation is used, the
module is stalled after the first loading step (right panel ; compare with Figure 1B). B) Preloaded H753A/N975A mutant (1.5 mm) and 14C-Pro-loaded ProCAT (1.5 mm)
were mixed to initiate DKP product formation, which was detected by TLC. Boxes highlight conditions of stalling for which addition of TEII (1.5 mm) restored product
formation.


Table 2. Domain effect on recovery of DKP formation. Yields (t=180 min)
for stalled PheATE mutants�TEII are shown. The baseline DKP formation for
each mutant was taken as the yield obtained when only d-Phe was loaded
and present in solution (italics), shown for comparison.


Product yield of d-Phe-Pro DKP [mm]


E domain d-Phe l-Phe loaded, d- and l-Phe in solution
mutation(s) �TEII �TEII +SrfA-D +TycF


H753A 12.6 0.0 2.5 1.8
E892A 5.3 0.0 0.0 0.0
Y976A 11.4 1.9 5.0 6.0
H753A/N975A 9.2 1.6 6.8 9.0
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has been reported.[8,11,13] Type II thioesterases may play an im-
portant role in removing nonproductive acyl groups that accu-
mulate on NRPS and PKS modules, thereby conferring efficien-
cy and accuracy upon nature’s synthetic machinery.
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In Vitro Inhibition of Human
Immunodeficiency Virus Type-1 (HIV-
1) Reverse Transcriptase by Gold(iii)
Porphyrins


Raymond Wai-Yin Sun, Wing-Yiu Yu, Hongzhe Sun,
and Chi-Ming Che*[a]


The medicinal uses of gold compounds have been a subject of
extensive studies.[1] Notable examples include auranofin, which
is a AuI-thiolate complex, for clinical treatment of rheumatoid
arthritis. Although gold(iii) compounds have long been antici-
pated as promising candidates for drug development, limited
success has been achieved due to their poor solution stability
under physiological conditions.[2] Previously we showed that
porphyrin is a good auxiliary ligand for stabilizing gold(iii), and
gold(iii) porphyrins exhibit remarkable solution stability under
physiological conditions and potent anticancer activities
against a panel of human cancers in vitro.[3]


In 1996, Shapiro and Masci reported that an HIV patient re-
ceiving auranofin for psoriatic arthritis treatment showed an
elevated CD4+ T-cell count, and anti-HIV activity of gold com-
pounds was implicated.[4] Stimulated by this finding, we ex-
plored the inhibition of HIV-1 reverse transcriptase with some
structurally defined gold(iii) compounds. Herein is described
that [AuIII(TMPyP)]Cl5 (1a, (H2TMPyP)


4+ =meso-tetrakis(N-meth-
ylpyridinium-4-yl)porphyrin) is a potent inhibitor of HIV-1 re-
verse transcriptase in vitro with an IC50 value=0.31 mm. In
combination with 3’-azido-3’-deoxythymidine triphosphate
(AZT-TP), 1a can effect significant HIV-1 reverse transcriptase
(RT) inhibition at nanomolar concentration. Prior to this work,
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http://www.chembiochem.org or from the author.
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Paterson and Kappas reported that heme and some synthetic
metalloporphyrins are inhibitors of HIV-1 reverse transcriptase
in vitro.[5]


Previously we showed that gold(iii) porphyrins such as
[AuIII(TPP)]Cl (1c) are stable in physiological buffer medium,[3]


and no significant decomposition was observed in the pres-
ence of excess glutathione (GSH). In this work, [AuIII(TMPyP)]Cl5
(1a) and Na4[Au


III(TPPS)]Cl (1b, (H2TPPS)
4�=meso-tetrakis(4-sul-


fonatophenyl)porphyrin) were found to be stable in Tris buffer
saline (TBS; pH 7.2) at room temperature, based on UV/Vis
spectroscopic studies. No significant UV/Vis and 1H NMR spec-
tral changes were observed when treating 1a/1b with excess
GSH.
Analogous to porphyrins, Schiff bases[6] and bis(pyridyl)car-


boxamides[7] are also strong chelating s-donor ligands. In this
work, we also prepared gold(iii) complexes containing N,N’-
ethylenebis(salicylideneimine) (H2salen) and 4,5-dichloro-1,2-
bis(2-(4-tert-butylpyridine)carboxamido)benzene (H2dcbpb) as
auxiliary ligands. The [AuIII(salen)]Cl (2) and [AuIII(dcbpb)]Cl (3)


complexes were prepared by treating K[AuIIICl4] with the corre-
sponding ligands in refluxing acetonitrile and acetic acid,
respectively.[8] The complexes were characterized by 1H NMR
spectroscopy, FAB-MS (for 2 : m/z=463 [M+] ; for 3 : m/z=694
[M+]) and elemental analyses.
Complexes 2 and 3 are stable in TBS/MeCN (9:1; pH 7.2) and


no significant spectral changes were evident upon standing


the solutions at room temperature for 4 h (see Supporting In-
formation). However, adding GSH (2 mm) to the solutions of 2
and 3 in TBS resulted in spontaneous spectral changes
(Figure 1), accompanied by formation of colloidal gold and
some light yellow precipitates. FAB-MS analysis of the precipi-


tates revealed the molecular ions of the free H2salen
(m/z=267) for 2 and H2dcbpb (m/z=498) for 3.
These findings indicate that 2 and 3 underwent ex-
tensive demetallation and reduction of gold(iii) to
colloidal gold upon treatment with GSH.
In this study, the activities of the gold(iii) com-


plexes toward HIV-1 reverse transcriptase inhibition
were measured by using an ELISA method devel-
oped by Eberle and Seibl.[9] The method was per-
formed by incubating the enzyme with digoxigenin-
labeled deoxyuridine-5-triphosphate (dUTP) and the
biotin-labeled analogue during reverse transcription
starting from the template/primer hybrid poly(A)·
oligo(dT)15. After reverse transcription, the newly syn-
thesized DNA was immobilized into streptavidin-
coated ELISA wells, and the incorporation of the
dioxigenin-labeled dUTP was assayed by a chemilu-
minescence method.


Figure 1. UV-visible spectra of a) 2 (10 mm) and b) 3 (10 mm) in 2 mm GSH TBS/
MeCN (19:1) at t=0 h (solid line) and t=48 h (dotted line).
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Upon treatment of HIV-1 RT in lysis buffer (2 ng,
128.7 mL) with [AuIII(TMPyP)]Cl5 (1a ; 50 mm) dis-
solved in TBS at 37 8C, significant RT inhibition
(~95%) was observed after 30 min incubation com-
pared with the drug-free control (i.e. , 0% inhibi-
tion). The HIV-1 RT inhibitory activity of 1a was
found to be dose-dependent: 95% inhibition at
50 mm, 76% at 10 mm, 67% at 5 mm, 58% at 1 mm,
53% at 0.5 mm, and 38% at 0.1 mm. The IC50 value
was evaluated to be 0.31�0.05 mm (Table 1,
entry 1). Likewise, Na4[Au(TPPS)]Cl (1b) also exhibit-
ed effective HIV-1 RT inhibition with an IC50 value
(0.57�0.09 mm) comparable to that of 1a (entry 2).
It should be noted that the free-base porphyrins
(i.e. , (H2TMPyP)


4+ and (H2TPPS)
4�) display substan-


tially lower HIV-1 RT inhibitory activities (see below).
In this work, the HIV-1 RT inhibitions by 1c, 2 and 3
were also examined, and the corresponding IC50
values were found to be 28.4�1.8 mm (1c), 0.33�
0.03 mm (2) and 0.47�0.09 mm (3 ; entries 3–5).


Paterson and co-workers reported that [ZnII(PPIX)] (H2PPIX=
protoporphyrin IX) inhibited HIV-1 RT activity in vitro.[5a] In this
work, we have also determined the corresponding IC50 value
(4.98�0.93 mm) using the ELISA assay (Table 1, entry 6). As
shown in Table 1, [ZnII(PPIX)] is at least tenfold less effective
than the gold(iii) porphyrins in HIV-1 RT inhibition.
By employing a fixed drug concentration (6 mm), the HIV-1


RT inhibitory activities of various related compounds were
compared, and the results are depicted in Figure 2. Around
70% HIV-1 RT inhibition was observed for 1a, b and 2, whereas
3 was found to effect 64% RT inhibition under identical condi-
tions. Apparently, the presence of a gold atom is critical for the
observed HIV-1 RT inhibition, since all the free-base ligands are
largely inactive (<30% inhibition). For comparison, KAuIIICl4
was found to achieve only 48% inhibition of the HIV-1 RT activ-
ities, compared with 64–73% inhibition attained by 1–3. We
found that 1–3 are more effective in vitro HIV-RT inhibitors
than [(Ph3P)Au


ICl] ,[10]which produced only 43% inhibition at
6 mm. As noted earlier, [ZnII(PPIX)] is a less effective HIV-1 RT in-
hibitor than the gold(iii) complexes (c.f. 53% RT inhibition by
[ZnII(PPIX)] to 70% RT inhibition by 1–3 under identical condi-
tions). Indeed, the unique activity of gold(iii) is further exem-


plified by the fact that [ZnII(TMPyP)]Cl4 was found to produce
only 32% RT inhibition (c.f. 70% for 1a) at 6 mm.
Acute cytotoxicities of the gold(iii) complexes to human T-


cells, which are the host cells for HIV replication, have been
evaluated. The percentages of cell survival at various doses of
the gold complexes were determined by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,[11]


and the cytotoxicity profiles are shown in Figure 3. Importantly,
1a and 1b did not exert significant acute cytotoxicities to
human T-cells, with >90% cell survival being registered at
drug concentration up to 96 mm, which corresponds to 16-fold
of their IC70 values (ca. 6 mm) for HIV-1 RT inhibition. In con-
trast, >90% cell death was found when treating the T-cells
with 2 and 3 at 96 mm level. At about 3 mm, [AuIII(TPP)]Cl (1c)
showed severe cytotoxicity to the T-cells, with 80% cell death
being observed (c.f. IC50=28 mm for HIV-1 RT inhibition). With
human lung fibroblasts (CCD-19Lu) as model normal cells, 1a
and 1b were found to be nontoxic (i.e. , >90% cell survival at


Table 1. Inhibitory concentration (IC50) values of various gold complexes
against HIV-1 RT.


compound IC50�SE [mm�1][a]


1 1a 0.31�0.05
2 1b 0.57�0.09
3 1c 28.4�1.8
4 2 0.33�0.03
5 3 0.47�0.09
6 [ZnII(PPIX)] 4.98�0.93
7 AZT-TP 0.069�0.01


[a] Expressed as mean�SE of at least three determinations. HIV-1 RT=
HIV-1 reverse transcriptase.


Figure 2. Comparative study of HIV-1 RT inhibition by various related compounds with con-
centration fixed at 6 mm. For comparison, the inhibitory effects of KAuIIICl4, [(Ph3P)AuICl] and
some zinc(ii) porphyrins are also shown.


Figure 3. Cytotoxicity profiles of complexes 1–3 toward human T-cells. A plot of
% cell survival versus log [concentration of gold(iii) complex] ; &=1a, ~=1b,
*=1c, *=2, F=3.
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concentrations >96 mm) to healthy cells (see Supporting Infor-
mation).
Complex 1a was chosen for further examination because of


its favourable solution stability and cytotoxicity profile. As
shown in Figure 4, only 13.8–38.8% enzyme inhibition was


produced when treating HIV-1 RT with 1a (10, 50 and 100 nm)
or AZT-TP (8 nm) alone. Strikingly, when 1a was used in combi-
nation with AZT-TP, a significant additive effect on HIV-1 RT
inhibition was observed. Up to 67% enzyme inhibition was
achieved by employing the “1a (100 nm) + AZT-TP (8 nm)”
combination. With reference to the IC70 value (6 mm) produced
by 1a alone, the “1a + AZT-TP” protocol has lowered the
dosage requirement of the gold(iii) porphyrin by 60-fold in at-
taining comparable enzyme inhibition.
To account for the synergistic HIV-1 RT inhibition by 1a and


AZT-TP, it seems plausible that the gold(iii) porphyrin binds to
certain sites near the active site of the enzyme. Paterson and
co-workers previously proposed that the [ZnII(PPIX)]-mediated
HIV-1 RT inhibition would be associated with binding to the
connection domain sequence 398–407 (WETWWTEYWQ).[5a] In
this work, UV/Vis absorption titration studies revealed that 1a
binds strongly to the WETWWTEYWQ sequence in aqueous
buffer medium. The sequence was obtained from a commer-
cial source (Biopeptide Co, USA); HPLC purified and character-
ized by mass spectrometry (m/z=1515 [M+]) prior to uses. Ad-
dition of the peptide (0–5 mm) to 1a produced isosbestic spec-
tral changes (isosbestic points at 314, 417, 508 and 532 nm)
with significant hypsochromicity (58%) and small bathochro-
mic shift (7 nm) of the Soret band (see Supporting Informa-
tion). By using the absorbance data of the Soret band, the
linear plot (R=0.99) of [peptide]/Deap versus [peptide] gave
the binding constant Kb= (7.9�0.7)N104 dm3mol�1 at 292 K.[12]


A comparable Kb value ((1.3�0.1)N105 dm3mol�1 at 292 K) was
obtained for the [ZnII(PPIX)]–WETWWTEYWQ interaction, based
on a UV/Vis absorption titration study. Interestingly, no signifi-
cant binding of 1b with the peptide was observed according
to UV/Vis spectral titration. Given that 1b is an effective HIV-1


RT inhibitor, the poor binding affinity to WETWWTEYWQ sug-
gests an alternative binding site for the complex.
While 1a was found to bind strongly to the WETWWTEYWQ


peptide, its HIV-1 RT inhibitory activity was unaffected by ten-
fold excess of the peptide (see Supporting Information). In


contrast, significant reduction of HIV-1 RT inhibitory
activity of [ZnII(PPIX)] was observed in the presence
of excess WETWWTEYWQ peptide. This result sug-
gests that 1a and [ZnII(PPIX)] are unlikely to have
the same binding site (i.e. , the connection domain
sequence 398–407) for HIV-1 RT inhibition.
In conclusion, [AuIII(TMPyP)]Cl5 (1a) is an effective


inhibitor of HIV-1 reverse transcriptase in vitro with
effective inhibitory concentration at the submicro-
molar level. When using human T-cells and fibro-
blasts as a model for healthy cells, no significant
cytotoxicity of 1a was observed.


Experimental Section


Materials : Analytical-grade organic solvents and
double-distilled deionized water were used throughout
the experiments. meso-Tetrakis(N-methyl-4-pyridyl)por-
phyrin ((H2TMPyP)


4+) tetratosylate salt and meso-tetra-
kis(4-sulfonatophenyl)porphyrin ((H2TPPS)


4�) tetrasodium salt were
obtained commercially and used as received. meso-Tetraphenylpor-
phyrin (H2TPP) was synthesized and purified by literature meth-
ods.[13] N,N’-Ethylenebis(salicylideneimine) (H2salen)


[14] and 4,5-di-
chloro-1,2-bis(2-(4-tert-butylpyridine)carboxamido)benzene
(H2dcbpb)


[15] were prepared by the reported methods. The prepara-
tion of [AuIII(TPP)]Cl (1c) has been reported elsewhere.[3]


Isolated T-cells were prepared from the buffy coat obtained from
the Hong Kong Red Cross Blood Transfusion Service, with permis-
sion for their use for research purposes from the blood donor.
Each unit of the buffy coat prepared from whole blood (450 mL)
contained approximately 5N108 cells. To isolate the T-cells, the
buffy coat (15 mL) was transferred to a 50 mL Eppendorf tube
under sterile condition and was diluted by serum-free RPMI 1640
culture medium (1:1, v/v) ratio. FicollO solution (15 mL) was then
gently added to the diluted blood, and the mixture was separated
in a centrifuge at 800g for 25 min at room temperature. The pe-
ripheral blood mononuclear cells (PBMCs) at the interface were
washed five times with cold RPMI culture medium. The washed
PBMCs were first spun at 500g for 7 min, then at 250g for 7 min
and finally at 200g to obtain a cell pellet. The PBMCs were resus-
pended in ammonium chloride lysis buffer (ACK buffer) and incu-
bated at room temperature for 5 min to lyse the remaining red
blood cells. A human-T-cell enrichment column (R&D Systems, Min-
neapolis, MN) was then used according to the manufacturer’s
instructions to rapidly purify the T-cells by using high-affinity
negative selection.


The peptide (WETWWTEYWQ) was purchased from Biopeptide Co.
(San Diego, CA) and was HPLC-purified before use. The normal
human-lung fibroblast cell line (CCD-19 Lu) was obtained commer-
cially from American Type Culture Collection (ATCC). Cell culture
flasks and 96-well microtitre plates were purchased from Nalge
Nunc International. Culture medium, other medium constituents
and phosphate buffered saline (PBS) were obtained from Gibco
BRL. Cell Proliferation Kit I (MTT) was purchased from Roche.


Figure 4. HIV-1 RT inhibitory activities of [AuIII(TMPyP)]Cl5 (1a) alone and in combination
with AZT-TP.
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Instrumentation : Absorption spectra were recorded on a Perkin–
Elmer Lambda 19 or a Varian Cary 50 UV-visible spectrophotometer
equipped with a PCB-150 water circulator. 1H NMR spectra were re-
corded on Bruker DPX-300 or DPX-500 NMR spectrometers. Posi-
tive ion FAB mass spectra were recorded on a Finnigan MAT95
mass spectrometer by using 3-nitrobenzyl alcohol as matrix. Elec-
trospray ionization (ESI) mass spectrometry was performed on a
Finnigan LCQ quadrupole ion-trap mass spectrometer. Elemental
analyses were performed by the Institute of Chemistry of the
Chinese Academy of Sciences.


Preparation of gold(iii) complexes : [AuIII(TMPyP)]Cl5 (1a)[15] and
Na4[Au


III(TPPS)]Cl (1b)[16] were prepared according to the literature.


For 1a : Yield=34%; 1H NMR 300 MHz (D2O): d=9.52 (s, 8H), 9.33
(d, J=8.0 Hz, 8H), 9.03 (d, J=6.4 Hz, 8H) 2.07 (s, 12H); UV/Vis
(TBS): lmax (loge)=405 (4.89), 522 (3.98), 556 nm�1 (3.64); FAB-MS:
m/z=1017 [M+�Cl] ; elemental analysis calcd (%) for C44H60N8O12-


Cl5Au: C 41.70, H 4.77, N 8.84; found: C 41.98, H 4.65, N 8.57.


For 1b : Yield=42%; 1H NMR 300 MHz (D2O): d=8.62 (s, 8H), 7.69
(d, J=7.8 Hz, 8H), 8.24 (d, J=8.6 Hz, 8H); UV/Vis (TBS): lmax (loge):
407 (5.34), 521 nm�1 (4.39); FAB-MS: m/z=1217 [M++4Na�Cl] ;
elemental analysis calcd (%) for C44H40N4O20ClS4Na4Au: C 37.82, H
2.89, N 4.01; found: C 37.53, H 3.01, N 4.07.


[AuIII(salen)]Cl (2) and [AuIII(dcbpb)]Cl (3) were synthesized accord-
ing to the reported procedures.[8]


For 2 : Yield=23%; 1H NMR 300 MHz ([D6]DMSO): d=4.19 (s, 4H),
6.98–7.80 (m, 8H), 8.95 (s, 2H); UV/Vis (DMSO): lmax (loge)=
347 nm�1 (3.95); FAB-MS m/z=498 [M+�Cl] ; elemental analysis
calcd (%) for C16H14N2O2ClAu: C 38.55, H 2.83, N 5.62; found: C
38.39, H 2.81, N 5.58.


For 3 : Yield=23%; UV/Vis (DMSO) lmax (loge)=398 nm�1 (4.09);
1H NMR 300 MHz ([D6]DMSO): d=1.62 (s, 18H), 6.48–8.15 (m, 8H);
FAB-MS m/z=729 [M+�Cl] ; elemental analysis calcd (%) for
C26H26N4O2Cl3Au: C 42.85, H 3.60, N 7.69; found: C 42.63, H 3.56, N
7.67.


Evaluation cytotoxicity of the gold(iii) complexes to human T-
cells : Human T-cells were maintained in a RPMI 1640 medium that
was supplemented with 2 mm l-glutamine and 10% foetal bovine
serum. The whole cultures were kept at 37 8C in a 5% CO2/95% air
humidified atmosphere. The supplemented culture medium (90 mL)
with cells (3N105 cells per mL) was added into a 96-well plate.
Gold complexes with concentrations from 0.1–500 mm were dis-
solved in the culture medium (10 mL) or with 1% DMSO (for 1c, 2
and 3), and the solutions were subsequently added into a set of
wells. Control wells contained only supplemented media (100 mL).
Microtitre plates were incubated at 37 8C in a 5% CO2/95% air hu-
midified atmosphere for a further 48 h. All the cytotoxcity assays
were run in parallel with a negative control (i.e. , untreated popula-
tion) and a positive control with cisplatin as cytotoxic agent.


Assessment of the cytotoxicity was carried out by using a modified
Mosmann’s method based on the MTT assay. At the end of each
incubation period, MTT solutions (10 mL; Cell Proliferation Kit I,
Roche) were added into each well, and the cultures were further
incubated for 4 h at 37 8C in a 5% CO2/95% air humidified atmos-
phere. Then a solubilizing solution (100 mL) was added into the
wells to lyse the cells and to solubilize the formazan complex
formed. The microtitre plates were maintained in a dark, humidi-
fied chamber overnight. The formazan formation was measured
with a microtitre-plate reader based on the absorbance at l=
550 nm, and the percentages of cell survival were determined. The


cytotoxicity was evaluated based on the percentage cell survival in
a dose-dependent manner relative to the negative control.


Inhibition studies of HIV-1 reverse transcriptase by gold(iii)
complexes : Assays on the in vitro HIV-RT inhibitory activities were
conducted by using a commercial assay kit (Reverse Transcriptase
Assay, Chemiluminescent, Roche). Complexes 1a–c, 2, 3, [ZnII(PPIX)]
and AZT-TP were dissolved in PBS (1.3 mL) or 1% DMSO (for 1c, 2,
3 and [ZnII(PPIX)]) and mixed with a set of HIV-1 RT in the lysis
buffer (2 ng, 128.7 mL) at 37 8C (30 min). A similar procedure was
adopted for the combination assay, except that 1a and AZT–TP
were premixed before incubation with the HIV-1 RT solutions. The
ELISA assays were conducted by following the manufacturer’s in-
structions. The HIV-1 RT activities were evaluated based on the per-
centage luminescence of the solutions in a dose-dependent
manner relative to the negative control.


Spectroscopic titration for the binding of metalloporphyrins to
the WETWWTEYWQ peptide : A solution (1 mm) of the metallopor-
phyrin (i.e. , 1a, 1c and [ZnII(PPIX)]) in TBS (3000 mL, for 1a) or with
5% DMSO (for 1c and [ZnII(PPIX)]) was placed in a thermostatic
cuvette in a UV/Vis spectrometer, and an absorption spectrum was
recorded. Aliquots from a millimolar stock peptide solution were
added to the metalloporphyrin solution, and the absorption spec-
tra were recorded after equilibration for 10 min per aliquot until a
saturation point was reached. The binding constants (Kb) were
determined from the plots of [peptide]/Deap against [peptide],


½peptide�
Deap


¼ ½peptide�
De


þ 1
De� Kb


ð1Þ


here Deap= jeA�eB j , eA=Aobs/[metalloporphyrin] and De= jeB�eF j ,
with eB and eF corresponding to the extinction coefficients of pep-
tide-bound and the unbound metalloporphyrin, respectively. By
using the absorbance data of the Soret band, the linear plots of
[peptide]/Deap versus [peptide] gave the Kb values.
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