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Introduction


Tetrahedron Young Investigator Award 2007
Wilfred van der Donk

This special Symposium-in-Print issue of Bioorganic &
Medicinal Chemistry Letters commemorates the 2007
Tetrahedron Young Investigator Award in Bioorganic
& Medicinal Chemistry awarded to Wilfred van der
Donk.


Wilfred van der Donk is the William H. and Janet
Lycan Professor of Chemistry at the University of
Illinois at Urbana-Champaign. He was born in Culem-
borg, The Netherlands, and received his B.S. and M.S.
from Leiden University. He then moved to the USA in
1989 to pursue his Ph.D. under the guidance of Kevin

doi:10.1016/j.bmcl.2008.05.017

Brugess at Rice University. After postdoctoral work at
MIT with JoAnne Stubbe, he joined the faculty at the
University of Illinois in 1997. He is a member of the
Editorial Advisory Board for the Journal of Organic
Chemistry and for Bioorganic Chemistry.


The research in the van der Donk laboratory focuses on
using organic chemistry and molecular biology to gain a
better understanding of the molecular mechanisms of
enzyme catalysis. The group is also exploring the utility
of enzymes in organic chemistry. Of particular interests
have been enzymatic reactions in the biosynthesis of
antibiotics and radical chemistry in proteins such as
cyclooxygenase and lipoxygenase. In the former area,
his group achieved the first in vitro biosynthesis of lan-
tibiotics in 2004 and has since reported on the utility of
the lantibiotic synthetases. These enzymes are remark-
able catalysts that typically cleave 10 or more chemical
bonds and form a similar number of new bonds with
control over regio-, chemo-, and stereoselectivity.


Professor van der Donk has published more than 100
papers and has been recognized with a number of
awards, including a Burroughs-Wellcome New Faculty
Award (1998), a Research Innovation Award from the
Research Corporation (1998), a Beckman Young Inves-
tigator Award (1999), a Cottrell Scholar Award (2000),
an Alfred P. Sloan Fellowship (2001), a Camille Dreyfus
Teacher-Scholar Award (2002), an ACS Pfizer Award
(2004), an ACS Cope Scholar Award (2006), and the
Tetrahedron Young Investigator Award in Bioorganic
& Medicinal Chemistry (2007).
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Use of lantibiotic synthetases for the preparation
of bioactive constrained peptides


Matthew R. Levengood and Wilfred A. van der Donk*


Department of Chemistry, University of Illinois, 600 S. Mathews Avenue, Urbana, IL 61801, USA


Received 15 November 2007; revised 13 January 2008; accepted 15 January 2008
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Abstract—Stabilization of biologically active peptides is a major goal in peptide-based drug design. Cyclization is an often-used
strategy to enhance resistance of peptides toward protease degradation and simultaneously improve their affinity for targets by
restricting their conformational flexibility. Among the various cyclization strategies, the use of thioether crosslinks has been success-
ful for various peptides including enkephalin. The synthesis of these thioethers can be arduous, especially for longer peptides.
Described herein is an enzymatic strategy taking advantage of the lantibiotic synthetase LctM that dehydrates Ser and Thr residues
to the corresponding dehydroalanine and dehydrobutyrine residues and catalyzes the Michael-type addition of Cys residues to form
thioether crosslinks. The use of LctM to prepare thioether containing analogs of enkephalin, contryphan, and inhibitors of human
tripeptidyl peptidase II and spider venom epimerase is demonstrated.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Compounds prepared using lacticin 481 synthetase.

Interest in peptide-based materials for use in human
therapeutics has greatly increased in recent years, and
fully synthetic peptide drugs have increasingly reached
the clinic.1 The proteolytic instability of peptides still
presents a limitation, however, for widespread utiliza-
tion of peptide therapeutics. An often employed strategy
for the design of peptide-based drugs with improved
selectivity and decreased proteolytic susceptibility in-
volves cyclization to constrain their conformational flex-
ibility.2 A notable example features the stabilization of
enkephalin by the introduction of a thioether crosslink
between two alanines (Fig. 1), which increased the bio-
activity of the compound by several orders of magnitude
due to increased biostability.3 Other studies have also
shown the increased stability of peptides and proteins
by thioether crosslinks.4,5


Thioether crosslinks between two alanine residues are
called lanthionines and their synthesis has received much
attention.6 Despite important recent advances,7–12


at present it is still difficult to introduce these structures
efficiently into synthetic peptides, especially for large pep-
tides. One promising route to these structures is through

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.01.062


Keywords: Cyclic peptides; Enkephalin; Conotoxin; Lantibiotic;


Dehydroalanine.
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the biosynthetic machinery for lantibiotics. These com-
pounds are ribosomally synthesized and post-translation-
ally modified antimicrobial peptides.13,14 The first step in
the modification process of class II lantibiotics involves
phosphorylation of Ser and Thr residues and subsequent
elimination of the phosphate group to generate dehydro-
alanines and Z-dehydrobutyrines, respectively (Fig. 2).15
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In a succeeding step, intramolecular Michael-type addi-
tion by Cys residues to the dehydroamino acids forms
the lanthionine (from Ser) and methyllanthionine (from
Thr) crosslinks. Lacticin 481 synthetase (LctM) carries
out both steps in a regio- and stereoselective fashion as
illustrated in Figure 3.16 The enzyme only carries out
post-translational modification of the structural region
of its peptide substrate LctA. Although not absolutely re-
quired for activity and not modified itself, the leader pep-
tide greatly enhances the efficiency of LctM.17 In previous
studies we have shown that LctM tolerates variants of the
LctA substrate peptide, including substitution of Ser,
Thr, and Cys residues with non-proteinogenic ana-
logs.18–20 Furthermore, we17,18 and Moll and co-work-
ers21–24 have shown that non-lantibiotic peptides
attached to the leader sequence of lantibiotics are sub-
strates for the biosynthetic enzymes, and that the leader
and structural peptide can be linked by non-peptidic
structures. We here report the use of LctM for the prep-
aration of a series of peptides with diverse biological
properties including the previously mentioned lanthio-
nine-containing enkephalin derivative, a thioether analog
of the conotoxin contryphan (2), and inhibitors of spider
venom epimerase (3) and human tripeptidyl exopeptidase
II (4) (Fig. 1).


Enkephalins are thought to constitute the physiological
ligand for the human d-opioid receptor. The disadvan-
tages of enkephalins as therapeutic agents have been
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Figure 3. Biosynthetic pathway for the formation of lacticin 481 by the


bifunctional enzyme LctM.

well documented and several approaches have been re-
ported to overcome their rapid proteolytic degradation,
poor receptor subtype selectivity, and relatively poor
bioavailability. Goodman and co-workers prepared
and tested a series of lanthionine containing enkephalin
analogs and determined their relative in vivo activity.
Structure 1 (Fig. 1) displayed an ED50 of 0.0018 nM
compared to a value of 15 nM for morphine as an ago-
nist for the l- and d-opioid receptors in mouse models.
Degradation studies attributed the subnanomolar anal-
gesic potencies to increased biostability.3 In this work
we pursued an in vitro enzymatic approach in which
the enkephalin peptide was attached to the C-terminus
of the lacticin 481 leader peptide with a Lys inserted
right before the enkephalin peptide (Fig. 4). This Lys al-
lows proteolytic removal of the leader peptide and isola-
tion of the enkephalin analog.


The preparation of the substrate for modification by
LctM was achieved using a ligation strategy that relied
on the Cu(I)-catalyzed [2+3] cycloaddition25 of an al-
kyne moiety appended to the C-terminus of the leader
peptide17 (5) and an azide attached to the N-terminus
of a peptide comprising a linker peptide (underlined),
the aforementioned Lys (green), and the cyclic enkepha-
lin precursor (Fig. 4, 6). All peptides were prepared by
standard Fmoc-based solid phase peptide synthesis.
Upon generation of the ligation product, it was incu-
bated with lacticin 481 synthetase in the presence of
ATP and MgCl2. Subsequent analysis by MALDI mass
spectrometry demonstrated that the peptide had been
dehydrated (Supporting Information). Furthermore,
treatment with the thiol derivatizing agent p-hydroxy-
mercuribenzoic acid (PMBA)26,27 revealed the absence
of a thiol group in the product indicating cyclization
had taken place. This conclusion was further supported
by the absence of an adduct upon treatment of the enzy-
matic product with 2-mercaptoethanol, demonstrating
that a reactive Michael acceptor was not present. Based
on our previous studies as well as unsuccessful in vivo
attempts to cyclize this peptide using the nisin biosyn-
thetic machinery,21 it is very likely that the cyclization
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Figure 4. Enzymatic route toward enkephalin analog 1a.
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step is performed by the enzyme but we cannot rule out
that some of the cyclic product arises from non-enzy-
matic background reaction. If so, it would not affect
the stereochemistry of cyclization because both the
non-enzymatic and enzymatic cyclization exhibit high
stereoselectivity for the DD-isomer for peptides in which
the Dha and Cys are separated by two amino acids,10–


12,28 including previous studies on the enkephalin
peptide.29 After having established that peptide 8 was
cyclized, it was incubated with endoproteinase Lys-C,
and the product was purified by HPLC providing a pep-
tide with the expected molecular weight for 1a as
determined by ESI MS (Supporting Information).


Conotoxins are constrained, cyclic, post-translationally
modified peptides found in the venom of carnivorous
cone snails. They usually contain one or more disulfides
and have high affinities for various cell surface recep-
tors. As such they have received much attention as po-
tential therapeutics.30 Several approaches have been
reported to stabilize the reduction-sensitive disulfide
bridges, including the use of diselenide analogs (9)31


or thioethers (10)32 (Fig. 5). We decided to explore the
use of LctM for the preparation of analogs of conotox-
ins in which the disulfide bond would be replaced by a
thioether linkage of the same length (Fig. 5, 11). We
envisioned this could be achieved by an enzyme cata-
lyzed Michael-type addition of a homocysteine to a
dehydroalanine. The contryphans are a family of pep-
tides containing a single disulfide as well as other
post-translational modifications such as DD-Trp and 4-
trans-hydroxyPro (O).33–37 The precursor peptide for
contryphan-Sm was prepared by standard Fmoc-based
SPPS. At the site of the C-terminal Cys of contry-
phan-Sm, a homocysteine was incorporated protected
as an ethyldisulfide. Upon linking peptide 12 to the lea-
der peptide using the Cu(I)-catalyzed [2+3] cycloaddi-
tion, the homocysteine residue was deprotected with 2-

Figure 5. Enzymatic preparation of a thioether analog of contryphan-


Sm.

mercaptoethanol and the resulting peptide 13 was incu-
bated with LctM and ATP/MgCl2. Analysis of the assay
product by MALDI mass spectrometry demonstrated
that the peptide had been dehydrated although signifi-
cantly more enzyme was required for complete conver-
sion. Treatment with PMBA showed that the thiol of
homocysteine was not present in the final product, con-
sistent with the formation of a homolanthionine ring
structure 14 (Supporting Information). Proteolysis with
trypsin resulted in cleavage behind an Arg that had been
inserted intentionally.


The venom peptide of the funnel web spider Agelenopsis
aperta contains a DD-serine residue that is incorporated
by epimerization of an LL-serine. Tanner and co-workers
reported a dehydroalanine containing peptide 3 as a po-
tent inhibitor of the epimerase, prepared by oxidative
elimination of a phenylselenocysteine precursor.11,38


Based on our previous work, we anticipated that the
dehydropeptide could be prepared rapidly using an
enzymatic dehydration. Although the precursor peptide
can be prepared using molecular biology techniques be-
cause unlike contryphans, it does not contain any non-
proteinogenic amino acids, we again used a purely syn-
thetic approach as this allows the possibility for intro-
duction of non-natural residues and therefore more
synthetic flexibility. The strategy to prepare peptide 3
followed the scheme depicted in Figure 6. As expected,
peptide 15 was a substrate for LctM resulting in the
dehydrated product 16. The target dehydropeptide
inhibitor 3 was obtained following incubation with
endoproteinase Lys-C and HPLC purification, which
provided peptide 3 as determined by ESI MS (Support-
ing Information).


In a final application of the use of lacticin 481 synthe-
tase, we focused on human tripeptidyl peptidase II from
erythrocytes, a serine peptidase belonging to the subtili-
sin class. Previous studies have reported the dehydroala-
nine containing pentapeptide 4 as a potent inhibitor
(Ki = 20 nM). The precursor peptide was again prepared
by SPPS and Cu(I)-catalyzed ligation, and upon treat-
ment with LctM in the presence of ATP and MgCl2,
complete dehydration was observed (Supporting
Information).

Figure 6. Enzymatic preparation of a snake venom epimerase


inhibitor.
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In summary, this work demonstrates the remarkable
versatility of lacticin 481 synthetase. The enzyme effi-
ciently catalyzed the dehydration of Ser residues that
vary greatly in their flanking residues as well as the dis-
tance to the leader peptide. Furthermore the enzyme cat-
alyzed the formation of thioether containing cyclic
peptides, an approach that can be readily extended to
the preparation of libraries of compounds. Although
some of the products prepared in this study, notably
peptides 3 and 4, could have been prepared more readily
using straightforward peptide synthesis, the strength of
the methodology described herein is in the preparation
of long peptides that are still difficult to prepare by SPPS
in non-specialized laboratories. Lantibiotic synthetases
have been shown to process Ser/Thr residues as far as
42 residues C-terminal from the leader peptide in de-
signed peptides.23 Therefore, these enzymes can be used
to prepare peptides containing thioether rings and/or
dehydro amino acids in large peptides that are not read-
ily amenable to synthetic chemistry. The use of a prote-
ase cleavage site then allows the removal of the leader
peptide and triazole linker. We note that when a target
peptide contains a Lys or Arg, the use of endoproteinase
Lys-C or trypsin is prohibited, but we have previously
demonstrated that other proteases with more defined
recognition sites such as Factor Xa can be used as
well.39 Therefore, the use of lantibiotic synthetases offers
much potential for preparing designer peptides.
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Abstract—Previous structure-based design studies resulted in the discovery of alkyl substituted diphenyl ether inhibitors of InhA,
the enoyl reductase from Mycobacterium tuberculosis. Compounds such as 5-hexyl-2-phenoxyphenol 19 are nM inhibitors of InhA
and inhibit the growth of both sensitive and isoniazid-resistant strains of Mycobacterium tuberculosis with MIC90 values of 1–2 lg/
mL. However, despite their promising in vitro activity, these compounds have ClogP values of over 5. In efforts to reduce the lipo-
philicity of the compounds, and potentially enhance compound bioavailability, a series of B ring analogues of 19 were synthesized
that contained either heterocylic nitrogen rings or phenyl rings having amino, nitro, amide, or piperazine functionalities. Com-
pounds 3c, 3e, and 14a show comparable MIC90 values to that of 19, but have improved ClogP values.
� 2008 Elsevier Ltd. All rights reserved.
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Tuberculosis (TB) is responsible for more than 1.6 mil-
lion deaths per annum with 8.8 million new cases being
reported each year. These numbers make TB one of the
leading infectious causes of death, eclipsed only by
AIDS. In addition, according to the World Health
Organization, the number of multi-drug-resistant and
extensively drug-resistant TB cases is growing with al-
most a half million new cases being reported each year.
Therefore, there is an urgent need to develop novel TB
chemotherapeutic agents.1


The current front-line treatment strategy utilizes isonia-
zid (INH), a pro-drug which inhibits the synthesis of
mycolic acids that are essential components required
for the integrity of the bacterial cell wall.2 INH inhibits
InhA, the FabI enoyl reductase (ENR) in the fatty acid

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.04.038


Keywords: Tuberculosis; Diaryl ether; Enoyl reductase; Mycolic acids;


InhA; Isoniazid; Antitubercular drug; Diphenyl ether; FabI; Lipinski


parameter; Bioavailability.
* Corresponding authors. Tel.: +1 970 491 1925 (R.A.S.), tel.: +1 631


632 7907; fax: +1 631 632 7934 (P.J.T.); e-mail addresses:


richard.slayden@colostate.edu; peter.tonge@sunysb.edu

synthesis (FAS-II) pathway. However, before INH can
inhibit InhA, it must be activated by KatG, a catalase-
peroxidase enzyme. The activated form of INH then re-
acts with NAD+ to form the INH-NAD adduct (Scheme
1).3–7 A significant number of the strains resistant to
INH arise from mutations in KatG.8–11 Therefore, the
development of an InhA inhibitor which can bypass this
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initial activation step should have activity against INH-
resistant strains of Mycobacterium tuberculosis (MTB).


The diphenyl ether triclosan (Scheme 1) is a potent
inhibitor of ENR’s from many organisms including
Escherichia coli and Plasmodium falciparium.12–20 How-
ever, this compound only inhibits InhA with a Ki value
of 0.2 lM.21 Using structure-based drug design we
developed a series of alkyl diphenyl ethers that are po-
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tent inhibitors of InhA, with Ki values as low as 1 nM
and MIC90 values of 1–2 lg/mL against M. tuberculosis
H37Rv.22 Importantly the alkyl diphenyl ethers display
similar MIC values against INH-resistant strains of
MTB.22 However, despite their promising in vitro activ-
ity, these compounds have relatively low solubility and
have ClogP values greater than 5, which is likely one
reason why they have limited in vivo efficacy.23 Based
on the observed relationship between lipophilicity and
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in vivo efficacy, especially as it pertains to antibacterial
compounds,24,25 we synthesized a series of analogues
that incorporated functionalities designed to increase
the polarity of the parent diphenyl ether InhA inhibi-
tors. The effect on compound polarity was estimated
by calculating the logP value (ClogP) for each com-
pound synthesized.


In this study we describe two classes of molecules in which
alterations have been made to the diphenyl ether ‘B’ ring.
In one series of compounds we have replaced the B ring
with isosteric heterocycles that incorporate nitrogen
atoms within the ring, thereby causing little steric pertur-
bation to the overall structure of the molecule (Scheme 2).
The second series of compounds have nitro, amino,
amide, and piperazino functionalities incorporated at
the ortho, meta, or para positions of the B ring (Schemes
3 and 4). This second series of compounds was synthesized
not only to improve solubility but also to systematically
identify positions on the B ring which could be substituted
without diminishing biological activity.

Table 1. Inhibition and solubility data for B-ring heterocycles


Compound Structure IC50
a (nM)


19
O


OH


5


11 ± 1c


3a
NO


OH


5


11,500 ± 116


3b N
O


OH


5


236 ± 31


3c
N


O
OH


5


160 ± 16


3d
N


NO
OH


5


8200 ± 980


3e


N


NO
OH


5


650 ± 60


3f
N


NO
OH


5


OMe


OMe


NId


2d
N


NO
OMe


5


>100,000


a Enzyme concentration is 100 nM.
b ClogP values determined using ChemDraw 8.0.
c Enzyme concentration is 1 nM.
d No inhibition.

The synthesis of the heterocyclic diaryl ether compounds
was initiated either by nucleophilic aromatic substitu-
tion or by Buchwald–Hartwig cross-coupling of the
appropriate nitrogen heterocycle with 4-bromo or
chloro-2-methoxy phenol producing 1a–f (Scheme
2).26,27 This was followed by palladium catalyzed Negi-
shi coupling of the diaryl ethers with hexyl zinc chloride
to give 2a–f.28 Boron tribromide cleavage of the methyl
ether was used subsequently to generate the respective
phenols, 3a–f.29 Structural characterization of all com-
pounds was performed using 1H NMR and ESI/MS.


The synthesis of the nitro, amino, and amide-substituted
compounds was performed using the series of reactions
shown in Scheme 3. Nucleophilic aromatic substitution
reactions with fluoronitrobenzenes were first used to
generate compounds 4a–c.27 This was followed by Negi-
shi coupling giving 5a–c followed by boron tribromide
cleavage to give compounds 13a–c or zinc-mediated
reduction giving anilines 6a–c.28–30 Cleavage of the
methyl ether gave 14a–c while acylation of the anilines

MIC90 (lg mL �1) ClogP b logP


2.1 ± 0.9 6.47 5.76


0 50 4.97 5.06


3.13 4.97


3.13 4.97 4.93


100.0 ± 0 4.01 4.46


6.25 ± 0 4.01 4.764


100 5.50


75 ± 0 4.50
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with acyl chlorides afforded compounds 7, 8, and
9a–c.29,31 Boron tribromide cleavage then gave the final
compounds 10, 11, and 12a–c.29


The piperazine derivatives were synthesized in a similar
fashion starting with nucleophilic aromatic substitution
with the 2- or 4-fluorobenzaldehyde to give 13a and b
(Scheme 4).27 Subsequently, reductive amination with
methyl piperazine and sodium triacetoxyborohydride
produced 14a and b,32 whereas Negishi coupling fol-
lowed by boron tribromide cleavage gave the final com-
pounds 16a and b.28,29


The in vitro activities of the ultimate products were
evaluated using enzyme inhibition and whole cell anti-
bacterial assays as described previously (Tables 1–
3).22,33,34 In general, addition of a bulky substituent
at either the ortho, meta, or para position of the B
ring of 19 or incorporation of the most aromatic
nitrogen heterocycles resulted in a significant reduction
in both enzyme inhibition and antibacterial activity
(Tables 1 and 3). In contrast, introduction of either
amino or nitro substituents at the ortho and para posi-
tions had only a minimal effect on activity (Table 2).

Table 2. Inhibition and solubility data for nitro and aniline compounds


Compound Structure IC50
a (nM


13a OH
O


NO2 o,m,p


5


180 ± 20


13b 48 ± 6c


13c 90 ± 10


14a
OH


O
NH2 o,m,p


5


62 ± 5


14b 1090 ± 90


14c 55 ± 6c


a Enzyme concentration is 100 nM.
b ClogP values determined using ChemDraw 8.0.
c Actual IC50 may be lower than this value.


Table 3. Inhibition and solubility data for amide and piperazine compound


Compound Structure IC50
a (nM


10a
OH


O
N
H


O


5 o,m,p


1550 ± 4


10b 5600 ± 7


10c 1300 ± 2


11a
OH


O
N
H


O


5 o,m,p
O


OH
2360 ± 2


11b 580 ± 4


11c 1930 ± 9


12a OH
O


N
H


O


5 o,m,p


N
O


3220 ± 5


12b 1220 ± 6


12c 130 ± 3


18a
OH


O N


N


o,p
5


1315 ± 2


18b 306 ± 4


a Enzyme concentration is 100 nM.
b ClogP values determined using ChemDraw 8.0.

The two most active compounds, 3c and 14a, have
MIC90 values of 3.13 lg/mL, similar to that of 19,
and have ClogP values of 4.97 and 5.24, respectively,
compared to 6.47 for the parent compound (Tables 1
and 2). In addition it is also worth noting that the
pyrazine derivative 3e has a ClogP value that is more
than one log lower than 19, but still only shows a 3-
fold increase in MIC90 compared to the parent (Table
1). In general the MIC values correlated with the IC50


values for enzyme inhibition. Thus ortho and para
amino substituents (14a,c) were well tolerated in addi-
tion to the meta nitro substituent (13b). In these three
cases the IC50 values obtained using 100 nM InhA ap-
proached 50% of the enzyme concentration, indicating
that these compounds are tight-binding enzyme inhib-
itors. Additional IC50 values were determined using 10
and 50 nM InhA in the enzyme assays. Subsequent
linear regression analyses of the IC50 values as a func-
tion of enzyme concentration yielded estimates for
K i


app of 21 ± 3 nM (13b), 16 ± 12 nM (14a), and
40 ± 3 nM (14c). Thus, introduction of a meta nitro
(13b) or an ortho amino (14a) group into the B ring
of the parent compound 19 has only aa minor effect
on the affinity of the inhibitor for the enzyme. Com-

) MIC90 (lg mL �1) ClogPb logP


12.50 6.21 5.50


12.50 6.21


25.0 ± 0 6.21 5.64


3.13 5.24 5.27


100 ± 0 5.24


12.50 5.24 4.93


s


) MIC90 (lg mL�1) ClogP b logP


60 >200 ± 0 4.90 5.28


70 100 4.90


00 50.0 ± 0 4.90


00 100.00 4.24


0 130 ± 58 4.24


0 >200 ± 0 4.24


50 >200 ± 0 5.76 5.60


0 >200 ± 0 5.76 5.22


4 >200 ± 0 5.76 5.15


56 6.66


6 >100 6.66
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pound 14a is of particular interest because this deriv-
ative has an MIC90 value that is close to the value
determined for 19. These data provide important
information on the structural flexibility of the inhibi-
tor binding-site that will be useful in directing the de-
sign of additional compounds.


In conclusion, a series of hexyl diaryl ethers were synthe-
sized in which the B ring of compound 19 has been
substituted with a variety of groups, or replaced with
nitrogen-containing aromatic heterocycles. Several of
these new compounds possess MIC90 and K i


app values
similar to that of 19 while having significantly improved
ClogP values. Studies are currently underway to deter-
mine whether the modifications that we have introduced
have resulted in an increase in compound bioavailability
and an improvement in their in vivo antibacterial
activity.
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Abstract—The critical role of protein–protein interactions in the chemistry of polyketide synthases is well established. However, the
transient and weak nature of these interactions, in particular those involving the acyl carrier protein (ACP), has hindered efforts to
structurally characterize these interactions. We describe a chemo-enzymatic approach that crosslinks the active sites of ACP and
their cognate ketosynthase (KS) domains, resulting in the formation of a stable covalent adduct. This process is driven by specific
protein–protein interactions between KS and ACP domains. Suitable manipulation of the reaction conditions enabled complete
crosslinking of a representative KS and ACP, allowing isolation of a stable, conformationally constrained adduct suitable for
high-resolution structural analysis.
� 2008 Elsevier Ltd. All rights reserved.

Since the discovery of colinearity between gene sequence
and product structure of the 6-deoxyerythronolide B
synthase,1,2 there has been considerable effort towards
harnessing the programmable biochemistry of multi-
modular polyketide synthases (PKSs). More recently,
there has been a growing realization of the importance
of protein–protein interactions in the successful engi-
neering of these megasynthases.3–5 A key challenge
encountered in studying these protein–protein interac-
tions is their inherent weakness (Kd > 1 lM in most
cases). Here we describe the development of a new meth-
od for studying the weak but crucial non-covalent inter-
action between the acyl carrier protein (ACP) and the
ketosynthase (KS) domains of a modular PKS.


The acyl carrier protein (ACP) is a small (�10 kDa),
highly conserved domain found in PKSs as well as the
related fatty acid synthases and non-ribosomal peptide
synthases. Although it lacks intrinsic catalytic activity,

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.01.073


Keywords: Acyl carrier protein; Ketosynthase; Crosslinking; Polyke-


tide synthase; Protein–protein interaction.
* Corresponding author. Tel.: +1 650 7236538; fax: +1 650 7257294;


e-mail: khosla@stanford.edu

it is involved in every step of polyketide biosynthesis,
collaborating with enzymes involved in building block
incorporation (the acyl transferase, AT), b-carbon pro-
cessing (the ketoreductase, KR, dehydratase, DH, and
enoyl reductase, ER), and finally chain termination
(the thioesterase, TE). The specificity of these protein–
protein interactions has been noted,6–10 and the high-
resolution structure of a prototypical ACP domain from
module 2 of the 6-deoxyerythronolide B synthase
(DEBS) has also been reported.11 However, elucidating
the structure of a complex between an ACP domain of
a modular PKS and its partner domains has been chal-
lenging, presumably due to the exceptionally high
mobility of this domain.


To directly visualize the interactions between the KS do-
main of a modular PKS and its cognate ACP partner,
we have taken the approach of crosslinking the two do-
mains using chemically synthesized coenzyme A (CoA)
analogues. Although 1,3-dibromopropanone has been
used as a crosslinking reagent to study FASs,12 we
found this approach to be unsuitable for the problem
at hand due to low yields of the crosslinked product.
In contrast, the mechanism-based crosslinking method



mailto:khosla@stanford.edu





1
OHOH


H
N


H
N


OO


N
H


O


Cl


2
OHOH


H
N


H
N


OO
N
H


OCl


3


H
N


OH


O


OH
H
N


N
H


O


O


4


H
N


OH


O


OH
H
N


N
H


O


O


Cl


5


H
N


O


OH


OH


H
N


O


Cl


6


H
N


OH


O


OH
H
N


N
H


O


OCl


7


H
N


O


OH


OHN
H


Cl


O


Figure 1. Structures of crosslinkers used in this study.
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of Burkart and coworkers13 yielded more promising re-
sults, as described in this report. Briefly, this method
harnesses enzymes from the CoA biosynthetic pathway
to yield CoA analogues that can be attached to the ac-
tive site serine of an ACP using a non-specific phospho-
pantetheinyl transferase (PPTase). The crosslinkers of
greatest interest harbor an electrophilic warhead in place
of the nucleophilic cysteamine moiety, and are therefore
able to react irreversibly with the active site cysteine of
the KS domains. Several CoA analogues capable of
crosslinking the KS and ACP proteins of the Escherichia
coli fatty acid synthase were reported by Burkart and
coworkers.13,14


Given the mechanistic and structural similarity between
fatty acid synthases and PKSs, we screened compounds
1–7 (Fig. 1) for their ability to crosslink the didomain
[KS][AT] proteins of DEBS modules 3 and 5 with their
cognate stand-alone ACP domains. The X-ray crystal
structures of both these didomain proteins have been
solved to atomic resolution.15,16 A one-pot reaction
was performed containing compounds 1–7 individually,
along with three CoA biosynthetic enzymes (CoaA,
CoaD and CoaE), the Sfp PPTase and either ACP3 or
ACP5 in phosphate buffer. Thereafter, the [KS3][AT3]
protein or the [KS5][AT5] protein was added, and the
reaction products were analyzed by SDS–PAGE
(Fig. 2).17 In the presence of the electrophilic CoA ana-
logues, bands with apparent molecular weights corre-
sponding to a [KS][AT]–ACP adduct were observed
with both modules. Interestingly, compound 1 showed
the highest efficiency for crosslinking the DEBS pro-
teins, whereas its geometric isomer 2 was inactive. Com-
pound 1 was also the most effective in crosslinking the
E. coli fatty acid synthase proteins.13 However, unlike
the latter system, where all compounds showed reason-
able crosslinking efficiency, the DEBS proteins were
much more selective. Analysis of reaction mixtures incu-
bated without [KS3][AT3] by matrix-assisted laser
desorption/ionization–time of flight mass spectrometry
showed greater than 90% conversion of apo to crypto-
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ACP18 for compounds 1–7, eliminating differences in
pantetheinylation as a possible cause of the observed
selectivity. Structural or computational modeling stud-
ies with these alternative CoA analogues docked in the
active site of the KS may offer some insight into the
mechanistic origins of this discriminative power.


The ACP construct utilized in this study was engineered
with the FLAG epitope19 (DYKDDDDK) the presence
of which can be easily detected by Western blot analysis
utilizing commercially available antibodies. SDS–PAGE
followed by Western blot analysis20 (Fig. 3a) revealed
that the observed higher molecular weight band was in-
deed the expected [KS][AT]–ACP adduct.

Figure 3. (a) Western blot analysis of lane 6 from Figure 2a with anti-


FLAG M2 antibody confirming formation of [KS3][AT3]–ACP3


crosslinked adduct (lane 1). Negative control (lane 2) contained no


crosslinker. Bands visible at the bottom are due to unreacted ACP3.


Lane 3 is a 2-fold dilution of lane 1. (b) Radio SDS–PAGE image of


[14C](2S,3R)-2-methyl-3-hydroxypentanoyl-N-acetylcysteamine thioes-


ter labeling of purified crosslinked adduct (lane 1) and [KS3][AT3]


(lane 2). Red dashed ellipses indicate the position of the bands on the


SDS–PAGE gel visualized by Coomassie blue staining.

The active site cysteine of a KS domain can be selec-
tively acylated by a suitably loaded N-acetylcysteamine
thioester which functions as a surrogate for the phos-
phopantetheinyl arm of the ACP.3,9 When incubated
with [14C](2S,3R)-2-methyl-3-hydroxypentanoyl-N-acet-
ylcysteamine thioester, the crosslinked [KS][AT]–ACP
adduct could not be labeled, whereas the control
[KS][AT] protein was readily labeled (Fig. 3b).21 This
observation confirmed that the active site cysteine of
the KS domain was the site of crosslinking between
the [KS][AT] and the ACP.


Earlier studies have demonstrated that KS–ACP inter-
actions in DEBS are specific.9 To investigate whether
this differential specificity could affect KS–ACP cross-
linking, [KS3][AT3] was crosslinked with ACP3 and
ACP5 utilizing 1 as the linker. The KS demonstrated a
clear preference for its cognate ACP, as evidenced by
the higher intensity of crosslinked band (Fig. 5). A sim-
ilar experiment performed with [KS5][AT5] using linkers
1 and 3 confirmed the hypothesis that protein–protein
interactions drive crosslinking (Fig. 5).


Structural studies have verified that the active [KS][AT]
didomain protein exists as a homodimer with two active
sites per complex.15,16 Thus, it can be deduced that an
incompletely crosslinked [KS][AT] protein exists in solu-
tion as three distinct species with 0, 1 or 2 ACP domains
covalently attached to the [KS][AT] homodimer.
Although the presence of orthogonal purification tags
(FLAG on ACP and hexa-His on [KS][AT]) can be
exploited to purify the crosslinked species from the
two starting materials via affinity chromatography,
incompletely crosslinked homodimers cannot be sepa-
rated from 2:2 complexes in a straightforward fashion.
This represents a major roadblock for obtaining a
homogeneous preparation of the desired species for X-
ray crystallography. To minimize this potential prob-
lem, we optimized the crosslinking reaction so that it
would proceed to completion. A number of variables
including temperature, incubation time, and relative
and absolute concentrations of reactants and buffer con-
ditions were evaluated (Fig. 4). The temperature and
absolute concentration of reactants (particularly
[KS][AT] and ACP) were the most critical variables. It
should be noted that optimal crosslinking of [KS5][AT5]
with ACP5 occurred using different conditions com-
pared to the optimal crosslinking of [KS3][AT3] with
ACP3 (data not shown), suggesting that each protein
pair must be optimized individually.


In summary, we have demonstrated the utility of a che-
mo-enzymatic methodology to crosslink ACP and KS
domains from two DEBS modules in a site-specific man-
ner, exploiting the native reactivity of these domains.
Further experiments established the role of protein–pro-
tein interaction in this process and suitable manipula-
tion of the reaction conditions allowed us to obtain
homogeneous crosslinked protein. Our results demon-
strate the value of this approach as a route to engineer
a functionally relevant, relatively rigid KS–ACP com-
plex for high-resolution structural studies. They also
highlight the value of this approach for studying other
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Figure 4. SDS–PAGE gel showing variability of [KS3][AT3] crosslinking to ACP3 as a function of alternative reaction conditions (numbers refer to


table below). Lower temperatures allowed access to longer incubation times without inducing protein precipitation observed at higher temperatures.


Figure 5. SDS–PAGE analysis of reaction mixtures containing [KS3][AT3] (lanes 1 and 2) or [KS5][AT5] (lanes 3–6) and alternative ACP domains.


Crosslinker 1 was used in lanes 1–4, whereas compound 3 was used in lanes 5 and 6. Reaction conditions were identical to those described for lane 3


in Figure 4.
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transient interactions involving ACP domains in multi-
modular PKSs.

Acknowledgments


This work was supported by Grants from the NIH (CA
66736 to C.K., GM 22172 to D.E.C. and GM 75797 to
M.D.B.).

References and notes


1. Cortes, J.; Haydock, S. F.; Roberts, G. A.; Bevitt, D. J.;
Leadlay, P. F. Nature 1990, 348, 176.


2. Donadio, S.; Staver, M. J.; Mcalpine, J. B.; Swanson, S. J.;
Katz, L. Science 1991, 252, 675.


3. Gokhale, R. S.; Tsuji, S. Y.; Cane, D. E.; Khosla, C.
Science 1999, 284, 482.


4. Tsuji, S. Y.; Wu, N.; Khosla, C. Biochemistry 2001, 40,
2317.


5. Khosla, C.; Tang, Y.; Chen, A. Y.; Schnarr, N. A.; Cane,
D. E. Annu. Rev. Biochem. 2007, 76, 195.


6. Tsuji, S. Y.; Wu, N.; Khosla, C. Biochemistry 2001, 40,
2326.


7. Wu, N.; Cane, D. E.; Khosla, C. Biochemistry 2002, 41,
5056.


8. Wu, N.; Tsuji, S. Y.; Cane, D. E.; Khosla, C. J. Am.
Chem. Soc. 2001, 123, 6465.


9. Chen, A. Y.; Schnarr, N. A.; Kim, C. Y.; Cane, D. E.;
Khosla, C. J. Am. Chem. Soc. 2006, 128, 3067.


10. Chen, A. Y.; Cane, D. E.; Khosla, C. Chem. Biol. 2007, 14,
784.

11. Alekseyev, V.; Liu, C.; Puglisi, J.; Khosla, C. Protein Sci.
2007, 16, 2093.


12. Stoops, J. K.; Henry, S. J.; Wakil, S. J. J. Biol. Chem.
1983, 258, 12482.


13. Worthington, A. S.; Rivera, H.; Torpey, J. W.; Alex-
ander, M. D.; Burkart, M. D. ACS Chem. Biol. 2006,
1, 687.


14. Worthington, A. S.; Hur, G. H.; Meier, J. L.; Burkart, M.
D., in preparation.


15. Tang, Y.; Kim, C. Y.; Mathews, I. I.; Cane, D. E.; Khosla,
C. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 11124.


16. Tang, Y.; Chen, A. Y.; Kim, C. Y.; Cane, D. E.; Khosla,
C. Chem. Biol. 2007, 14, 931.


17. A typical 10 lL reaction mixture was set up as follows:
to a 100 mM potassium phosphate (pH 7.2), buffer with
12.5 mM MgCl2 and 8 mM ATP were added ACP3
(5 lg, 25 lM, 5 equiv), CoaA (1.5 lM), CoaD (1.5 lM),
CoaE (1.5 lM), Bacillus subtilis Sfp (20 lM) and
crosslinker (200 lM, 40 equiv). The mixture was incu-
bated at 37 �C for 1.5 h [KS3][AT3] (9.1 lg, 5 lM,
1 equiv) was then added and the mixture was further
incubated at 30 �C for 2 h. Incubation for longer
periods of time resulted in precipitation of [KS][AT].
All gels were run under the following conditions: 7.5%
Tris–HCl, 10 well, 30 lL, Bio-Rad, Ready gels. 200 V,
150 mA, 100 W.


18. Data obtained from MALDI–TOF mass analysis of apo-
ACP and crypto-ACP domains is as follows: (figures in
parentheses refer to calculated molecular weights for
[M+H]+-methionine. For compound identity refer to
Fig. 1). Apo-ACP: 12891.6(12884.2). 1-Crypto-ACP:
13304.15(13295). 2-Crypto-ACP: 13303.78(13295). 3-
Crypto-ACP: 13345.35(13328.67). 4-Crypto-ACP: 13382.
18(13365.13). 5-Crypto-ACP: 13254.26(13237.95). 6-Cryp-







3038 S. Kapur et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3034–3038

to-ACP: 13383.04(13365.13). 7-Crypto-ACP: 13270.63
(13251.98).


19. For the expression of ACP3 with an internal FLAG
epitope, pYYT01 was constructed as follows. The DNA
sequence encoding DEBS ACP3 was amplified by PCR as
an NdeI-EcoRI fragment using primers 5 0-CATATG
GACTACAAGGACGACGACGACAAGCGGCTCGCG
GGGCTTTCCCCGGACGAGCAG-3 0 and 5 0-CGCGG
CGAATTCTTAGGCGTCACCGACGAGCCGGGC-3 0.
This NdeI-EcoRI fragment was cloned into pET28a
expression vector to yield plasmid pYYT01, encoding
DEBS ACP3 with N-terminal His6-tag and an internal
FLAG tag.

20. Western blot with anti-FLAG M2 monoclonal anti-
body(Sigma) was performed as per the manufacturer’s
instructions using nitrocellulose membrane.


21. Purified crosslinked adduct (HiTrap-Q anion-exchange
column, GE Healthcare) or [KS3][AT3] (10 lM, in
100 mM phosphate at pH 7.2) was incubated with
50 lM [14C](2S,3R)-2-methyl-3-hydroxypentanoyl-N-acetyl-
cysteamine thioester for 2 h at room temperature.
Samples were quenched with SDS–PAGE loading
buffer lacking any reducing agents and loaded directly
onto a SDS–PAGE gel. The gel was dried using a
Bio-Rad gel-drying system and analyzed using a
phosphorimager.
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Abstract—Chemo-enzymatic methods for covalently crosslinking carrier proteins with partner enzymes within modular synthases
hold promise for elucidating and engineering metabolic pathways. Our efforts to crystallize the ACP–KS complexes of fatty acid
synthases have been complicated by difficulties in the purification of the crosslinked complex from the other proteins in the reaction.
Here we present a solution that employs an orthogonal purification strategy to achieve the quantity and level of purity necessary for
further studies of this complex.
� 2008 Elsevier Ltd. All rights reserved.

In fatty acid and polyketide synthases (FASs and PKSs),
the growing fatty acid or natural product is tethered to
the acyl carrier protein (ACP) as it is modified by several
enzymes responsible for carbon unit loading, condensa-
tion, and reductions of the resulting ketone.1 In our
studies of these modular synthases, we have investigated
the specific protein–protein interactions that allow ACP
to associate with each of its partner domains. Few of the
reported crystal structures of fatty acid and polyketide
synthases have been able to resolve these interactions
because of the highly disordered structure of ACP.2,3


While several ketosynthase structures have been re-
ported,4–6 interactions with ACP have only been investi-
gated through modeling studies.7 A greater
understanding of these binding events will be crucial
to engineering FAS and PKS systems to synthesize tai-
lor-made natural products. Toward this end, we have
sought to covalently crosslink ACP to its various part-
ner domains to facilitate crystallization efforts.


Previously, we reported the one-pot chemo-enzymatic
synthesis of carrier proteins, in which Escherichia coli
ACP may be covalently labeled with prosthetic groups
using synthetic analogs of pantetheine.8 This in vitro
reaction scheme utilizes three of the coenzyme A
(CoA) biosynthetic enzymes from E. coli to modify ana-
logs of CoA biosynthetic precursors. Specifically, the
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reaction includes pantothenate kinase (PanK or CoaA),
phosphopantetheine adenynyl transferase (PPAT or
CoaD), and dephospho-CoA kinase (DPCK or CoaE).
The promiscuous phosphopantetheinyl transferase Sfp
from Bacillus subtilis then transfers the modified phos-
phopantetheine group from the CoA derivative to a con-
served serine residue on ACP. These enzymes have been
shown to accept a wide variety of synthetic pantetheine
analogs.9 Of the diverse applications for this system,
modification of ACP with analogs that irreversibly bind
partner proteins in the modular synthases, thereby cova-
lently crosslinking ACP to partner proteins and locking
them in a constrained conformation, offers a window
into protein–protein interactions (Fig. 1).10


We have reported the synthesis of phosphopantetheine
analogs containing epoxide and chloroacrylate (1) func-
tionalities in place of the natural thiol group.10 These
analogs, when loaded onto ACP, have been shown to
specifically and irreversibly bind to the active site cys-
teine in ACP-dependent ketosynthase domains from
FAS and type II PKS (Fig. 1).10 These crosslinking reac-
tions are specifically driven by the protein–protein inter-
actions between ACP and the KS, as evidenced by the
result that similarly modified carrier proteins from other
biosynthetic systems, such as non-ribosomal peptide
synthases, do not crosslink with the KS domain. Eluci-
dating a crystal structure of the two domains con-
strained in their associative conformation will allow us
to visualize these binding interactions. However, pro-
ducing a large amount of sufficiently pure ACP–KS
complex has posed significant obstacles. Isolating quan-
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Figure 1. The carrier protein–ketosynthase crosslinking reaction. ACP is loaded with a prosthetic phosphopantetheinyl group through the actions of


the ATP-dependent CoA biosynthetic enzymes and Sfp in the one-pot chemo-enzymatic synthesis. The structure of the chloroacrylate-pantetheine


analog (1) used in these crosslinking studies is also shown. Protein–protein affinity allows the active site cysteine of the KS domain (KASI or KASII)


to attack the trans-chloroacrylate functionality, thereby forming a covalent bond to crosslink ACP–KS.
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tities of a chemically modified protein complex from a
mixture containing seven recombinant protein species
offered a unique challenge. All of the enzymes used in
our previous work were recombinantly labeled with
His6 tags, and many potential partner proteins are sim-
ilarly labeled. Previous purification attempts included
isolating ACP–KS from the crude reaction mixture with
a combination of ion-exchange and size-exclusion chro-
matography. In these cases, the purified fractions
showed residual amounts of the reaction enzymes, indi-
cating that additional purification would be necessary
(Fig. 2A). To solve this problem, we chose a purification
strategy that involved the sub-cloning and expression of
the necessary CoA biosynthetic enzymes with orthogo-
nal affinity purification tags. Gateway technology (Invit-
rogen) offered a rapid sub-cloning system to assess
multiple fusion tags from vectors that express the gene
product with varying N- and C-terminal affinity labels.11


This strategy should have applications for any reaction
where several proteins from an enzyme pathway are uti-

Figure 2. (A) Size-exclusion (right) and ion-exchange chromatography (left) w


reaction. The unreacted KS domain is shown in lane 1 and a size standard is


shown in lanes 3 and 5. The fractions containing the ACP–KS fusion purified


fractions still show residual amounts of enzymes from the reaction. (B) The


The crude reaction mixture is seen in lane 1, where CoaA, CoaD, and CoaE a


Nickel resin flow through is shown in lane 2. 50 mM and 200 mM elutions o


elutes from the resin.

lized in vitro and subsequent protein separation is
needed.


The open reading frame (ORF) for E. coli CoaA was PCR
amplified from a pCA24N construct using primers con-
taining a recognition sequence for the Gateway recombi-
nase at the 5 0 end and 21–27 bases complementary to the
CoaA gene (Fig. S1).12 The ORF for CoaD was PCR
amplified from a pET24b construct,13 and the gene for
CoaE was PCR amplified from a pCA24N construct in
a similar manner.12 A pUC8 construct of Sfp was used
as the template in its PCR amplification.14 The PCR prod-
ucts were excised from 1% agarose gels, filtered, and puri-
fied by ethanol precipitation. The purified PCR products
were then recombined into the pDONR207 entry vector
using BP Clonase (Invitrogen). Electrocompetent DH5a
cells were transformed with these entry vectors, and posi-
tive clones were selected with LB + gentamycin. The entry
plasmids coding for CoaA, CoaD, CoaE, and Sfp were
purified with a QiaPrep kit (Qiagen).

ere used to purify the ACP–KS complex from the other enzymes in the


in lane 2. The crude reaction mixture, with all His6-tagged enzymes, is


by traditional chromatography are shown in lanes 4 and 6. The purified


purification of ACP–KS from the reaction using orthogonal enzymes.


ppear as bands. Native Sfp is sufficiently dilute to not appear as a band.


f the nickel resin are shown in lanes 3 and 4. In lane 4, only ACP–KS
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The entry clones were sub-cloned into several expression
vectors for fusion protein construction with the Gate-
way system (data not shown), but only the maltose bind-
ing protein (MBP) constructs provided uniform soluble,
active protein across the three CoA biosynthetic en-
zymes. To create these MBP fusion proteins, the entry
vectors were recombined with the destination vector
coding for an N-terminal MBP fusion using LR Clonase
(Invitrogen).11 Electrocompetent BL21 cells were trans-
formed with the products and selected on ampicillin.
One-liter cultures were grown containing glucose + LB
media, and protein expression was induced with the
addition of 1 mM IPTG. After 2–4 h of expression, the
cells were harvested and lysed using a French pressure
cell. The crude lysates were centrifuged, and the MBP
fusion proteins were isolated by batch binding with
1 mL of amylose resin (NEB) for 1 h. The resin was
loaded onto a column and washed with 20 mL of amy-
lose resin wash buffer (20 mM Tris, 200 mM NaCl,
and 1 mM EDTA). The MBP-CoaA, D, and E, and
MBP-Sfp were eluted from the resin using 10 mL amy-
lose wash buffer containing 10 mM maltose in 1 mL
fractions. A large majority of the protein was eluted in
the first 5 mL (Fig. S2). As only catalytic amounts of
the enzymes are required, a 1 L culture yielded sufficient
enzyme to modify several hundred milligrams of carrier
protein.


To assay for activity of the CoA biosynthetic enzymes,
we performed a one-pot chemo-enzymatic modification
of ACP with a fluorescent dansyl-pantetheine analog.8


In order for the fluorescent dansyl group to load onto
ACP, all three of the ATP-dependent CoA enzymes
are needed to convert the dansyl-pantetheine into dan-
syl-CoA, which is then loaded onto ACP by Sfp. The
His-tagged CoA enzymes used in previous studies were
used as positive control to test each enzyme individually.
His-tagged Sfp was used in all CoA biosynthetic enzyme
activity assays. The contents of the reaction mixture
were then run on a 10% acrylamide gel and visualized
under UV light. The activities of the three CoA enzymes
were confirmed by the fluorescence of the band correlat-
ing to ACP (Fig. S3). The kinetic efficiencies of His6-
CoaA and MBP-CoaA were also compared using an as-
say described previously,9 in which the consumption of
ATP was coupled to the consumption of NADH
through the actions of pyruvate kinase and lactate dehy-
drogenase, and the reaction rate was monitored by mea-
suring absorbance at 340 nm. The two enzymes showed
very similar Michaelis–Menten plots (Fig. S4). Our re-
sults demonstrate that the MBP fusion domain does
not significantly diminish enzyme efficiency.


The PPTase activity of the MBP-Sfp fusion was assayed
through the reaction of ACP with fluorescent dimethyla-
minocoumarin-labeled-CoA.9 A fluorescent band corre-
lating to ACP would confirm the PPTase activity of the
MBP-Sfp. However, no fluorescent ACP was seen in this
reaction (Fig. S5). We presume that the large MBP tag
might interfere with the ability of ACP to associate with
Sfp. We therefore sub-cloned Sfp with a smaller gluta-
thione-S-transferase (GST) tag at the N-terminus. This
construct was inactive and insoluble (Fig. S6). We fur-

ther created a biotinylation fusion (avidity), which is a
smaller 17-residue peptide sequence that becomes bio-
tinylated when expressed in AVB101 cells.15 However,
the N-terminal biotinylated Sfp was also inactive
(Fig. S7). We conclude that Sfp is not amenable to N-
terminal fusions, so we next attempted C-terminal fu-
sions of Sfp. Specifically, the stop codon in the reverse
primer was removed, and a ribosomal binding sequence
was inserted just upstream of the start codon on the for-
ward primer. A C-terminal Sfp-GST fusion expressed as
an insoluble protein (Fig. S8). Given the recalcitrance of
Sfp toward orthogonal labeling, we finally chose to ex-
press and purify Sfp in its native, unlabeled form, as
only minimal amounts of this enzyme are needed in
the catalytic crosslinking reactions.


Using a pUC8-Sfp construct,14 native Sfp was expressed
in BL21 cells. The crude lysate from this expression was
evaluated for PPTase activity using the assay described
above, and native Sfp was found to be active
(Fig. S9). This cell lysate was subjected to ion-exchange
chromatography using DE52 resin (Millipore), and the
fractions containing Sfp were precipitated with 80%
ammonium sulfate (Fig. S10). The resuspended protein
was then subjected to size-exclusion chromatography
using S-100 resin, yielding pure Sfp (Fig. S11). With
the MBP-tagged CoA biosynthetic enzymes and native
Sfp in hand, purification of the ACP–KS complex was
next performed.


The ACP–KS crosslinking reaction was initiated using
the three MBP-CoA enzymes and native Sfp. Large ex-
cesses of apo-ACP and pantetheine analog 1 were used
to ensure that all of the KS reacted to completion. ACP
loading was performed in 50 mM sodium phosphate buf-
fer (pH = 7.2), 8 mM ATP, 12.5 mM MgCl2, 167 lM
chloroacrylate-pantetheine (1), with 5 mg ACP, 4.5 lg
Sfp, 135 lg MBP-CoA, 150 lg MBP-CoaD, and 165 lg
MBP-CoaE in a total volume of 14 mL. This mixture
was incubated for 1 h at 37 �C, then 400 lg KS in a vol-
ume of 1 mL was added to the reaction. After an addi-
tional hour of incubation at 37 �C, 1.0 mL of Ni–NTA
His-bind resin suspension (Qiagen) was added to the solu-
tion with agitation. After 1 h of batch binding on ice, the
resin was loaded onto a column and washed with 10 mL of
25 mM sodium phosphate (pH = 7.2), 100 mM NaCl.
The resin was subsequently washed with 10 mL of
50 mM imidazole in wash buffer to elute non-specifically
bound proteins, and then the ACP–KS complex was
eluted with 10 mL of 200 mM imidazole. The 50 mM
wash and 200 mM elution were collected in 1 mL frac-
tions. The second 1 mL fractions from each imidazole
concentration showed the highest protein content by
qualitative Bradford analysis and were analyzed by
SDS–PAGE (Fig. 2B). The 200 mM imidazole fractions
2–6 contained essentially pure ACP–KS (Fig. S12). After
pooling all of the fractions containing purified protein,
absorbance at 280 nm was used to calculate a total yield
of 98% (final total moles of ACP–KS per initial total mo-
les of KS).


In summary, we have used recombinant methods to
clone and express the CoA biosynthetic enzymes with
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orthogonal affinity tags. Sfp was not amenable to re-
combinant affinity tag fusions. The cloning of these en-
zymes using Gateway technology allowed for facile sub-
cloning and expression to analyze various fusion sys-
tems. Using several parallel preparations like the one de-
scribed here, we have the ability to purify milligram
quantities of the ACP–KS complex for crystallographic
studies. This strategy should have applications in any
chemo-enzymatic reaction in which the isolation of a
single modified protein out of a complex mixture is re-
quired. Using the strategy described here, we are cur-
rently purifying modified type II PKS carrier proteins
to study binding events through structural studies with
cognate partner proteins.
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Abstract—An expedient synthesis of both axially and equatorially C35 methyl substituted spiroketals representing the C28–C38
domain of the potent and selective protein serine/threonine phosphatase inhibitor dinophysistoxin-2 (DTX-2) was developed to
enable comparative stereochemical analyses and a stereochemically correct total synthesis of DTX-2. Comparison of proton and
carbon NMR data of the synthetic diastereomers with those published for DTX-2 indicates that DTX-2 possesses the
(30S*,34R*,35S*)-relative configuration with an axial C35 methyl substituent.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of major diarrhetic shellfish toxins and DTX-2


synthetic spiroketal models.

Diarrhetic shellfish poisoning (DSP) continues to afflict
humans worldwide via the consumption of contami-
nated shellfish.1 Marine dinoflagellates of the genus
Dinophysis are among the primary producers of DSP
toxins,2 which include okadaic acid (OA, 1),3 dinophy-
sistoxin-1 (2, DTX-1), and dinophysistoxin-2 (3, DTX-
2, Fig. 1).4–6 We have previously documented the
importance of the terminal spiroketal domain of 1 for
the differential inhibition of serine/threonine protein
phosphatases 1 and 2A, the primary targets of DSP tox-
ins.7 Accordingly, the recent stereochemical clarification
of the terminal spiroketal domain of DTX-2 and an
interpretation of its selective phosphatase binding re-
ported by Larsen et al.8 prompted us to independently
examine the stereochemical assignments, as a prelude
to total syntheses of DTX-2 and its congeners. For this
purpose the syntheses and analyses of potential DTX-2
terminal spiroketal domain diastereomers are summa-
rized here.


The structure of DTX-1 was originally published by
Murata et al. in 1982, wherein the carbon skeleton of
DTX-1 was found to match that of OA, but with one
additional methyl substituent at C35 (Fig. 1).4 Accord-
ing to the original 1H NMR vicinal coupling constant
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data, the C35 methyl substituent of DTX-1 is equatori-
ally oriented.4


A decade later DTX-2 was isolated and characterized by
the Wright group.6 Their published structural assign-
ment mirrored that of DTX-1, but without the methyl
substituent at C31 that is resident in both 1 and 2. Based
on NOE correlations, they assigned the DTX-2 C35
methyl group as being axially oriented. However, they
indicated that the same NOE data regarding the C35
methyl group of DTX-2 were obtained with DTX-1.4


The assumption that 2 and 3 bore the same C35 axial
substitution was propagated in the primary and second-
ary literature. In 1998, Sasaki et al. assigned the absolute
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configuration of DTX-1, designating C35 as 35R, which
corresponds to equatorial substitution at C35.9 Most re-
cently, the published reports that DTX-1 and DTX-2
possess the same relative configuration at C35 have been
re-evaluated by Larsen et al. based upon comprehensive
de novo NMR spectroscopic analyses of the natural
products.8 Larsen and coworkers concluded that
DTX-1 and DTX-2 have equatorial and axial methyl
substituents at C35, respectively.8


To independently examine the relative stereochemistry
about the C29–C38 domain of DTX-2 and provide ster-
eochemically correct intermediates for projected total
syntheses, synthetic fragments representing C28–C38
of DTX-2 with both equatorially (4) and axially (5) ori-
ented methyl-bearing stereogenic centers at C35 (Fig. 1)
were synthesized and analyzed. This approach allows a
direct spectroscopic comparison between synthetic
probes of known relative stereochemical configurations
and the terminal spiroketal domains of DTX-1 and
DTX-2 that have been in question. Moreover, the C28
hydroxyl functionalization of the stereochemical probes
4 and 5 parallels that of the C28–C8 intermediates used
in total syntheses of 110 and 7-deoxy-1.11


The synthesis of 4 and 5 commenced with d-valerolac-
tone 6 (Scheme 1). a-Methylation followed by nucleo-
philic opening of the lactone with the organolithium
derived from primary iodide 8 generated racemic ketone

I
OPMB


1)  t-BuLi, THF, -78 oC


2)  7, 78% yield PMBO OH


O


1) TBSCl, Im, DMAP
    CH2Cl2, 92%


3) NMO, TPAP
4  MS,CH2Cl2, 81%


2) DDQ, CH2Cl2
    pH 7 buffer, 84%


O N


O


Bn


O n-Bu2BOTf, Et3N


O N


O


Bn


O OH


 PPTs, MeOH  LiBH4, H2O


O
O


H
28 35HO O


O


H
28 35HO


axeq


0 oC, CH2Cl2


10, -78 oC to 0 oC, 71%


H


OTBS


O


O


OTBS


O


78% O N


O


Bn


O


O
O


Et2O, 0 oC, 78%


+


9


12


13


(29S,30S,34R,35R)-4 (29S,30S,34R,35S)-5


O


O
LDA, MeI, THF


 -78 oC, 81% yield
6


O


O


7


8


10


11


H


Scheme 1. Synthesis of DTX-2 terminal spiroketal models.

9. Protecting group manipulations and subsequent oxi-
dation provided aldehyde 10. This aldehyde was coupled
with the boron enolate of N-propionyl oxazolidinone 11
to yield the syn aldol product 12 in 78% yield.12 Treat-
ment of 12 with pyridinium p-toluenesulfonate in meth-
anol initiated both deprotection of the latent primary
alcohol and subsequent thermodynamic dehydrative
cyclization to form spiroketals 13, epimeric at C35
(DTX-2 numbering). Attempts to chromatographically
separate the two C35 epimers at this stage were unsatis-
factory. However, after reductive excision of the oxazo-
lidinone auxiliary, the resultant diastereomeric primary
alcohols were separated successfully to provide the
equatorially C35-methyl-substituted spiroketal 4 and
the axially C35-methyl-substituted 5.


The relative configurations at C34 and C35 of 4 and 5 were
assigned on the basis of NOE data (Fig. 2). Irradiation of
the C35 methyl group of 4 gave rise to NOE enhancements
of the resonances of both geminal C36 protons, as well as
of the C33 axial proton. Upon irradiation of the C35
methyl group of 5, NOE enhancements of the resonance
intensities of both protons at C33, the equatorial proton
at C36, and the axial proton at C37 were observed. Com-
bined, these experimental results indicate that the C35
methyl group of 4 is equatorially disposed on the thermo-
dynamically defined (34R)-spiroketal, whereas that of 5 is
axially oriented. Given the established aldol chemistry12


used to access 4 and 5 via 12, the absolute configurations
of our stereochemical probes are (29S,30S,34R,35R)-4
and (29S,30S,34R,35S)-5.


The NMR spectral data8 of the terminal spiroketal do-
main of DTX-1 and DTX-2 were then compared with
those of 4 and 5. First, the 1H NMR chemical shifts
were compared among these four compounds (Fig. 3),
which revealed some striking correlations. The chemical
shifts of the C36 axial protons of 5 and DTX-2 resonate
at 2.09 and 2.12 ppm, respectively, whereas the C36 ax-
ial protons of 4 and DTX-1 resonate at 1.50 and
1.52 ppm, respectively (CDCl3). Similarly, chemical
shifts of the C37 methylene protons of 5 (1.32 and
1.79 ppm, Dd = 0.47 ppm) and 4 (1.50 and 1.63 ppm,
Dd = 0.13 ppm) correlate best with those of DTX-2
(1.25 and 1.78 ppm, Dd = 0.53 ppm) and DTX-1 (1.42
and 1.61 ppm, Dd = 0.19 ppm), respectively. The third
set of diagnostic 1H NMR correlations involved the
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methylene protons at C33. The relative chemical shifts
of the C33 axial and equatorial protons are inverted be-
tween 4 (C33-Haxial at 1.70 ppm, and C33-Hequatorial at
1.40 ppm, Dd = 0.30 ppm) and 5 (C33-Haxial at
1.28 ppm, and C33-Hequatorial at 1.79 ppm, Dd =
�0.47 ppm). In the chair conformation of cyclohexanes
the axial protons generally resonate downfield of the
geminal equatorial protons by ca 0.5 ppm.13 However,
in both DTX-2 (C33-Haxial at 1.17 ppm, and C33-Hequa-


torial at 1.69 ppm, Dd = �0.52 ppm) and 5, the C33 equa-
torial proton resonates downfield of the C33 axial
proton resonance, reflecting a strong differential stereo-
electronic effect of the C35 axial methyl substituent on
the C33 protons.14 The absence of a C35 axial methyl
substituent in both 4 and DTX-1 is associated with the
C33 methylene protons resonating at the typical differ-
ential chemical environments of axial versus equatorial
geminal protons. The relative stereochemistry in the
C29–C38 region of the natural product DTX-2 corre-
sponds best with that of 5, whereas the relative configu-

ration at C35 of DTX-1 best matches that of 4 based
upon these 1H NMR correlations.


The 13C NMR data of 4, 5, DTX-1, and DTX-2 (Fig. 4)
were found to be fully in accord with the above analyses
of the 1H NMR data. The 13C NMR chemical shifts of 5
map very well upon those of DTX-2, whereas the 13C
NMR data for 4 correspond to those of DTX-1 at
C35-38, including the C35 methyl substituent. The dif-
ferences in 13C NMR chemical shifts between DTX-2
and 5 among C30–C38 are less than 0.5 ppm. Similarly,
the differences between the 13C NMR chemical shifts of
C34–C38 of DTX-1 and 4 are 60.5 ppm. In contrast,
there are clearly distinctive differences between the 13C
NMR chemical shift data of 5/DTX-2 versus 4/DTX-1.


Combined, the spectral correlation data among 2–5 fully
support the relative steroechemical assignments of
(29S,30S,34R,35S) to 3 and 5, and of (29S,30S,
34R,35R) to 2 and 4. It is generally accepted that1–3 share
the same overall absolute configurations,3,6 beyond the
C35 epimers of 2 and 3. These stereochemical results are
in agreement with those of Larsen et al., who arrived at
the same conclusions based upon spectroscopic and com-
putational analyses of the natural products without the
aid of diastereomeric probes of known configurations.8
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PP2A is less sensitive to DTX-2 than to OA.15 These
differential sensitivities have been ascribed to the
orientation of the C35 axial methyl substituent in
DTX-2 which incurs less favorable steric interactions
in the PP2A hydrophobic groove.8 On-going efforts in
our laboratories toward total syntheses of 2 and non-
natural structural variants thereof may allow the further
exploitation of differential contacts about the terminal
spiroketal domain to enhance selective phosphatase
binding.
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Abstract—A facile synthetic route to substituted trans-2-arylcyclopropylamines was developed to provide access to mechanism-
based inhibitors of the human flavoenzyme oxidase lysine-specific histone demethylase LSD1 and related enzyme family members
such as monoamine oxidases A and B.
� 2008 Elsevier Ltd. All rights reserved.

The functional capacity of genetically encoded proteins
is powerfully expanded by reversible posttranslational
modification. Within eukaryotic cells, the regulation of
gene expression is intimately linked with posttransla-
tional modification of histone proteins. Reversible his-
tone posttranslational modifications include
acetylation of lysine, phosphorylation of serine and
threonine, and methylation of lysine and arginine.1


Additionally, lysine residues may be mono-, di-, or
trimethylated, while arginine residues may be mono-
or dimethylated. The resulting complexity of modifica-
tions has been postulated to act as a ‘histone code’, by
which these patterns of modifications are ‘read’ by cellu-
lar machinery to produce a specific gene regulatory
outcome.1


Two classes of human enzymes capable of demethylat-
ing methylated lysine residues within histones have been
recently identified. JmjC domain-containing demethy-
lases including JHDM3A/JMJD2A, GASC1/JMJD2C,
JHDM2A, and JHDM1 comprise one class2–6; these en-
zymes appear to utilize the cofactors Fe(II) and a-keto-
glutarate to demethylate via hydroxylation of the methyl
group with subsequent elimination of formaldehyde.
The second class of histone demethylases includes the
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amine oxidase domain-containing enzyme lysine-specific
demethylase 1 (LSD1).7 Catalysis by this enzyme is a fla-
vin-dependent process in which formaldehyde and per-
oxide are produced as by-products of histone
demethylation (Scheme 1).7,8 The requirement for for-
mation of positive charge on the e-nitrogen atom of ly-
sine in the imine intermediate limits LSD1 to
demethylation of dimethylated and monomethylated ly-
sine. The amine oxidase domain of LSD1 is homologous
to equivalent domains found in polyamine oxidase
(PAO, 22.4% identity) and monoamine oxidases A and
B (MAO A, 17.6% identity; MAO B, 17.6% identity).


Monoamine oxidase inhibitors (MAOIs) are well-
known drugs that have been used clinically for the treat-
ment of depression, anxiety, and Parkinson’s disease.
Because of the similarities between the catalytic mecha-
nisms and architecture of the enzyme active sites of
MAO A and B and LSD1, we hypothesized that fla-
vin-targeted irreversible inhibitors of monoamine oxi-
dases might simultaneously inhibit the function of
LSD1, perhaps leading to pleiotropic effects beneficial
to the biological action of these therapeutics.


Indeed, upon evaluation of this hypothesis, we discov-
ered that clinically relevant concentrations of trans-2-
phenylcyclopropylamine9 (2-PCPA, brand name
Parnate), an irreversible inhibitor of monoamine and
polyamine oxidases, proved effective at inhibiting
LSD1-mediated histone demethylation in vivo and
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in vitro. Our group subsequently reported the first
mechanistic studies of LSD1 inactivation by 2-PCPA.10


As depicted in Scheme 2, LSD1 inhibition by 2-PCPA
occurs via formation of a covalent adduct joined at
the N5 and C4a positions of the flavin ring (Scheme
2).11 To pave the way for ongoing LSD1-selective inhib-
itor discovery, we report here a facile route to substi-
tuted trans-2-arylcyclopropylamines and the kinetic
evaluation of a representative subset of 2-PCPA deriva-
tives as mechanism-based inactivators of the human fla-
voenzyme oxidase lysine-specific histone demethylase
LSD1 and related monoamine oxidases A and B.


Results: The general synthetic route to trans-2-arylcyclo-
propylamines commenced with the synthesis of esters
2a–k either by esterification of the commercially avail-
able carboxylic acids or by palladium catalyzed cross-
coupling between the appropriate aryl iodide and methyl
acrylate (Scheme 3). Two cyclopropanation methods
were employed for the preparation of compounds 3a–k
(Table 1). Reaction of a,b-unsaturated esters 2a–j with
the Corey–Chaykovsky reagent in DMSO (Method A)
generally gave poor yields of the desired cyclopropanat-
ed products.12–14 Detosylation of the indole nitrogen in
2k was anticipated under the strongly basic conditions
of Method A, thus cyclopropanation by this method
was not attempted. On the other hand, use of diazo-
methane with palladium (II) acetate15 (Method B) affor-
ded the corresponding cyclopropanated products in
excellent yields with only two exceptions (entries 9 and
10, Table 1).
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Scheme 2. The proposed mechanism of inhibition of LSD1 by 2-PCPA


via flavin adduct formation.

For these two substrates, cyclopropanation by Method
B gave complex reaction mixtures whereas all other sub-
strates reacted under these conditions yielding the cyclo-
propyl adduct as the sole reaction product. However,
cyclopropanation with Method A provided 3i and 3j
in acceptable yield as the sole reaction products without
the need for further purification.


The trans stereochemistry of the 2-arylcyclopropylcarb-
oxylate esters, obtained by either method, was con-
firmed by the vicinal 1H–1H coupling constants of the
cyclopropyl moiety (Jab = 4.2–4.5 Hz). Alkaline hydro-
lysis gave the desired trans-arylcyclopropanecarboxylic
acids in high yields. These acids were transformed to
the corresponding primary amines by Curtius rearrange-
ments in yields ranging from 41% to 56% over 4 steps
(Scheme 3).16,17


Additionally, as shown in Scheme 4, the synthesis of 2,2-
diphenylcyclopropylamine (7) was accomplished in four
steps.18 Cyclopropanation of 5 was achieved via cop-
per(II) sulfate catalyzed addition of ethyl diazoacetate
to 1,1-diphenylethene. The resulting ester was hydro-
lyzed to give 6. Curtius rearrangement afforded the de-
sired amine 7.


We next examined inhibition kinetics for a representa-
tive subset of the 2-PCPA derivatives against human
LSD1 and monoamine oxidase A and B enzymes (Table
2). Intriguingly, biphenyl (7) and naphthyl (8) 2-PCPA
analogues showed only minor inhibitory potential with
respect to LSD1 at concentrations up to 1 mM (Table
3). However, the remaining derivatives displayed
approximately 4- to 5-fold increased values of kinact/KI







Table 1. Cyclopropanation methods for the preparation of esters 3a–k


Ar O


O


Ar O


O


2a-k 3a-k
method B: (CH2N2/Pd(OAc)2)
method A: ((CH3)3S(O)I/NaH)


Entry Compound Ar % Yielda (Method A)4 % Yielda (Method B)5


1 3a 4-CF3C6H4 27 96


2 3b 4-BrC6H4 50 94


3 3c 4-CH3OC6H4 50 98


4 3d 4-NO2C6H4 5 65


5 3e 2-Thienyl 40 97


6 3f 3-Thienyl 59 99


7 3g 2-Furyl 27 94


8 3h 3-Furyl 21 99


9b 3i 3-Pyridyl 34 —


10b 3j 1-Naphthyl 65 —


11c 3k N(Ts)-5-indoyl — 97


a Yields are for isolated product using 1.4–1.8 mmol of alkene substrate.
b Cyclopropanation by Method B gave inseparable and/or complex mixtures.
c Cyclopropanation by Method A not attempted on this substrate.


Table 2. Representative 2-PCPA derivatives synthesized and kineti-
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for inactivation of LSD1. Each of the inhibitors was
tested for their ability to irreversibly inhibit LSD1 by
incubating 50 lM LSD1 with 250 lM inhibitor over-

Table 3. Kinetic parameters for inactivation of LSD1, MAO B, and MAO


Inhibitor LSD1 M


kinact (s�1) KI (lM) kinact/KI


(M�1 s�1)


kinact (s�1) K


2-PCPA 0.026 ± 0.001 477 ± 79 55 0.024 ± 0.002 1


7 NDa ND <1 ND N


8 ND ND <28 0.047 ± 0.001 9


9 0.067 ± 0.008 352 ± 95 190 0.058 ± 0.002 7


10 0.104 ± 0.007 566 ± 73 184 0.078 ± 0.005 3


11 0.049 ± 0.004 188 ± 52 262 0.070 ± 0.002 8


12 ND ND <10 0.035 ± 0.005 1


a ND, not determined.

night, then diluting 100-fold into assay solution. Only
LSD1 incubated with the biphenyl derivative (7) showed
any residual activity, approximately 2% (data not
shown). This demonstrates that both compounds 7
and 8 are able to inhibit LSD1 over a longer period of
time. Absorbance scans of LSD1 inactivated by the
compounds showed the formation of the reduced flavin
species previously reported with 2-PCPA (data not
shown).10


The structure of the 2-PCPA–flavin adduct was recently
determined11 and was found to differ from that seen in
the crystal structure of MAO B inactivated by 2-PCPA19


(Figs. 1 and 2). In LSD1, cyclopropyl ring opening ap-
pears to lead to formation of a benzylic radical which at-
tacks the flavin at C4(a) to form an initial adduct, which
then undergoes cyclization to form a five-membered ring

A by trans-2-phenylcyclopropylamine derivatives


AO B MAO A


I (lM) kinact/KI


(M�1 s�1)


kinact (s�1) KI (lM) kinact/KI


(M�1 s�1)


3.6 ± 3.0 1779 0.018 ± 0.001 37.3 ± 8.4 469


D <1.5 ND ND <14


.8 ± 0.6 4837 0.014 ± 0.001 38.7 ± 8.3 362


.7 ± 1.4 7507 0.085 ± 0.004 29.8 ± 3.3 2859


2.9 ± 9.1 2356 0.070 ± 0.005 36.5 ± 6.2 1918


6.6 ± 7.8 802 0.023 ± 0.001 20.5 ± 3.0 1112


548 ± 312 22.3 ND ND <18







Figure 2. Active sites of (A) LSD1, (B) MAO B, and (C) MAO A.
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joining the N5 and C4(a) atoms of the isoalloxazine
ring.


Formation of the adduct structure seen in MAO B is
apparently prohibited in LSD1 by a steric clash between
the phenyl ring of 2-PCPA and F538 and Y761.11 There
appears to be ample room at the para-position of the
phenyl ring of the 2-PCPA–flavin adduct in LSD1 to
accommodate substituents of varying sizes at this posi-
tion. However, formation of an adduct with naphthyl
derivative 8 is predicted to be limited in either possible
orientation by Val333 on one side of the active site
and Ala809 on the other. The active site cavity in the
vicinity of the adduct carbon adjacent to flavin C4(a)
is not large enough to efficiently accommodate an addi-
tional phenyl moiety in the biphenyl derivative 7.


Three of the six tested 2-PCPA derivatives showed in-
creased inhibitory potential toward MAO B relative to
the starting compound; these included the naphthyl
(8), para-trifluoromethyl (9), and para-bromo (10) deriv-
atives (Tables 2 and 3). It is somewhat unclear how the
active site of MAO B is able to accept the naphthyl
derivative, but rotation of the carbon–carbon bond be-
tween the naphthyl group and the rest of the adduct
likely prevents a steric clash with Gln206 (Fig. 2). As
with LSD1, the biphenyl derivative showed little inhibi-
tory potential at concentrations up to 1 mM. Interest-
ingly, the para-methoxy substituted derivative showed
a decrease in kinact/KI of approximately 50% relative to
2-PCPA, with a nearly 7-fold increase in KI. In the active
site of MAO B, Leu171, Tyr326, and Gln206 form a
‘cap’ above the para-position of the phenyl ring of 2-
PCPA, likely limiting the length of substituents permis-
sible at that position, and suggesting a means to develop
inhibitors selective for LSD1 over MAO B. We are cur-
rently conducting enantioselective syntheses of the most
potent and selective inhibitors of LSD1 to determine the
degree to which absolute stereochemistry affects inhibi-
tory potency.


With the exception of the 7 and 12, all of the tested 2-
PCPA derivatives were equal to or greater than 2-PCPA
in their ability to inhibit MAO A (Table 3). The naph-

thyl derivative was equal in potency to 2-PCPA and less
potent than the para-bromo and para-methoxy deriva-
tives, opposite of the trend in MAO B. For both mono-
amine oxidases compound 9 was the most potent.
Although the exact structure of the 2-PCPA–flavin ad-
duct formed in MAO A is unknown, superposition of
the LSD1 and MAO B adducts in the active site of
MAO A suggests that the MAO B adduct will be formed
(data not shown). Ile335 in MAO A replaces Tyr326 in
MAO B, potentially creating additional inhibitor access.
Cys323 serves as an upper limit on the space above the
para-carbon of the phenyl group of 2-PCPA; the sulfur
is located 10.2 Å away.


Presently we are investigating whether analysis of cells
exposed to 2-PCPA or other MAOIs reveals some of
the contributing factors responsible for the poorly
understood therapeutic effects and side effects of these
antidepressants.
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Abstract—Stimulation of iNKT cells is highly dependent on the structures of the glycolipids presented by CD1d. Furthermore, anti-
gen processing and CD1d loading in lysosomes play central roles in controlling the stimulatory properties of glycolipid antigens.
Previously, we determined that substitution at C600 on a-galactosylceramides did not significantly impact stimulatory properties;
however, it was not known if substitution at this position influenced lysosomal processing of oligoglycosylceramides. We have pre-
pared a series of mono- and di-galactosylceramides to observe the impact of C600 substitution on glycosidase truncation of these
glycolipids. We found that substitution did not significantly impact glycosidase activity or loading into CD1d.
� 2007 Elsevier Ltd. All rights reserved.

Natural killer T (NKT) cells are a subset of T cells and
have been characterized as regulatory T cells.1 The most
prevalent and best studied subset of NKT cells expresses
an invariant T cell Va14/24 (mouse/human) receptor
and is referred to as invariant NKT cells (iNKT) cells.
Through this invariant T cell receptor, iNKT cells recog-
nize bacterial and endogenous glycolipid antigens pre-
sented by CD1d, an antigen presentation protein
related to major histocompatibility complex proteins.
The hallmark response of iNKT cells is the rapid pro-
duction and release of large quantities of cytokines,
including proinflammatory cytokines (e.g., IFN-c, IL-
2) and immuno-modulatory cytokines (e.g., IL-4). These
cytokines play critical roles in inducing a series of events
leading to the activation of innate and adaptive immune
cells. The most well-studied ligand for iNKT cells is a
glycolipid, KRN7000 (Fig. 1), developed through anti-
tumor structure–activity studies of glycolipids from the
marine sponge Agelas mauritianus.2 In further structure
activity studies using cytokine release from NKT cells as
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an end point, we have determined that shortening the
acyl chain in KRN7000 to eight carbons (from 26) yields
a compound (1 in Fig. 1) that loads effectively into
CD1d without dependence on lipid-transfer proteins
that are required for loading most glycolipids into
CD1d.3,4 We have also found that replacement of the
hydroxyl group at C600 (see Fig. 1 for glycosylceramide
numbering) with an acetylamide gives a compound, 2,
that is a more potent stimulator of NKT cells than
KRN7000 (both in vitro and in vivo).5


An important aspect of glycolipid presentation by CD1d
and recognition by iNKT cells is lysosomal processing of
glycolipids. Lysosomes in antigen-presenting cells con-
tain an array of glycosidases that can truncate oligogly-
cosylceramides to monoglycosylceramides. Work by
Prigozy et al.6 demonstrated that diglycosylceramides
with 1–2 or 1–3 glycosidic linkages (e.g., 3 in Fig. 1) re-
quire lysosomal processing and truncation to KRN7000
for presentation by CD1d and stimulation of iNKT cells.
CD1d is cycled between lysosomes, where it is loaded
with glycolipids, and the cell surface, where it presents
bound glycolipids to iNKT cells. Deletion of the peptide
sequence required for this cycling yields ‘tail-deleted’
CD1d (tdCD1d), which does not effectively cycle between
the cell surface and lysosomes.7 Consequently, glycolip-
ids that are processed in the lysosome are not loaded into
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Figure 1. Structure of glycolipids KRN7000, 1, 2, and 3.
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CD1d, and tdCD1d is useful for observing dependence
on lysosomal glycolipid processing.6,7


The rationale for preparing glycolipids substituted at
C600 was to use groups appended at this position to mon-
itor trafficking, processing, and presentation of glycolip-
ids.8 We have found that fluorophores appended at C600


do not significantly alter stimulation of iNKT cells.9


However, we have not determined if C600 substitution af-
fects lysosomal processing. To this end, we prepared a
series of diglycosylceramides including one with C600


substitution. For this series, we used the C8 acyl chain
in 1 to remove possible influences of lipid-transfer pro-
teins10,11 and thereby only focus on activities of lyso-
somal glycosidases.


The glycolipids prepared to determine the effects of C600


substitution on lysosomal processing are shown in Fig-
ure 2. Comparison of iNKT cell stimulation of 1 and
4 with wild-type CD1d and tdCD1d provides a measure
of the influences of lysosomal processing on these glyco-
lipids. Glycolipid 1 would be expected to load into
CD1d well and stimulate iNKT cells comparably with
wild-type and tdCD1d. However, the requirement for
processing would make 4 less stimulatory with tdCD1d.
If the substitution at C600 does not significantly influence
lysosomal trafficking, then the same trend would be ex-

O


OBnBnO


BnO
OBn


O
O


OAc
AcO


AcO
HO


OAc


O


OAc
AcO


AcO
O


OH


O


OBn
BnO


BnO
BnOCCl3


NH
a,b


HO
H


7 8 9


Scheme 1. Preparation of diglycosylceramide 4. Reagents (yields in parenth


(75%); (c) diphenylsulfoxide, Tf2O, tri-t-butylpyrimidine, CH2Cl2 (71%); (d)


O


OO
HO


HO
OH


HN


OH


O


OH


O


HO


HO
HO


OH 4


O


OHO
HO


HO
NH


HN


OH


O


OH


5


O


Figure 2. Structures of diglycosyl and C600 appended glycolipids used in the

pected. That is, 6 should lose stimulatory properties with
tdCD1d.


The synthesis of disaccharide 4 is described in Scheme 1.
A Schmidt coupling12 of 7 and 8 gave the corresponding
disaccharide, and the anomeric hydroxyl group was re-
vealed after deacylation with the mono-acetate salt of
ethylene diamine. The disaccharide was coupled with
the appropriately protected ceramide using Gin’s meth-
od,13 and deprotection gave 4.


The preparation of C600 modified galactosylceramide 5 is
detailed in Scheme 2. The synthesis borrows from work
with fluorophore labeled galactosylceramides.9 Cou-
pling of C6 azido galactose 12 with ceramide gave 13.
Dissolving metal deprotection also caused reduction of
the azide to the amine, and subsequent acylation gave 5.


For the preparation of 6 (Scheme 3), C6 azido acceptor
15 was used, and a pathway similar to that used for the
synthesis of 4 was followed, except that deprotection
was achieved using dissolving metal conditions. The
acyl group was installed as described in the preparation
of 5.


The iNKT cell stimulatory properties of glycolipids 1, 4,
5, and 6 were determined using iNKT cell hybridoma
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and dendritic cells as antigen-presenting cells. Dendritic
cells generate a well-established lysosome and effectively
truncate many oligoglycosylceramides to stimulatory
compounds. As shown in Figure 3A, all four of the gly-
colipids stimulated cytokine release. The monoglycosyl-
ceramides are not dependent on processing and can load
into CD1d directly, and as expected they proved to be
more potent than the diglycosylceramides. Notably,
C600 did not play a significant role in stimulatory proper-
ties. To further establish the dependency of the diglyco-
sylceramides for lysosomal processing, dendritic cells
with tdCD1d were used as antigen-presenting cells. Be-
cause tdCD1d does not effectively sample the lipids in
lysosomes, it was expected that stimulation with 4 and
6 would be decreased with tdCD1d. As shown in Figure
3B, this trend was observed, while the monoglycosyl-
ceramides were less dependent on CD1d sampling of
lysosomes.


Comparisons of the iNKT cell stimulatory properties of
mono- and diglycosylceramides with and without substi-

Figure 3. Comparison of stimulatory activity on mouse Va14 iNKT hybrid


presence of different concentrations of glycosylceramides 1, 4, 5, and 6. In


supernatants determined by ELISA. (A) Wild-type CD1d. (B) Comparison

tution at C600 indicate that substitution at this position
does not play a significant role in stimulatory properties
of these glycolipids or their abilities to act as substrates
for lysosomal glycosidases. Small changes in glycosyl-
ceramide structure can change iNKT cell stimulatory
properties dramatically: a-galactosylceramides (e.g.,
KRN7000 and 1) are potent stimulators while b-galacto-
sylceramide is only very weakly active or inactive;
a-glucosylceramide is much less potent than a-galactosyl-
ceramide. However, the C600 position appears to be well
suited for manipulation without significantly impacting
glycolipid processing and presentation. We have shown
that fluorophores of modest size (e.g., a danyl group)
can be appended at C600 without significantly altering
NKT cell responses,9 and the acetamide at C600 in 6 does
not interfere with processing. It is anticipated that larger
groups, such as fluorophores of modest size, appended at
this position with no impact processing; however, this has
not yet been demonstrated. Furthermore, it is not yet well
understood how substitution at this position affects gly-
colipid trafficking and lipid-transfer protein interactions,

oma DN3.2.D3 by murine bone marrow-derived dendritic cells in the


dicated are the mean release amounts of IL-2 (pg/mL) in cell culture


of stimulation with wild-type CD1d and tdCD1d.
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and studies are ongoing to determine impacts on these
interactions.
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Abstract—2-Hydroxyethyl- and (S)-2-hydroxybutylphosphonic acid were prepared, starting in the latter case from (S)-2-aminobu-
tyric acid. They were fed to cultures of Streptomyces fradiae producing fosfomycin. Only the latter (150 lg/mL of medium) was con-
verted to the ethyl analogue of fosfomycin, isolated as 2-amino-1-hydroxybutylphosphonic acid (3%) in admixture with 2-amino-1-
hydroxypropylphosphonic acid (97%) derived from fosfomycin.
� 2008 Elsevier Ltd. All rights reserved.

Scheme 1. Biosynthesis of fosfomycin.

Fosfomycin [1, (1R,2S)-epoxypropylphosphonic acid] is
a clinically utilized antibiotic of low toxicity, blocking
bacterial cell wall biosynthesis by acting as an analogue
of phosphoenolpyruvate (PEP).1–3 It is one of the rare
natural products containing a P–C bond,4 produced by
various species of Streptomyces,5 Pseudomonas syringae,
and P. viridiflava.6,7 The biosynthesis of fosfomycin was
unraveled by using feeding experiments with labeled pre-
cursors8–12 and genetic13 techniques. It comprises five
steps, three of which are unique, starting from the pri-
mary metabolite PEP (2), which is rearranged reversibly
by PEP mutase to give phosphonopyruvate (3) (Scheme
1).14–16


Decarboxylation17 and reduction18 produce 2-hydroxy-
ethylphosphonic acid (5). The recently elucidated meth-
ylation of 5 producing (S)-2-hydroxypropylphosphonic
acid (6, Hpp) follows a unique radical mechanism with
SAM as methyl donor.18,19 The final step is a dehy-
drogenative cyclization performed by a non-heme iron
oxygenase [(S)-2-hydroxypropylphosphonic acid epoxi-
dase, HppE].20–24 Liu et al. found that the epoxidase
converted (R)-2-hydroxypropylphosphonic and (S)-1,1-
difluoro-2-hydroxypropylphosphonic acid to 2-oxopro-
pylphosphonic acids, which has some bearing on the
mechanism of the epoxide ring closure.20
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Inspired by the broad substrate specificity of isopenicil-
lin N synthase,25 also a non-heme iron dependent oxy-
genase, we decided to prepare analogues of Hpp, in
the first place those with a hydrogen atom or an ethyl
group replacing the methyl group in 6 to study the sub-
strate specificity of the epoxidase. These homologues, 7
and 8, were probed for their conversion to the analogous
epoxides of fosfomycin by cultures of Streptomyces fra-
diae (Scheme 2). When this work was started, the epox-
idase had not yet been purified and characterized. The
cyclohexylammonium salt of 2-hydroxyethylphosphonic
acid (7) was prepared by a literature procedure.11 The

Scheme 2. Conversion of homologues of 6 to epoxides by S. fradiae.
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Scheme 3. Conversion of 2-aminobutyric acid to 2-hydroxyphosphon-


ic acid (S)-8 (as cyclohexylammonium salt).


Scheme 4. Conversion of epoxides 9 and 10 to amino-hydroxyphos-


phonic acids by ammonia.


Scheme 5. Preparation of epoxide (±)-10 and its ring opening with


NH3.
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synthesis of 8 is given in Scheme 3, starting from (S)-2-
aminobutyric acid.26,27 [(S)-11] as chiral precursor. The
carboxyl group of the intermediate 2-hydroxyacid was
esterified26 and the hydroxyl group was benzylated28


using Bundle’s reagent to give ester (S)-12 in an overall
yield of 18%. Reduction of the ester (81%), conversion
of the alcohol to the bromide (93%) followed by an
Arbusov reaction with triethyl phosphite (95%) furnished
2-benzyloxyphosphonate (S)-15.11,29 Removal of the
protecting groups (TMSBr for Et on phosphorus, Pd/C/
H2 for Bn) gave phosphonic acid (S)-8, which was con-
verted to the crystalline cyclohexylammonium salt for
purification, containing 1.7 mol of amine as found by
1H NMR spectroscopy. To establish the ee of the final
product, a sample of phosphonate (S)-15 was
hydro-genolytically deprotected and esterified with (S)-
MTPACl to yield Mosher ester 16. Similarly, a
reference sample of racemic 1530 was esterified. On the
basis of the 1H NMR spectra, the ee of (S)-15 was
found to be 98%. The salt of acid (S)-8 should have the
same ee, as the stereochemistry is not affected on depro-
tection of 15.


Isolation of fosfomycin from the broth of S. fradiae was
not possible because of its low concentration (up to
10 lg/mL) and its similar behavior to phosphoric acid
(1 mg/mL of K2HPO4 in the medium) on ion exchange
chromatography.8 Therefore, the antibiotic was con-
verted to two isomeric aminophosphonic acids by ring
opening with ammonia, of which the (1R,2R)-2-amino-
1-hydroxypropylphosphonic acid was amenable to isola-
tion by ion exchange chromatography.9 Assuming that
the analogues 9 and 10 of fosfomycin are formed in
smaller amounts than fosfomycin, if at all and then in
admixture with it, we thought that treatment of the
broth would yield amino-hydroxyphosphonic acids.
The 2-amino-1-hydroxyphosphonic acids derived from
fosfomycin and an analogue would behave similarly
upon purification. NMR spectroscopy would allow the

detection of the aminophosphonic acid 17 or 18 in the
isolated mixture.


These arguments induced us to study the behavior of
epoxides 9 and 10 toward ammonia and prepare refer-
ence compounds 17–19 (Scheme 4). Epoxide 9 will be
opened by ammonia exclusively by attack at the less hin-
dered site at C-2.31 As 2-amino-1-hydroxyethylphos-
phonic acid32 (17) was available from a previous
project and its behavior was therefore known, it was
not necessary to study the conversion of 9 to 17.


However, the preparation of epoxide 10, for conve-
nience in the racemic form, and its conversion to ami-
no-hydroxybutylphosphonic acids 18 and 19 had to be
performed (Scheme 5). The used reactions are related
to the ones used for the synthesis of fosfomycin,
although some modifications had to be introduced.33


Propargyl alcohol (20) was reacted with diethyl phosp-
horochloridite to phosphite 22 as intermediate, which
underwent a smooth 2,3-sigmatropic rearrangement at
ambient temperature to allenylphosphonate 23 in 47%
yield.34 The selective hydrogenation of one double bond
was critical.35 Using Pd/CaCO3/Pb/H2 (1 atm)/chinoline
in dry ethanol furnished under optimized conditions at
room temperature the desired (Z)-1-butenylphospho-
nate 23 (42%) and a mixture of (E)-23 and possibly 2-
butenylphosphonates (ratio 2:1, 20%) by flash chroma-
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tography (hexanes/EtOAc 1:2). Removal of ethyl pro-
tecting groups at phosphorus effected by our standard
method (TMSBr/allyltrimethylsilane) gave the free
phosphonic acid, which was directly converted to the tri-
ethylammonium salt and epoxidized at 40 �C with H2O2


using Na2WO4Æ3H2O as catalyst.33 Anticipating difficul-
ties with its purification, the racemic epoxide was not
isolated, but heated with ammonia at 70 �C for 65 h.
The two aminophosphonic acids (±)-18 and (±)-19
were isolated by ion exchange chromatography and ob-
tained in a ratio of 2.5:1, identical with the ratio of the
analogous aminophosphonic acids obtained from fosfo-
mycin.9 2-Amino-1-hydroxypropylphosphonic acids de-
rived from fosfomycin and 17 or (±)-18 behaved
similarly upon ion exchange chromatography, thus
insuring co-isolation from the broth.


The first feeding experiment was performed with 2-
hydroxyethylphosphonic acid (7) added to the growth
medium of S. fradiae (six 1 L flasks with 220 mL of med-
ium each, 500 lg/mL of 2-hydroxyethylphosphonic
acid).9 After 3 days, when the fosfomycin concentration
was 15 lg/mL of broth, the cells were harvested and the
supernatants were pooled, saturated with ammonia, and
heated at 60 �C for 3 days. The 2-amino-1-hydroxypro-
pylphosphonic acid was derived from fosfomycin possi-
bly containing 2-amino-1-hydroxyethylphosphonic acid
(17) was isolated (6 mg) by triple ion exchange chroma-
tography. The 1-amino-2-hydroxypropylphosphonic
was not retained by the first column of Dowex
50W,H+. Surprisingly, 17 could not be detected in the
product by NMR spectroscopy (1H, 31P), however 2%
of (1S,2R)-2-amino-1-hydroxypropylphosphonic acid
derived from trans-fosfomycin.36 Previous feeding
experiments with 1,1-dideuterated 2-hydroxyethylphos-
phonic acid (150 lg/mL) yielded 2-amino-1-hydroxypro-
pylphosphonic acid with 32% D. As the samples were
purified at that time by a final crystallization, the now
looked for 2-amino-1-hydroxyethylphosphonic acid
could not be found, even if it was present in the crude
product.


Similarly, a second feeding experiment was set up with
(S)-2-hydroxybutylphosphonic acid (8, 150 lg/mL) as
substrate, obtained by passing down the cyclohexylam-
monium salt a column of Dowex 50W,H+. The isolated
mixture of aminophosphonic acids was very carefully
investigated by 1H, 31P, and 13C NMR spectroscopy.
The signals of 18 were clearly detectable in all three
spectra. The ratio of 18, 2-amino-1-hydroxypropylphos-
phonic acid derived from fosfomycin, and the 2-amino-
phosphonic acid derived from trans-fosfomycin as
determined by 31P NMR spectroscopy was 3:95:2. When
1,1-dideuterated 6 (30 lg/mL) was fed to S. fradiae, the
isolated 2-amino-1-hydroxypropylphosphonic acid con-
tained 37% of the labeled species.11


The missing detection of 2-amino-1-hydroxyethylphos-
phonic acid (17) as proof for the formation of epoxide
9 and the very low incorporation of 8 into epoxide 10
do not necessarily indicate that the Hpp epoxidase is a
highly substrate specific enzyme. The former compound,
the substrate for the methylase, could probably be used

too efficiently in the methylation reaction to be used by
the epoxidase. Alternatively, epoxide 9 could be much
more prone to chemical hydrolysis than fosfomycin or
10, thus escaping transformation to aminophosphonic
acid 17 with ammonia. One really would have to com-
pare the reactions of these two substrates with the reac-
tion of (S)-2-hydroxypropylphosphonic acid with the
isolated epoxidase in vitro. The whole cell feedings ad-
dress a range of factors, not just the substrate specificity
of the epoxidase.


In summary, we have prepared the lower and higher
homologue of Hpp and fed it to S. fradiae. Evidently,
only the latter, the (S)-2-hydroxybutylphosphonic acid,
was converted to the analogue of fosfomycin, being
present in the broth as proven by conversion to amino-
phosphonic acids. The 2-aminophosphonic acids were
isolated and identified by NMR spectroscopy and found
to be present in a ratio of 3:95 derived from 10 and 1,
respectively.


Note added in proof: After submitting the manuscript, a
paper by Liu et al.37 was published, reporting on the
determination of the substrate binding mode to the ac-
tive site iron of (S)-2-hydroxypropylphosphonic acid
epoxidase using17 O-enriched substrates and substrate
analogues [isobutyl-, (R)- and (S)-2-hydroxy-2-phenyl-,
and (R)- and (S)-3-hydroxybutylphosphonic acid]. (S)-
2-Hydroxy-2-phenylethylphosphonic acid was con-
verted to the epoxide by the isolated oxygenase, albeit
at much reduced rate. (S)-3-Hydroxybutylphosphonic
acid furnished (S)-3,4-dihydroxybutylphosphonic acid
and both (R)-enantiomers gave the corresponding
keto-phosphonic acids.
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Abstract—Macrocyclic peptidyl hydroxamates were designed, synthesized, and evaluated as peptide deformylase (PDF) inhibitors.
The most potent compound exhibited tight, slow-binding inhibition of Escherichia coli PDF ðK�I ¼ 4:4 nMÞ and had potent antibac-
terial activity against Gram-positive bacterium Bacillus subtilis (MIC = 2–4 lg/mL).
� 2007 Elsevier Ltd. All rights reserved.
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Peptide deformylase (PDF), an essential enzyme for bac-
terial protein biosynthesis and maturation, catalyzes the
removal of N-formyl group from newly synthesized
polypeptides.1 PDF is being actively pursued as a target
for designing novel antibiotics to treat antibiotic resis-
tant pathogens.2,3 Over the past decade, numerous
PDF inhibitors have been reported; two of the inhibitors
have already advanced to phase I clinical trials for
treatment of upper respiratory tract infections.4


We have previously reported that macrocyclic N-
formylhydroxylamine 1 (Fig. 1) and its congeners are
highly potent, selective inhibitors against PDF (e.g.,
K�I ¼ 0:33 nM for 1 against Escherichia coli PDF) and
have broad-spectrum antibacterial activity against clini-
cally significant pathogens.5 However, synthesis of com-
pound 1 was somewhat lengthy (11 steps), primarily due
to an inefficient preparation of the N-formylhydroxyl-
amine moiety (eight steps). In this work, we attempt to
replace the N-formylhydroxylamine moiety with an-
other metal chelating group, the synthetically more
accessible hydroxamate. Thus, macrocyclic hydroxa-
mates 2a–c (Fig. 1) were designed, synthesized, and eval-
uated as potential PDF inhibitors. Compound 2a is
isosteric to inhibitor 1 except that the N-formylhydr-
oxylamine moiety in the latter is replaced by a hydroxa-
mate. Compound 2b contains a proline as the P02
residue, because previous studies have shown that the
proline confers excellent potency and pharmacokinetic
properties.6 Compound 2c should be synthetically very
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accessible because its chiral hydroxamate group can be
readily prepared from DD-aspartic acid.


Retrosynthetic analysis shows that the macrocycles can
be conveniently prepared via olefin metathesis from
diene 3, which in turn can be prepared from acid 4
and amine 5 (Scheme 1). This synthetic strategy allows
for the convergent synthesis of macrocycles of different
ring sizes and specificity determinants by using the com-
mon acid 4 and varying the structure of the alkenyl
amine 5.


Synthesis of acid 4 started from the commercially
available 5-hexenoic acid, which was stereoselectively
alkylated at the C-2 position with a t-butoxycarbonylm-
ethyl group using 4S-benzyloxazolidin-2-one as the chi-

O


2b 2c


Figure 1. Structures of PDF inhibitors.
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2nd-generation Grubbs’s catalyst, CH2Cl2, reflux, 55%; (h) H2, 10% Pd/


C, MeOH, EtOAc; (i) TFA; (j) t-BuONH2 ÆHCl, EDC, Et3N, HOAt,


CH2Cl2, 40%; (k) TFA, 37% HCl, 48%.
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ral auxiliary group7 (Scheme 2). Removal of the auxil-
iary group by hydrolysis produced the desired acid 4,
which was used as the common building block for the
preparation of various cyclic hydroxamates.


The 6-heptenylamine needed for the preparation of
amine 5 was obtained by reducing 5-hexenyl nitrile with
LiAlH4 (Scheme 3). The resulting amine was protected
with a Boc group to facilitate its isolation. Removal of
the Boc group by TFA, condensation with N-Boc-tert-
leucine, and deprotection with TFA afforded amine 5.
Amine 5 was coupled to the common acid 4 to give diene
9. The terminal alkenes were crosslinked using Grubbs’s
ruthenium catalyst8 followed by catalytic hydrogenation
(Pd/C and H2) to produce the 15-membered macrocycle
10. The t-butyl ester was cleaved with TFA treatment
and the resulting acid was coupled with O-t-butylhydr-
oxylamine to give the t-butyl protected hydroxamate
group. Finally, the t-butyl group on the hydroxamate
was removed by treatment with TFA and aqueous
HCl to give hydroxamate 2a.9 Compound 2b was syn-
thesized in a similar manner except that N-Boc-proline
was used instead of N-Boc-tert-leucine.


Compound 2c was synthesized from N-Fmoc-Asp(t-
Bu)-OH, which was condensed with amine 5 (Scheme
4). After removal of the N-terminal Fmoc group, the
resulting amine 11 was acylated with 4-pentenoic acid
and EDC. Cyclization of the diene 12 was achieved with
the second-generation Grubbs’s catalyst, which afforded
better yields than the first-generation catalyst. The con-
figuration of the ring C@C bond in intermediate 13 was
not determined. To install the hydroxamate group, al-
kene 13 was treated with TFA to cleave the t-butyl ester
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Scheme 1. Retrosynthetic analysis of 2a.

and the resulting acid was coupled with O-benzylhydr-
oxylamine to give cycloalkene 14. Catalytic hydrogena-
tion of 14 reduced the ring C@C bond and
simultaneously removed the benzyl group from the
hydroxamate moiety. Unfortunately, the hydroxamate
was unstable under the hydrogenolysis condition and







Table 1. Inhibition constants of Co-EcPDF by compounds 1 and 2a–c


Compound KI, nM K�I , nM k5, min�1 k6, min�1


1 109 ± 5a 0.33 ± 0.15a 1.2a 0.0038 ± 0.0010a


2a 210 ± 30 4.4 ± 0.7 12 0.26 ± 0.02


2b 16,000 ± 4000 1400 ± 200 3.1 0.30 ± 0.01


2c >20,000 NDb ND ND


a Data from Ref. 5.
b ND, no slow binding detected.
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Figure 2. Antimicrobial activity of compound 2a against B. subtilis (a)


and E. coli (b).
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even under carefully controlled conditions, substantial
reduction of the hydroxamate to the corresponding
amide was observed. As a result, the hydrogenation step
had rather poor yields (24%).


Compounds 2a–c were tested for inhibition of
cobalt(II)-substituted E. coli PDF (Co-EcPDF)10 using
a continuous assay and peptide N-formyl-Met-Leu-p-
nitroanilide (f-ML-pNA) as substrate.11 Compounds
2a and 2b exhibited slow-binding inhibition12 that can
be described by equation


Eþ I �
KI


E � I �
k5


k6


E � I�


where KI is the equilibrium constant for the formation
of the initial EÆI complex, whereas k5 and k6 are the for-
ward and reverse rate constants for the slow intercon-
version of EÆI and EÆI*, respectively. The overall
potency of the inhibitor is described by the equilibrium
constant K�I ¼ KI � k6=ðk5 þ k6Þ. The equilibrium and
rate constants for 2a and 2b are listed in Table 1. Com-
pound 2a is a highly potent inhibitor, having a K�I value

of 4.4 nM against EcPDF. The corresponding N-form-
ylhydroxylamine (compound 1) is also a slow-binding
inhibitor and has a K�I value of 0.33 nM.5 Compound
2b, which has a proline at the P02 position, is also a
slow-binding but significantly weaker inhibitor
ðK�I ¼ 1400 nMÞ. Compound 2c, which was syntheti-
cally most accessible, was a very poor inhibitor
(KI > 20,000 nM). This is not unexpected, because previ-
ous studies have shown that PDF has stringent require-
ment for a hydrophobic residue such as methionine and
norleucine at the P01 site.13 Thus, both N-formylhydr-
oxylamine and hydroxamate are effective metal-chelat-
ing groups when attached to proper macrocycles.


Next, compounds 2a and 2b were tested for antibacterial
activities in vitro. Bacillus subtilis and E. coli overnight
cultures were diluted sixfold into fresh LB medium con-
taining 0–24 lg/mL inhibitor and cell growth was mon-
itored at 600 nm. Compound 2a had potent antibacterial
activity against B. subtilis, with a minimal inhibitory
concentration (MIC) of 2–4 lg/mL. Interestingly, in
contrast to most of the reported PDF inhibitors, which
are usually bacteriostatic, compound 2a exhibited bacte-
ricidal activity. When added to cell cultures in the expo-
nential phase, the cell density continued to increase for
several hours and then gradually decreased to near zero
as a result of cell lysis (Fig. 2a). It had only weak activity
against the Gram-negative E. coli cells (MIC > 24 lg/
mL) (Fig. 2b). Compound 2b showed weak activity
against B. subtilis (MIC > 24 lg/mL) and was inactive
against E. coli cells (not shown).


In summary, a novel class of macrocyclic peptidyl
hydroxamates has been prepared from commercially
available 5-hexenoic acid (nine steps). One of the inhib-
itors showed potent inhibition of EcPDF and bacterici-
dal activity against Gram-positive bacteria. Further
optimization of the ring size and P02 side chain may lead
to highly potent, selective PDF inhibitors.
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Abstract—SB-3CT is a thiirane-containing inhibitor of the gelatinase class of matrix metalloprotease enzymes. In support of the
mechanistic study of this inhibition, the conformational analyses of SB-3CT (and of two methyl-substituted derivatives) were under-
taken using X-ray crystallography and molecular dynamics simulation.
� 2007 Elsevier Ltd. All rights reserved.

Gelatinases are members of the family of matrix
metalloproteinases (MMPs), enzymes that have been
implicated in many pathological and physiological func-
tions.1–5 Compound 1, also referred to as SB-3CT, is a
potent and selective gelatinase inhibitor both in vitro
and in vivo.6–9 Compound 1 is active in rodent models
for cancer and stroke, and is a useful tool for the eluci-
dation of the functional properties of these enzymes in
in vivo models. A recent metabolism study of compound
1 revealed that it is metabolized primarily by oxidation,
mainly at the a-methylene to the sulfonyl group and at
the para position of the terminal phenyl ring.10 Despite
active metabolic turnover of 1, it shows potent activity
in vivo and holds considerable promise in investigating
the roles of gelatinases in biological systems.
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Attempts to determine the structure of compound 1


when bound to gelatinases by X-ray crystallography
have failed. In order to understand the structural issues
that govern the interactions between the inhibitor and
these enzymes, we have resorted to X-ray absorption
spectroscopy.11 While these studies have provided
quantitative structural information concerning the
inhibited enzyme (wherein the thiirane has undergone
ring opening), an understanding of the structural as-
pects to the initial presentation of 1 to the catalytic zinc
ion in the MMP active site is much less well under-
stood. In this study, we expand our understanding of
the structural chemistry of this inhibitor class. As both
experimental and computational chemistry reveal a dis-
tinct conformational preference for the aryl sulfone,
strongly favoring the conformation wherein the p orbi-
tal of the ipso carbon atom bisects the two sulfur-oxy-
gen bonds,12 we wondered as to the importance of this
preference to the inhibitory ability of compound 1. Fur-
thermore, an understanding of the effect of structure
alteration near the aryl sulfone on the conformational
preferences was necessary for the interpretation of the
structure-activity relationships within this inhibitor
class. To address these issues, we synthesized com-
pounds 2 and 3 for the purpose of structural compari-
son to 1 using crystallographic and molecular dynamics
methods.


The synthetic route followed the methodology devel-
oped by our group (Scheme 1),13,14 which involves thio-
late generation from methylated phenoxyphenyl
bromide, followed successively by alkylation with epi-
chlorohydrin, oxirane ring formation, oxidation to
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Scheme 1. Syntheses of compounds (±)-2 and (±)-3.
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sulfone, and conversion of the oxirane to the thiirane.
The synthetic challenge with respect to 2 and 3 was
the preparation of the methylated phenoxyphenyl bro-
mides (5a and b) as key intermediates. Introduction of
the single methyl group, and of the dimethyl groups,
in the middle phenyl ring was accomplished using 3-
methyl and 3,5-dimethyl-4-bromophenol (4a and b),
respectively.


These compounds were reacted separately with 4-iodo-
benzene under Ullmann conditions using copper(I) io-
dide, Cs2CO3, and N,N-dimethylglycine hydrochloride
as a promoter.15 Under this Ullmann condition, self-
condensation of the bromophenol moiety is consider-
ably slower than the reaction with iodobenzene. By
using limiting amounts of Cs2CO3 and of CuI, by strict
control of the duration of the reaction, and by taking
advantage of the favorable steric factors at the bromo
position(s), the self-condensation reaction of the bromo-
phenol was avoided completely. Elaboration at the bro-
mo position in compounds 5a and 5b is problematic in
general due to steric hindrance. According to literature
precedents, lithiation of bromomesitylene requires treat-
ment at room temperature16,17 or even reflux condi-

Figure 1. (A) The atom numbering is demonstrated on the structure of


respectively) are shown at 50% probability level. Hydrogen atoms are omit


alternate conformations of each are superimposed.

tions.18 In our case, prolonged reaction time for
lithiation at �78 �C and for the thiolate substitution
gave access to compounds 6a and 6b in good yield.
The transformations leading to (±)-2 (from 6a) and
(±)-3 (from 6b) were done by the methodology devel-
oped by our group.13,14,19


Compounds 1–3 were crystallized as racemates. Com-
pound 1 was crystallized from ethyl acetate and hexane,
and compounds 2 and 3 were crystallized from metha-
nol. The ORTEP diagrams of compounds 1–3 are
shown in Figure 1 and the full details on the crystal
structures are given in the Supplementary data.19 Each
compound crystallized with one molecule in the asym-
metric unit. Compound 1 crystallized in the space group
P21/c, while the other two structures both crystallized in
the space group P�1, with similar cell dimensions (Table
1).20 Disorder is seen in all three structures. Two orien-
tations for the thiirane rings are seen for all three com-
pounds. The thiirane groups of 1 and 3 are disordered
about the sulfur atom. Compound 1 also shows a second
disordered position for the C13 methylene. Compound 2
exhibits disorder in the positions of all three atoms of
the thiirane. Last, there is orientational disorder in the

compound 1 (A). The ORTEP diagrams of compounds 1–3 (B–D,


ted for clarity. The structures correspond to the R-stereoisomer. The







Table 1. Crystallographic details of compounds 1–3


1 2 3


Formula C15H14O3S2 C16H16O3S2 C17H18O3S2


Mr 306.38 320.41 334.43


Space group P21/c (No. 14) P�1 (No. 2) P�1 (No. 2)


a (Å) 5.40350(10) Å 5.7744(2) 5.4528(3)


b (Å) 28.1118(6) Å 11.2258(4) 11.4721(5)


c (Å) 9.3269(2) Å 12.0078(4) 13.0581(6)


a (�) 90 85.695(2)� 88.396(2)


b (�) 95.7320(10) 78.737(2)� 81.581(2)


c (�) 90 85.483(2)� 79.755(2)


V Å3 1409.69(5) 759.59(5) 795.16(7)


Z 4 2 2


T (�C) 100(2) 100(2) 100


k (Å) 1.54178 1.54178 1.54178


Dobsvd (g cm�3) 1.444 1.401 1.397


l (cm�1) 3.464 3.239 3.117


R1 (F2, I > 2r(I)) 0.0366 0.0423 0.0592


wR2 (F2) 0.0969 0.1281 0.1566


S 1.049 1.247 1.057


wR2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP


wðF 2
o�F 2


c Þ
2½ �P


wðF 2
oÞ


2½ �


r
; R1 ¼


P
jjF o j�jF c jjP
jF o j


; GooF ¼ S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP


wðF 2
o�F 2


c Þ
2½ �


ðn�pÞ


r
.


n, number of reflections; p, number of parameters refined.


Figure 2. (A) Superimposition of the stereo representation of the R-


isomers from the crystal structures of 1 (green), 2 (blue), and 3 (orange)


as capped stick representations, with superimposition centered around


the central ring. (B and C) Superimposition of 16 molecular dynamics


snapshots (each from the end of 0.1 ns of dynamics) for 1 (B) and for 3


(C). Hydrogen atoms are colored in gray, carbons in green (B) and


blue (C), oxygens in red, and sulfurs in yellow.
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two aromatic rings of 3. The angle between normals to
the planes of the rings formed by C1 to C6 and the min-
or orientation of this ring is 163.8�. Similarly, the angle
between ring C7–C12 and its minor fraction is 12.9�.


The major conformers for compounds 1–3 from the
crystal structures are superimposed in Figure 2A as
the R-enantiomers of each structure. The C13-S1-C10-
C11 dihedral angle observed in the solid state for 1 is
94.0(4)�; for 2 is 102.6(2)�; and for 3 is 98.4�. These val-
ues correspond to stable conformations of the arylsulf-
one, as discussed by Hof et al.12 The structures of
compounds 1 and 3 were additionally evaluated by
molecular dynamics simulations in a solvated system.23


The results are shown in Figure 2B and C for com-
pounds 1 and 3, respectively. The MD conformers
encompass a C13-S1-C10-C11 dihedral angle of
90� ± 18� for 1, and of 90� ± 21� for 3. This relative mo-
tion is fully consistent with the previous study.12 Hence,
the lowest energy conformations with respect to the aryl
sulfone are seen in the crystal structures, and during the
dynamics. As the structures reveal, the presence of the
methyl groups in the middle ring moderates the
degree of motion that the thiiranylmethyl segment
experiences.


The mechanism of gelatinase inhibition by 1 is charac-
terized by a potent (low nanomolar), slow-binding
kinetics progression to an enzyme-inhibitor complex,
wherein its thiirane ring is opened. As this complex
has not yet been amenable to characterization by crys-
tallography, and as the Michaelis complex of 1 having
the intact thiirane is transient, several efforts toward
computational evaluation of both structures have been
made. The recognition that the arylsulfone of 1 imparts
significant conformational constraint,12 as confirmed
here in the solid-state and by molecular dynamics simu-
lations, provides strong guidance toward this structural

understanding. The existence of this conformational
constrain is implicit from the extensive crystallographic
study of aryl sulfone-based hydroxamate inhibitors of
MMP-9, as recently reported by Tochowicz et al., and
also in their computational analysis of the 1-MMP-9
inhibited complex.29 All mechanistic postulates for the
events following gelatinase complexation of 1 must orig-
inate from a Michaelis complex that accommodates a
strong bias for the placement of the diarylether,29 a
hydrogen bond between one of the oxygens of the sul-
fone and the MMP,29 the conformational constraint of
the arylsulfone,12 and intimate contact between the thii-
rane and the active site zinc.11 Efforts toward a mecha-
nistic postulate that embraces these criteria are in
progress.
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Abstract—The naturally occurring phosphonotripeptide K-26 is a potent angiotensin converting enzyme (ACE) inhibitor containing
an a-amino phosphonic acid analogue of tyrosine. Previous studies have demonstrated that canonical peptide analogues of K-26 are
micromolar inhibitors of ACE. To ascertain the structure–activity relationships in this class of ACE inhibitory natural products,
K-26 and eight analogues were chemically synthesized and evaluated. Phosphonyl substitution was found to be the critical deter-
minant of activity, resulting in a 1500-fold increase in ACE inhibition versus carboxyl analogues. Secondarily, the absolute
configuration of the terminal a-amino phosphonate and N-acetylation were found to significantly modulate ACE inhibitory activity.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Bioactive natural C–P containing metabolites.

Phosphonic acids are important pharmacophores of sig-
nificant relevance to human health. Under physiological
conditions, the phosphonate moiety (R–PO3H2,
pKa � 2.5, 8.01) can serve as an isosteric replacement
for phosphate or carboxylate functional groups, which
are ubiquitous ligands in the active sites of many en-
zymes. The carbon–phosphorus bond renders phospho-
nates hydrolytically stable relative to their phosphate
congeners and the mode of action of phosphonates is of-
ten either through competitive interaction with substrate
binding regions or as an analogue of tetrahedral transi-
tion states. As a result, synthetic phosphonates find real
world application in medicine as antibiotics, antivirals,
antiosteoclastics, and as environmentally benign herbi-
cides.2 The phosphonate moiety is also well represented
in biologically active natural products and can be found
in such diverse molecular entities as bialaphos (5; anti-
fungal, antibiotic, herbicide), fosfomycin (4; antibiotic),
fosmidomycin (3, antimalarial), and K-26 (1; ACE
inhibitor) (Fig. 1).2


K-26 was initially discovered via ACE bioactivity guided
fractionation of extracts of a soil dwelling prokaryote,
‘actinomycete strain K-26’.3–5 It has been reported to pos-
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sess ACE inhibitory activity comparable to the widely
prescribed antihypertensive drug Captopril in both
in vitro assays and in intravenously administered animal
models. NMR, mass spectrometry, degradation, and syn-
thetic studies have demonstrated that K-26 is comprised
of N-acetylated LL-isoleucine, LL-tyrosine, and the nonpro-
teinogenic amino acid, (R)-1-amino-2-(4-hydroxy-
phenyl)ethylphosphonic acid (AHEP, 2). This
‘phosphonotyrosine’ functional group is shared among
several ACE inhibitor peptide analogues of K-26 pro-
duced by various Streptosporangium6 and Actinomadura7


species. The stereochemistry of AHEP has been estab-
lished by X-ray analysis of the ethyl ester of K-26 (1c).
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Scheme 1. Synthesis of two diastereomers of K-26. Reagents and conditions: (a) P(OEt)3, THF, 0! 70 �C; (b) NH2OH–HCl, pyridine, ethanol,


25 �C; (c) Zn/HCOOH, 25 �C; (d) EDC–HCl, HOBt, 2,4,6-trimethylpyridine, DMF, 25 �C; (e) H2, Pd/C, 25 �C; (f) TMSI, thioanisole, MeCN, 0 �C.
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Synthetic ACE inhibitors are widely prescribed for car-
diovascular diseases, including high blood pressure,
heart failure, heart attack, and kidney failure, and have
combined annual sales in excess of six billion dollars.8


ACE has a critical role in the regulation of blood pres-
sure by catalyzing the hydrolytic cleavage of His-Leu
dipeptide from decapeptide angiotensin I to yield angio-
tensin II, a potent vasoconstrictor. ACE also cleaves
bradykinin resulting in antagonistic effects to angioten-
sin II. Typical ACE inhibitors consist of peptide or pep-
tidomimetic structures incorporating a functional group
that interacts with the active site zinc, such as a thiol, a
carboxylate, a phosphonic acid (Fig. 2).


It has been previously suggested that the phosphonate
moiety of K-26 may interact with the active site zinc
atom and contribute to the potent inhibitory activity
of this class of compounds.4 However, small proteino-
genic amino acid containing di- and tri-peptides have
also been reported to possess significant ACE activity.
For instance LL-Ile-LL-Tyr and other analogues of K-26
have been reported to be low micromolar inhibitors of
mammalian ACE9 and it has remained unclear how
the ACE activity of K-26 is modulated by the substitu-
tion of carboxyl group functionality and N-acetylation.
To identify the structural determinants of ACE activity
in the class of chiral a-amino phosphonyl natural prod-
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Figure 2. Representative ACE inhibitors.

ucts, we have synthesized K-26 and several peptide ana-
logues (Table 1).


Production levels of K-26 in the producing organism are
low (est. <10 lg/L in our hands), necessitating the devel-
opment of a synthetic route for K-26 and analogues.
AHEP was synthesized as previously described10–14 with
minor modifications (Scheme 1). Commercially avail-
able 4-benzyloxyphenylacetyl chloride (9) was reacted
with triethyl phosphite in an Arbuzov type reaction to
yield the corresponding a-keto phosphonate (not iso-
lated). Subsequent conversion to the oxime (10) with
hydroxylamine and reduction with zinc/formic acid re-
sulted in racemic AHEP diethyl ester (11). Standard
peptide coupling conditions15 were employed in cou-
pling the free base of AHEP diethyl ester to
Ac-Ile-Tyr(Bzl)-COOH (12). In a two-step deprotection
process, benzyl groups were removed from the resultant
tripeptide by catalytic hydrogenation and ethyl groups
were removed by reaction with iodotrimethylsilane. This
synthetic route (Scheme 1) resulted in the preparation of
a mixture of two major diastereomers of K-26 (1a and
1b), which were readily separated via C18 chromatogra-
phy using a gradient of 5–40% acetonitrile containing
0.1% trifluoroacetic acid. Stereochemistry was assigned
by comparison of chemical shift values and NOESY
cross-peak correlations to peptide analogue Ac-Ile-
Tyr-Tyr (15a) and Ac-Ile-Tyr-DD-Tyr (15b). Des-acetyl
K-26 (14a and 14b) was synthesized in an analogous
fashion to K-26 with the exception that Cbz-Ile-
Tyr(Bzl)-COOH was coupled to AHEP in place of Ac-
Ile-Tyr(Bzl)-COOH. Stereochemical assignments of the
two des-acetyl K-26 diastereomers (14a and 14b) were
also established based on chemical shift values and
NOESY correlations in comparison to synthetic Ile-
Tyr-Tyr (16a) and Ile-Tyr-DD-Tyr (16b). Of note, while
the structure of K-26 has been previously unambigu-
ously determined, this work provides the first high-reso-
lution NMR spectroscopic data for this series of
compounds.


The method outlined by Holmquist and coworkers16


for measuring ACE activity was adapted for assay in
96-well format (see Supplementary data). In short,
ACE activity was extracted from rabbit lung acetone







Table 1. Measured IC50 values of K-26 and analogues


Compound IC50 (nM)
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1a, (K-26) Ac-LL-lle-LL-Tyr-R-AHEP 14.4


1b, Ac-LL-lle-LL-Tyr-S-AHEP 139


1c, Ac-LL-lle-LL-Tyr-R-AHEP (OEt)2 3.83 · 10�5
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15b, Ac-LL-lle-LL-Tyr-DD-Tyr 2.0 · 106
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HS N


O


HO2C


Captopril 7.7


3070 I. Ntai, B. O. Bachmann / Bioorg. Med. Chem. Lett. 18 (2008) 3068–3071

powder by soaking with 100 mM borate buffer followed
by ultracentrifugation.17 Furanacryloyl-LL-phenylalanyl-
glycylglycine (FAPGG) was used as the chromogenic
substrate for measuring initial velocities. The progress
of the reaction can be monitored in a continuous fash-
ion based on the hypsochromic shift of the absorption
spectra that occurs upon hydrolysis of FAPGG to FAP
and GG. In a typical reaction, ACE extract was prein-
cubated with a range of inhibitor concentrations in the
responsive concentration region for 5 min followed by
the addition of a 1 mM solution of FAPGG. The rate

of FAPGG hydrolysis was obtained by measuring the
change in absorbance at 340 nm versus time. IC50 val-
ues were obtained by fitting triplicate measurements
to a sigmoidal dose response curve. As a benchmark,
the IC50 of Captopril (6) was determined in parallel
to ensure the accuracy of the assay. The IC50 values
of the peptide inhibitors and Captopril are summarized
in Table 1.


Measurement of ACE inhibition by the natural tripep-
tide analogue of K-26, LL-Ile-LL-Tyr-LL-Tyr (16a), con-
firmed the previously reported micromolar range
activities of related small natural peptides. N-Acetyla-
tion of this compound to (15a) improved its activity
by approximately 10-fold. However, the potentiating ef-
fect of phosphonyl substitution in this compound class
was more pronounced. K-26 (1a) was found to be
1500-fold more potent than Ac-Ile-Tyr-Tyr (15a). In-
deed, all analogues containing AHEP were found to
be markedly improved inhibitors relative to their car-
boxylate congeners.


Other general trends emerge from these data. Separation
of the synthetic diastereomers permitted the evaluation
of the effect of stereochemistry of AHEP on ACE inhi-
bition. We observed that the cost of inverting the stereo-
chemistry of the phosphonate from the natural
configuration (R-AHEP) was an approximately 10-fold
decrease in activity and similar trends for acetylated
and des-acetyl analogues in all series were observed.
Additionally, alkylation of the phosphonate group
(ethyl esters) decreased activity over 25,000-fold, as
demonstrated by the comparison of 1a and 1c. The influ-
ence of N-acetylation on ACE activity in K-26 was also
consistent, with an across the board improvement of 10-
to 20-fold for most acetylated analogues.


These data provide an additional basis for understand-
ing the improvement in ACE inhibition by K-26 versus
the carboxylate analogues. The ACE potentiating ef-
fects of phosphonate substitution may originate from
a stronger ionic interaction of the phosphonate cen-
tered anion with the enzyme, either through side chain
interactions or by direct interaction with Zn2+ ligand.
Previous X-ray structural studies5 have also suggested
that phosphonyl substitution may limit the conforma-
tional flexibility of the peptide backbone relative to
the carboxyl analogue. This notion is supported by
the observation of weak long range coupling between
the c-methyl of isoleucine (0.5 ppm) and the AHEP
phenyl ring (6.7 ppm) in K-26 NOESY experiments.
No such distal interactions were observed in Ac-Ile-
Tyr-Tyr.


The isolation of a mammalian ACE modulating sub-
stance from a bacterium may appear somewhat surpris-
ing. Recently however, bacterial ACE homologues have
been identified in Xanthomonas,18 suggesting that the
bacterial homologues of eukaryotic ACE may play
important roles in bacterial physiology. While the natu-
ral target of these terminal phosphonopeptides remains
unidentified, the potent inhibitory activity of this entire
class of compounds toward ACE suggests the possibility
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that these compounds may target analogous metallopro-
teases, either endogenously or metalloproteases of con-
sequence in the ecological niche of the producing
organisms. Indeed, the specific functionalities that dis-
tinguish K-26 from its natural peptide congener, N-acet-
ylation and a-phosphonylation, are shown here to direct
markedly improved activity against the zinc metallopro-
tease ACE. It is therefore possible that the natural target
of K-26 is a catalytically similar metalloprotease and
these results suggest that the nature’s strategy of C-ter-
minal phosphonyl substitution may find meritorious
application in the discovery of new C-terminal phospho-
nate inhibitors.


Recent studies13,19 have determined that the biosynthe-
sis of K-26 is distinct from most other C–P bond con-
taining metabolites20,21 in that the precursor for
AHEP ‘phosphonotyrosine’ is derived from tyrosine, in-
stead of phosphoenolpyruvate. Labeling studies have
demonstrated that AHEP is a discrete amino acid pre-
cursor of K-26 in the producing organism and that the
transformation of tyrosine to AHEP occurs with reten-
tion of stereochemical configuration at the a-carbon of
tyrosine and retention of nitrogen. The demonstration
of the potency of the phosphonate pharmacophore in
this class of compounds underlines the utility of further
studies aimed at identifying the biosynthetic gene(s) re-
quired for assembly of a-aminophosphonates.
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Abstract—The transcription factor QscR is a regulator of quorum sensing in Pseudomonas aeruginosa and plays a role in controlling
virulence in this prevalent opportunistic pathogen. This study outlines the discovery of a set of synthetic N-acylated homoserine
lactones that are capable of either activating or strongly inhibiting QscR in a cell-based reporter gene assay. We demonstrate that
the synthetic antagonists inhibit ligand-dependent QscR binding to DNA. Several of these ligands can selectively modulate QscR
instead of LasR, or modulate the activity of both receptors, and represent new chemical tools to study the hierarchy of quorum-
sensing signaling in P. aeruginosa.
� 2007 Elsevier Ltd. All rights reserved.
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Bacteria use a set of simple signal molecules and their
cognate protein receptors to monitor their local popula-
tion densities in a process termed quorum sensing
(QS).1,2 Once they reach a sufficiently high population
density, many bacteria undergo a lifestyle switch from
that of solitary cells to that of a multicellular group.
As a group, bacteria initiate processes that benefit the
growing colony, and these behaviors can have signifi-
cant impacts on their eukaryotic hosts. For example,
virulence factor production and biofilm formation are
under the control of QS in numerous clinically relevant
pathogens, including Pseudomonas aeruginosa and
Staphylococcus aureus.3 Mutants lacking functional QS
systems have been shown to exhibit significantly reduced
virulence both in vitro and in vivo. Therefore, QS has
emerged as an attractive target for the development of
new anti-infective therapies.4,5 As QS is under the con-
trol of low molecular weight molecules and peptides,
one strategy to attenuate QS-controlled behaviors is to
design non-native molecules6,7 or biomacromolecules8
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that can intercept or block native QS signals. Here, we
report the discovery of a set of small molecules capable
of either activating or inhibiting a key receptor regulat-
ing QS in P. aeruginosa, QscR.


QS in Proteobacteria relies on LuxI-type proteins that
synthesize N-acylated LL-homoserine lactone signals
(AHLs, Fig. 1), and LuxR-type signal receptors.1,2,9


LuxR-type receptor genes are often genetically linked
to their associated LuxI-type synthases. Upon binding
their cognate AHL ligand, LuxR-type receptors control
the expression of genes involved in bacterial group
behaviors. Interception of AHL:LuxR-type receptor

2: DDHL; X = H; n = 7; C12
3: OOHL; X = O; n = 3; C8
4: OHHL; X = O; n = 1; C6


X = H, OH, or O
R = C1 - C15


Figure 1. Generic structure for N-acylated-LL-homoserine lactones


(AHLs; left) and structures of selected naturally occurring AHLs (1–


4; right). Acyl chain carbon numbers are shown for clarity.
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Figure 2. Structures of the synthetic QscR agonists identified in this


study. Selected acyl chain carbon numbers are shown for clarity.
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binding with a non-native ligand represents an approach
to directly modulate QS-controlled processes, and has
been the focus of considerable recent research.5,6 Much
of this work has focused on the LasR QS circuit in
P. aeruginosa, which is regulated by N-(3-oxo-dodecan-
oyl)-LL-homoserine lactone (OdDHL, 1; Fig. 1) and, to-
gether with an additional LuxR-type receptor, RhlR,
plays a principal role in pathogenesis.10


In 2001, Chugani et al. reported the discovery of a gene
for a third LuxR-type protein in P. aeruginosa that is
not genetically linked to an AHL synthase.11 This ‘or-
phan receptor,’ termed QscR (quorum sensing control
repressor), was later shown to respond to the LasR li-
gand, OdDHL (1), and control a set of genes unique
from those controlled by LasR and RhlR.12,13 Mutants
with inactivated QscR were hypervirulent in an insect
infection model.11 These data suggest that QscR repre-
sents a novel target for the modulation of QS-controlled
genes in P. aeruginosa.14 To probe this hypothesis, we
sought to identify synthetic ligands that either activated
or inhibited QscR. Such ligands would represent chem-
ical tools to study the molecular mechanisms of QS gene
control by QscR and their role in pathogenesis.


AHLs with aliphatic acyl chain structures closely related
to that of OdDHL (1) (e.g., dodecanoyl HL (DDHL, 2;
Fig. 1)) have previously been shown to activate QscR to
similar, if not slightly higher, levels as 1 in cell-based re-
porter gene assays.12 This expanded signal specificity has
prompted the suggestion that QscR might also respond
to AHL signals used by other bacteria that coexist with
P. aeruginosa.14 Such hypotheses have been put forth for
other orphan LuxR-type receptors, such as SdiA from
Escherichia coli and Salmonella enterica, along with cer-
tain LuxR-type receptors that have cognate signals.2,9


We reasoned that QscR could be susceptible to modula-
tion by other, non-native AHLs, and therefore focused
on this ligand class in the present study.


We recently reported an efficient, solid-phase synthetic
route to AHLs and the design and synthesis of several
focused libraries of AHLs.15 These libraries contained
AHLs with differing acyl chain length, lactone stereo-
chemistry, and functional groups in the acyl chain.16


They also included several naturally occurring AHLs,
such as 1–4 (Fig. 1). Evaluation of these �90 com-
pounds in a range of Gram-negative bacteria (e.g., P.
aeruginosa, Agrobacterium tumefaciens, and Vibrio fisc-
heri) revealed several AHLs with activities ranging from
that of potent inhibitors to a super-activator of LuxR-
type protein function.16,17 Accordingly, these AHL li-
braries represented a logical set of compounds with
which to start our search for synthetic, AHL-derived
QscR activators and inhibitors.


We screened our AHL libraries for agonistic and antag-
onistic activity against QscR using a previously re-
ported, recombinant E. coli strain that reports QscR
activity via the production of b-galactosidase (b-gal)
from a promoter fusion.18 OdDHL (1) and DDHL (2)
served as positive controls for these assays. All AHLs
were examined at 5 lM concentrations. Agonism assays

contained AHL library member alone, while competitive
antagonism assays were performed against DDHL (2, at
10 nM).19 [DDHL (2) was found to activate QscR at
lower concentrations relative to OdDHL (1), and thus
provided a more stringent control for these antagonism
assays.] We observed that 11% of the AHL library was
able to activate QscR to P50%. In turn, 6% of the li-
brary was capable of inhibiting QscR by P75% in these
reporter gene assays. Identifying such a large percentage
of active compounds further underscores the value of
screening these previously validated AHL libraries
against LuxR-type receptors. We focused on these most
active QscR agonists and antagonists for the remainder
of this study.20


The structures of the eight most active QscR agonists
are shown in Figure 2, and their primary assay data
are listed in Table 1. No AHLs were identified in the pri-
mary assay with agonistic activities that surpassed that
of controls OdDHL (1) or DDHL (2). Not surprisingly,
many of these compounds had structures closely related
to that of OdDHL (1), e.g., A3, A4, A8, A16, and
OOHL (3), corroborating data reported by Lee et al.
in this same reporter strain.12 However, the remaining
four AHLs (B2, B7, C22, and D7) had structures that di-
verged from those of 1 or 2, most notably B2, which had
DD-stereochemistry. All four AHLs contained aromatic
acyl groups. We previously observed that A4, A8, B2,
and C22, but not A16 and D7, are also weak to strong
activators of LasR.16,17 More notably, however, the
other three QscR activators, OOHL (3), A3, and B7,
are also capable of inhibiting LasR (by P50%). These
screening data suggest that activation of QscR by AHLs
is not restricted to unbranched, aliphatic AHLs. More-
over, they indicate that the development of ligands that
specifically modulate QscR instead of LasR, or that acti-
vate or inhibit both receptors, will be feasible. A recent
report by Müh et al. of a non-AHL ligand (termed TP-1)
that activates LasR, yet does not activate QscR, pro-
vides further support for these data.21







Table 1. Percent activation data and EC50 values for QscR agonistsa


aFor strain and assay information, see Refs. 18 and 19. Compounds


evaluated at 5 lM. Activity for DDHL (2) set to 100%. All assays


performed in triplicate. Error = ±8%. Shaded compounds are controls.
bDetermined by testing AHLs over a range of concentrations (0.02–


2 · 105 nM).
cDose–response curve reached a plateau over the concentrations tes-


ted, yet the level of maximal induction was �25% lower than that for


OdDHL (1); EC50 value calculated from this dose–response curve. See


Figure S-3 in Supp. data.
dNot determined.


Table 2. Percent inhibition data and IC50 values for QscR antagonistsa


Compound Inhibition (%) IC50
b (nM)


B6 78 180c


C6 73 —d


C8 71 —


C11 70 —


C14 71 —


C18 88 30


C25 75 160c


D12 77 200c


D13 76 130


a For strain and assay information, see Refs. 18 and 19. Compounds


evaluated at 5 lM against DDHL (2) at 10 nM. Error = ±8%.
b Determined by testing AHLs over a range of concentrations (0.02–


2 · 105 nM) against 2 at 10 nM.
c Antagonism dose–response curve upturned at higher concentrations;


see Supp. data.
d Not determined.
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We performed dose–response agonism assays on the
most active AHLs in this set and OdDHL (1) and
DDHL (2) using the b-gal reporter strain, and deter-
mined their EC50 values (Table 1). These assays revealed
that the control DDHL (2) and A4 exhibited the lowest
EC50 values in this study (i.e., �5 nM), with OOHL (3)
having the next lowest value; these trends were congru-
ent with our primary agonism assay data.


The antagonism assay of the AHL library revealed five
non-native AHLs capable of inhibiting QscR by
P75% (shown in Fig. 3). Their IC50 values are listed
in Table 2. Four phenylacetanoyl HLs (PHLs) were
uncovered as slightly weaker QscR antagonists (�70%)
and are also included here in our data analysis.


Like the QscR agonists, the acyl chain structures of
these QscR antagonists ranged from relatively compact
(B6) to long and lipophilic (D13), making the develop-
ment of specific structure–activity relationships (SARs)
for AHL-mediated QscR inhibition challenging. Some
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Figure 3. Structures of nine QscR antagonists identified in this study.

trends were clear, however. All of the QscR antagonists
contained aromatic acyl groups and native (LL) lactone
stereochemistry. Three of the most effective inhibitors
had benzoyl groups (B6, D12, and D13); potent LuxR-
type receptor inhibitors with this type of acyl chain are
yet to be reported.16,17 PHLs were also strong antago-
nists of QscR (i.e., the C# AHLs), with C18 the most ac-
tive QscR antagonist uncovered in this study
(IC50 = 30 nM; Table 2). This PHL is only a weak LasR
inhibitor (20%); however, PHLs C6, C8, C11, and C14
with meta-halogen or nitro groups are also moderate
antagonists of LasR (�50%).16,17 None of the other
QscR antagonists displayed appreciable inhibitory activ-
ity against LasR. Interestingly, the other active PHL
identified in this study, C22, is an activator of QscR at
the concentration tested (Table 1), and further high-
lights PHLs as a versatile structure class for the develop-
ment of both inhibitors and activators of LuxR-type
receptors.15b


We sought to obtain further insights into the mechanism
of QscR modulation by non-native AHLs. Previous
work by Lee et al. has shown that QscR specifically
binds the promoter region of the PA1897 gene in the
presence of OdDHL (1).12 In view of the reporter gene
assay data outlined above, we reasoned that our QscR
antagonists could competitively inhibit the binding of
QscR to DNA in the presence of OdDHL (1). We there-
fore performed electromobility shift assays (EMSA) on
purified QscR and radiolabeled PA1897 promoter in
the presence of selected QscR antagonists and 1.19 The
results of these assays are listed in Table 3.


The EMSAs revealed that all five AHLs (B6, C18, C25,
D12, and D13) were capable of inhibiting OdDHL (1)-
dependent QscR:DNA binding. At a 100:1 ratio with
OdDHL (1), PHL C18 inhibited OdDHL-dependent
binding by 85%, while D12 was 26% inhibitive (Table
3). This activity trend correlated well with the cell-based
reporter assays (Table 2), where C18 had a sixfold lower
IC50 relative to D12. All of the antagonists could further
retard QscR:DNA binding at 1000:1 ratios versus OdD-
HL (1), with C18 and D13 reducing binding by 100%.
These data suggest that the mechanism of QscR antag-







Table 3. EMSA data for QscR binding the PA1897 promoter in the


presence of OdDHL (1) and antagonistsa


Compound % Inhibition with


100· ligandb


% Inhibition with


1000· ligand


B6 29 ± 12 71 ± 16.3


C18 85 ± 29 100 ± 7


C25 47 ± 1 82 ± 9


D12 26 ± 8 59 ± 1


D13 59 ± 6.3 100 ± 4.8


a His-tagged QscR was expressed and purified as previously reported;


see Ref. 12. Competition experiments performed in the presence of


2 lM OdDHL (1) and either 200 lM or 2 mM ligand.
b Results are presented as % inhibition of OdDHL (1)-dependent DNA


shift. OdDHL (1) at 2 lM shifts DNA by 72 ± 10% and no OdDHL


(1) shifts DNA by 38 ± 7.4%.
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onism by these synthetic AHLs is inhibition of OdDHL
(1)-dependent QscR:DNA binding. We speculate that
these ligands directly bind QscR and/or displace OdD-
HL (1), yielding a QscR:AHL complex with lowered
affinity for the PA1897 promoter sequence. In turn, we
hypothesize that our AHL activators bind QscR and
promote QscR:DNA binding; EMSAs on selected syn-
thetic QscR agonists are ongoing to probe this model.


In summary, we have identified a series of AHLs that
are capable of activating or inhibiting the LuxR-type
receptor, QscR, from P. aeruginosa. Several of the
antagonists were capable of inhibiting OdDHL (1)-
dependent QscR:DNA binding. These ligands represent
the first non-native small molecule modulators of QscR.
We have also discovered synthetic AHLs that either
selectively activate or inhibit QscR instead of LasR, or
activate or inhibit both receptors. The most interesting
non-native ligand in this class is perhaps AHL B7, as
it can moderately activate QscR and has previously been
shown to strongly inhibit LasR.16,17 This bifunctional
compound represents a unique tool to probe the role
of QscR as a negative regulator of QS pathways in P.
aeruginosa. Activating QscR, while simultaneously
repressing LasR, could have a synergistic effect on viru-
lence inhibition in P. aeruginosa. Likewise, synthetic li-
gands that activate or inhibit both QscR and LasR
(e.g., B2 and C11), or modulate QscR specifically (e.g.,
D7 and C18), could prove valuable in delineating the
hierarchy of these two receptors in QS control.


Ongoing studies are focused on the development of
more quantitative assays to characterize the interactions
between these synthetic AHLs and QscR, and the design
of second-generation ligands for QscR according to
SARs delineated in this study. This work will be re-
ported in due course.
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Abstract—Though less potent than the parent natural product leinamycin, S-deoxyleinamycin displays activity against human can-
cer cell lines that is comparable to many clinically used agents. The results reported here suggest that the 1,2-dithiolan-3-one het-
erocycle found in S-deoxyleinamycin reacts with thiols to generate a persulfide intermediate (RSS�) that could deliver biologically
active polysulfides, hydrogen sulfide, and reactive oxygen species (O2


��, H2O2, and HO�) to the interior of cells.
� 2007 Elsevier Ltd. All rights reserved.
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Leinamycin (1) is a structurally interesting natural prod-
uct that displays impressive, nanomolar IC50-values
against human cancer cell lines.1–5 Reaction of thiols
with leinamycin leads to ejection of a persulfide interme-
diate (2) that generates cell-killing reactive oxygen spe-
cies (Scheme 1).6–9 In addition, the 1,2-oxathiolan-5-
one derivative (3) formed in this reaction undergoes fur-
ther rearrangement to an episulfonium ion (4) that effi-
ciently alkylates guanine residues in duplex DNA.6,10


The resulting 7-alkylguanine residues undergo rapid
depurination to generate a burst of cytotoxic abasic sites
in duplex DNA.11–13 The reaction with thiols may be
central to the potent biological activity of leinamycin be-
cause cells contain millimolar concentrations of the
thiol-containing tripeptide glutathione14 that can trigger
the release of cell-killing reactive intermediates from this
natural product.


In light of the central role played by leinamycin’s sulfox-
ide oxygen in the generation of cytotoxic reactive
intermediates (Scheme 1), it is not surprising that
S-deoxyleinamycin (5) is markedly less cytotoxic than
leinamycin. For example, 5 displays an IC50 value of
4 lM against HeLa S3 cells, whereas that for leinamycin
is 27 nM.3 Despite its diminished cytotoxicity relative to
leinamycin, it is important to note that the activity of 5
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is comparable to some clinically used anticancer drugs.15


Accordingly, studies of 5 have the potential to reveal
new chemical processes by which organic molecules
can elicit anticancer activity.

S


N O


S


HO
H


H


N
H


H


CO2
—


OH
S


N
H


H


O
N


S
5


S-deoxy


Scheme 1.



mailto:gatesk@ missouri.edu





S. Sivaramakrishnan, K. S. Gates / Bioorg. Med. Chem. Lett. 18 (2008) 3076–3080 3077

Previous work has shown that 5 does not cause
thiol-triggered DNA alkylation;3 however, our previous
experience with related sulfur heterocycles16–19 led us to
consider the possibility that reactions of thiols with the
1,2-dithiolan-3-one heterocycle in 5 might lead to the
generation of superoxide radical (O2


��). Under physio-
logical conditions, superoxide radical decomposes to
hydrogen peroxide and, ultimately, hydroxyl radical as
shown in the (unbalanced) Eqs. 4 and 5, where M repre-
sents a transition metal such as iron or copper.20 Intra-
cellular production of superoxide radical has a variety of
deleterious consequences including oxidative damage to
DNA, proteins, and lipids and cytotoxicity.20–28
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To begin these studies, we synthesized 4-hydroxy-4,5,5-
trimethyl-1,2-dithiolan-3-one (6) using a modified ver-
sion of the route described by Pattenden and Shuker.29


We used a plasmid DNA-cleavage assay30–33 to charac-
terize the ability of 6 to produce superoxide radical.
Superoxide radical causes DNA cleavage via a cascade
of reactions shown in Eqs. 4 and 5, in which hydroxyl
radical is the ultimate DNA-cleaving agent.20,34 Hydro-
xyl radical generates direct strand breaks via abstraction
of hydrogen atoms from the 2 0-deoxyribose backbone of
DNA.35–40 In the assay used here, single-strand cleavage
converts supercoiled double-stranded plasmid (form I)
into the open circular form (II). The two forms of plas-
mid DNA are then separated by agarose gel electropho-
resis and visualized by staining with a DNA-binding dye
such as ethidium bromide.30–33

Figure 1. Thiol-dependent DNA cleavage by various concentrations of


1,2-dithiolan 3-one (6). Supercoiled pGL2 basic DNA (76 lM bp) was


incubated for 12 h at 37 �C with various concentrations of 6 and 15


equiv of 2-mercaptoethanol in sodium phosphate buffer (50 mM, pH 7)


containing 10% acetonitrile by volume. Solutions were prepared using


glass distilled, deionized water and 99+% pure sodium phosphate salts.


Reactions consisted of 20 lL final volumes and were conducted under


a headspace of air in sealed 500 lL microcentrifuge tubes. Agarose gel


electrophoresis was performed as described previously.7 The upper


band in the gel is nicked form II DNA and the lower band is uncut,


form I DNA. The values in parentheses following the description of


each lane below indicates the S-value (mean number of strand breaks


per plasmid molecule) for each lane and was calculated using the


equation S =� ln f1, where f1 is the fraction of plasmid in a given lane


that is present as uncut, form I DNA.41 Values reported here represent


the average of at least three experiments, and the standard error in


these measurements is less than 2%. Lane 1, DNA alone (0.16); lane 2,


500 lM 6 alone (0.46); lane 3, 10 lM 6 + 150 lM thiol (0.31); lane 4,


50 lM 6 + 750 lM thiol (0.63); lane 5, 100 lM 6 + 1.5 mM thiol (0.84);


lane 6, 250 lM 6 + 3.75 mM thiol (2.83); lane 7, 500 lM 6 + 7.5 mM


thiol (4.54); lane 8, 7.5 mM thiol alone (0.21).

We find that incubation of micromolar concentrations
of 6 with supercoiled double-stranded plasmid DNA
in sodium phosphate buffer (50 mM, pH 7, containing
10% CH3CN) along with 15 equiv of thiol (2-mercap-
toethanol) leads to the generation of single-strand
breaks (Fig. 1). Under these reaction conditions, com-
pound 6 alone (no thiol) or thiol alone (without 6) elicits
relatively small amounts of strand cleavage. Other thi-
ols, including the biological thiol glutathione, similarly
trigger DNA strand cleavage by 6 (data not shown).42


For comparison, we note that the structurally related
molecule 7 generates relatively weak thiol-triggered
DNA cleavage under these conditions. On the other
hand, the leinamycin analogue 8 displays superior
thiol-dependent DNA-cleaving properties (Table 1).
Both of these results are in line with previous reports
regarding thiol-triggered DNA-cleaving properties of 7
and 8.7


The direct strand breaks detected in these assays are
consistent with the anticipated generation of reactive
oxygen species (Eqs. 1–5). To further investigate the role
of O2


��, H2O2, and HO� in thiol-triggered strand cleav-
age by 6, we performed a series of cleavage assays in
the presence of additives that interact with various spe-
cies shown in Eqs. 4 and 5.20 We find that thiol-triggered
DNA cleavage by 6 is inhibited by the classic hydroxyl
radical scavengers methanol, ethanol, and DMSO
(Table 1). Addition of the hydrogen peroxide-destroying
enzyme catalase also inhibits strand cleavage. Likewise,
DNA cleavage is effectively prevented by the presence of
the chelators of adventitious trace metals, diethylenetri-
aminepentaacetic acid (DETAPAC) and desferal, which
inhibit the trace metal-dependent Fenton reaction (Eq.
5).20 Interestingly, addition of superoxide dismutase
(SOD) significantly increases the yield of DNA
strand breaks. SOD catalyzes the disproportionation

Table 1. Effect of additives on thiol-mediated DNA cleavage by


compound 6a


Reaction/additive % Nicked,


form II DNA


S-valueb


DNA Alone 13.5 0.14 ± 0.01


6 alone (150 lM, no thiol) 18.2 0.2 ± 0.01


Std rxn: 6 (150 lM) + thiol


(2.25 mM)


73.1 1.32 ± 0.16


Std rxn + additive


Methanol (1 M) 27.5 0.32 ± 0.05


Ethanol (1 M) 19.0 0.21 ± 0.02


Desferal (10 mM) 25.9 0.30 ± 0.01


DETAPAC (10 mM) 19.0 0.21 ± 0.02


DMSO (1 M) 15.5 0.17 ± 0.02


Catalase (100 lg/mL) 19.3 0.21 ± 0.02


SOD (100 lg/mL) 100 —


SOD (50 lg/mL) 100 —


7 (150 lM) + thiol (2.25 mM) 33.1 0.40 ± 0.01


8 (150 lM) + thiol (2.25 mM) 92.5 2.58 ± 0.12


a Reactions were carried out as described in the legend of Figure 1.
b The S-value is the mean number of strand breaks per plasmid mol-


ecule and is calculated using the equation: S =� ln f1, where f1 is the


fraction of uncut, form I DNA remaining, where % form I = 100 � %


form II, and the experiments were conducted in a manner such that


only form I and II DNA were present (no form III observed).
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of O2
�� to H2O2 and O2.20 This catalytic process may in-


crease the yield of H2O2, thus increasing the yields of
strand cleavage. In addition, the reaction catalyzed by
SOD increases the concentration of dissolved oxygen
(O2) in the assays, an effect that may facilitate both
the generation of additional O2


�� and oxygen-dependent
production of DNA strand breaks.35–40,43,44 Other
possible origins of the SOD effect are discussed below.
Overall, the evidence clearly indicates that the reaction
of thiol with 6 leads to the generation of the reactive
oxygen species O2


��, H2O2, and HO�.


RSSH�RSS� þHþ ð1Þ


RSS� þMðnþ1Þþ ! RSS� þMnþ ð2Þ


Mnþ þO2 !Mðnþ1Þþ þO2
�� ð3Þ


O2
�� þHO�2 ! H2O2 þO2 ð4Þ


H2O2 þMnþ ! HO� þHO� þMðnþ1Þþ ð5Þ


RSS� þRS� ! RSSSR�� ð6Þ


RSSSR�� þO2 ! RSSSRþO2
�� ð7Þ


RSHþRSSSR! RSS� þRSSR ð8Þ


RSSHþRSH! RSSRþH2S ð9Þ


HS� þO2 !
SOD


S� þH2O2 ð10Þ
To gain insight into the chemical nature of the processes
that might be responsible for the generation of superox-
ide radical (O2


��) in these experiments, we examined the
reaction of thiols with 6. Incubation of 6 with 2-mercap-
toethanol (5 equiv) in sodium phosphate buffer (50 mM,
pH 7, containing 20% CH3CN) led to the generation of
the thioester 11 (54%, Scheme 2). In addition, we ob-
served the production of disulfide and polysulfides
(RSSR, RSSSR, and RSSSSR).45
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Scheme 2.

The formation of polysulfides may provide a key to
understanding the thiol-dependent production of ROS
in the reaction of thiols with 6. This result is informative
because equilibrating mixtures of polysulfides have previ-
ously been observed as characteristic byproducts gener-
ated in the thiol-triggered production of reactive oxygen
species (O2


��, H2O2, and HO�) by the leinamycin ana-
logue 8.6–9 Polysulfides result from the oxidation of a per-
sulfide intermediate (RSS�) that is released from 8 by its
reaction with thiols.6–9 Analogous to the autooxidation
of thiols,46 this reaction likely involves metal-mediated
oxidation of the sulfur anion (Eq. 2). Importantly, in aer-
obic solution, this process generates O2


�� (Eqs. 2 and 3).
The resulting persulfide radical (RSS�), again in analogy
with mechanisms established for the oxidation of thi-
ols,47–49 may react with thiolate (RS�) to generate the
polysulfide radical anion (Eq. 6). Oxidation of such a rad-
ical anion is anticipated47–49 to generate a polysulfide
along with superoxide radical (Eq. 7). The polysulfide
byproducts then undergo further reaction with thiol to
regenerate a persulfide (RSS�, Eq. 8) and additional
superoxide radical. Via this series of reactions, small
amounts of persulfide intermediates have the potential
to act as catalysts that convert substantial amounts of
thiol into disulfide and reactive oxygen species.


Persulfides also are expected to react with thiols to
release hydrogen sulfide (H2S, Eq. 9).17,50 Indeed, we
qualitatively detected H2S produced in the reaction of
2-mercaptoethanol with 6. Hydrogen sulfide was
determined as the characteristic lead sulfide precipitate
resulting from its reaction with lead acetate.51 Neither
6 alone or thiol alone generated significant quantities
of H2S under the conditions employed here. It seems
likely that thiol-mediated generation of H2S contributes
to the generation of reactive oxygen species and to the
biological activities of polysulfides and persulfides.52–57


The presence of H2S in our DNA-cleavage assays may
contribute to the substantial increase in the yield of strand
breaks observed upon addition of SOD (Table 1). Typi-
cally, SOD catalyzes the disproportionation of two mole-
cules of O2


�� to H2O2 and O2.20 However, it has been
reported that this enzyme can act as an HS�:O2 oxidore-
ductase that converts HS� and O2 into H2O2 and S� (Eq.
10, where S� is defined as elemental sulfur and related spe-
cies in which sulfur is bonded to sulfur).58 Under the reac-
tion conditions employed here, elemental sulfur, in the
form S8, is expected17,59 to react with thiol to generate
additional persulfides (RSxS�) that, in turn, generate
additional superoxide radical. In addition, Cu, Zn-SOD
has the potential to act as an oxidase that converts thiols
in the assay mixture to disulfide and H2O2.60,61 Together
the thiol- and H2S-oxidase properties58,60 of Cu, Zn-SOD
could explain the increases in strand cleavage observed
upon addition of SOD to the assays described here.


Several different mechanisms can be formulated to ex-
plain the products identified in the reaction of 6 with
thiol. We favor the pathway shown in Scheme 1 involv-
ing initial attack of thiol on the sulfur atom adjacent to
the carbonyl group in 6 to yield the ring-opened 3-merc-
aptoperthioester 9. Intramolecular cyclization of the
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thiol residue in 9 onto the carbonyl group will generate
the thiolactone 10 and eject a persulfide
(HOCH2CH2SS�). The persulfide goes on to generate
reactive oxygen species, H2S, and polysulfides as dis-
cussed above. Finally, reaction of excess thiol with the
thiolactone 10 is expected to yield the observed product
11. Consistent with this proposed mechanism, the thio-
lactone (10) was observed by thin layer chromatography
as an intermediate in the reaction of 6 with 2 equiv of
thiol. In addition, we found that reaction of an authen-
tic, synthetic sample of thiolactone (10, prepared by the
route of Pattenden and coworkers)29 with 2-mercap-
toethanol does, in fact, generate 11 under the conditions
used for this model reaction.62


In conclusion, we find that the reaction of thiols with the
1,2-dithiolan-3-one heterocycle found in S-deoxyleina-
mycin leads to the generation of reactive oxygen species.
We propose that this occurs via thiol-triggered release
of a persulfide intermediate (RSS�). This is analogous
to the previously characterized release of persulfides from
leinamycin and its synthetic analogues,6–9 although the
overall production of DNA-cleaving oxygen radicals is
less efficient in the case of 6 than it is for 8. Nonetheless,
the thiol-mediated generation of oxidative stress by com-
pound 6 provides a plausible molecular basis for the sub-
stantial activity of S-deoxyleinamycin against cancer cell
lines, as it is well known that intracellular generation of
reactive oxygen species can have cytotoxic conse-
quences.20–28 Furthermore, agents capable of thiol-trig-
gered release of persulfides can display potent biological
activity.1,9,16 Of course, the current study does not rule
out the possibility that functional groups other than the
1,2-dithiolan-3-one moiety may contribute to the cyto-
toxicity of S-deoxyleinamycin. For example, the a, b, c,
d-unsaturated carbonyl residue has the potential to react
with various cellular nucleophiles. Alternatively, it is pos-
sible that metabolism in mammalian cell lines converts S-
deoxyleinamycin into leinamycin via an enzymatic sulfox-
idation process analogous to that proposed for the final
step in the biosynthesis of the natural product.63,64 Final-
ly, it is of general interest in the fields of medicinal chem-
istry and toxicology to identify molecules that generate
reactive intermediates selectively upon entering the
thiol-rich environment inside cells.65 Drawing inspiration
from S-deoxyleinamycin, we find that the 1,2-dithiolan-3-
one heterocycle may provide a new strategy for delivery of
biologically active polysulfides, hydrogen sulfide, and
reactive oxygen species to the interior of cells.
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Abstract—OxyB catalyzes the first oxidative phenol coupling reaction in vancomycin biosynthesis. OxyB is a P450 hemoprotein
whose activity is strictly dependent upon the presence of molecular oxygen. Here, it was shown that label from 18O2 is not incor-
porated into the monocyclic product during catalysis by OxyB. In addition, it was shown that OxyB can convert a model hexapep-
tide substrate containing (R)-Tyr6, instead of (S)-Tyr6, covalently linked as a C-terminal thioester to a peptidyl carrier protein
(PCP-7S) derived from the vancomycin non-ribosomal peptide synthetase (NRPS), into the corresponding epimeric monocyclic
product. The binding of this epimeric hexapeptide-PCP conjugate to the Fe(III) form of OxyB, as monitored by UV–vis spectros-
copy, revealed a Kd = 35 ± 5 lM. Thus, the enzyme reveals a surprising lack of stereospecificity in the binding and transformation of
these epimeric substrates.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structure of vancomycin.

Vancomycin (Fig. 1), a glycopeptide produced by Amy-
colatopsis orientalis, is a clinically important antibiotic
that acts by inhibiting cell wall biosynthesis in Gram-po-
sitive bacteria.1 During vancomycin biosynthesis, key
steps include rigidification of the heptapeptide aglycone
backbone. These are accomplished by the actions of
three cytochrome P450 hemoproteins OxyA, OxyB,
and OxyC that catalyze three consecutive oxidative phe-
nol coupling reactions.2–5 The first coupling, which ulti-
mately links the phenol rings in the side chains of Hpg4
((R)-4-hydroxyphenylglycine) and Cht6 ((2S,3R)-m-
chloro-b-hydroxytyrosine) (C-O-D ring), is catalyzed
by OxyB. The second aryl-ether bridge is formed by
OxyA and links the side chains of amino acids Cht2
((2R,3R)-m-chloro-b-hydroxytyrosine) and Hpg4 (D-
O-E ring), and the last coupling catalyzed by OxyC
connects the aromatic side chains of Hpg5 and Dpg7
((S)-3,5-dihydroxyphenylglycine) (AB ring).


We have shown previously that a model linear hexapep-
tide (1) (Fig. 2) related to the vancomycin aglycone is
converted efficiently into a monocyclic product in vitro
by OxyB only when the peptide is linked as a thioester
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to a recombinant peptide carrier protein (PCP) domain
from the vancomycin non-ribosomal peptide synthetase
(NRPS) (Fig. 3).6,7 It was also demonstrated that OxyB
activity is strictly dependent upon the presence of redox
proteins that deliver electrons to the hemoprotein, as
well as upon molecular oxygen. The model substrate,
1-PCP-7S (Fig. 2), binds to OxyB in the absence of other
ancillary proteins with a dissociation constant of
17 ± 5 lM, as determined by UV–vis difference spectros-
copy.7 Furthermore, we showed that OxyB is also able
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Figure 2. Activation of hexapeptides 1 and 2 as thioesters. Reagents and conditions: (i) peptide (1 equiv), PyBOP (1.2 equiv), i-Pr2EtN (1.2 equiv),


PhSH (2.4 equiv), DMF, rt, 15 min; (ii) coenzyme A (4 equiv), phosphate buffer, pH 8.5, rt, 2 h; (iii) apo-PCP-7S, B. subtilis Sfp, MgCl2, Tris–HCl


buffer, pH 7.5, 37 �C, 30 min.


Figure 3. OxyB catalyzed conversion of the PCP-bound hexapeptides


1 and 2 into monocyclic products 3 and 4.
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to catalyze a comparable phenol coupling reaction on a
model heptapeptide-PCP-7S conjugate, thus raising the
possibility that OxyB may act upon both linear hexa-

and heptapeptide intermediates whilst they are still at-
tached to the NRPS assembly line.7


In this work, we report labeling studies using 18O2 as the
oxygen source for OxyB, in order to probe the mecha-
nism of this oxidative coupling reaction. Furthermore,
we describe the transformation by OxyB of an epimeric
model hexapeptide (2) conjugated to PCP-7S, where (S)-
tyrosine at position 6 has been replaced by (R)-tyrosine
(Fig. 2).


Monooxygenase reactions catalyzed by P450 hemopro-
teins, such as the well-known camphor hydroxylase
P450cam, not only require molecular oxygen they also
usually incorporate one oxygen atom from molecular
oxygen into the product.8 Since, the incorporation of
one oxygen atom from O2 into the product cannot be ru-
led out a priori during the OxyB reaction, we set out to
test this using O-18 labeled oxygen. We again used the
model hexapeptide-PCP conjugate (1-PCP-7S) as sub-
strate and a reduction system consisting of recombinant
spinach ferredoxin, Escherichia coli flavodoxin reduc-
tase, and NADPH.7 Additionally, glucose-6-phosphate
and glucose-6-phosphate dehydrogenase were used for
NADPH regeneration. After incubation of these redox
proteins and OxyB with the substrate and subsequent
cleavage of the peptide products from the PCP with
hydrazine (Fig. 3), the resulting peptide hydrazides were
purified and analyzed by analytical HPLC. As reported
earlier,7 under the standard assay conditions, the sub-
strate 1-PCP-7S is converted almost quantitatively into
the expected monocyclic product-hydrazide 3 as well
as a minor monocyclic product-hydrazide, assigned as
the Tyr6 epimer 4 (vide infra). For the 18O labeling
studies, the assay solutions were degassed by freeze-
thaw cycles under vacuum, and the assay was performed
in an anaerobic glove box. Under these conditions no







Figure 5. HPLC chromatograms showing peptide hydrazide products


of OxyB reaction following hydrazine cleavage using 1-PCP-7S (black)


and 2-PCP-7S (gray) as substrates. Peak 1, monocyclic product (4);


peak 2, unreacted linear peptide; peak 3, monocyclic product (3) (see


Fig. 3).


N. Geib et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3081–3084 3083

significant product formation was observed. Upon
introduction of 18O2 (95% 18O2, Cambridge Isotope
Laboratories Inc.), the catalytic activity of OxyB was re-
stored. However, electrospray MS analysis of the iso-
lated major monocyclic hexapeptide hydrazide 3 gave
m/z 896 [M+H]+, indicating that within the limits of
detection no label from 18O2 had been incorporated into
the product.


The lack of 18O incorporation during the phenol cou-
pling reaction catalyzed by OxyB is of interest when
considering possible mechanisms for this transforma-
tion. We have described evidence that binding of sub-
strate to OxyB induces a spin-state shift toward the
high spin Fe(III) form.7 Since both electrons and molec-
ular oxygen are required for catalysis by OxyB, then in
analogy to the P450cam catalytic cycle, adding electrons
and oxygen to the heme Fe in OxyB should lead to the
so-called compound-0 intermediate (Fig. 4). Although
there is no evidence so far that this intermediate is in-
deed formed on OxyB, it seems reasonable to suggest
this. From here onwards, the mechanism of the oxida-
tive coupling becomes unclear. Even in the case of the
very well-studied P450cam, there is still no broad con-
sensus on the reaction mechanism following the forma-
tion of compound-0.9,10 However, should the OxyB
mechanism involve oxygen atom transfer to one aro-
matic ring, to form an arene epoxide (Fig. 4), a type
of process that is thought to occur (but has not been
proven) during oxidation of aromatic hydrocarbons by
P450 enzymes (e.g. in the liver),8 followed by rearrange-
ment to the macrocyclic product, then this must occur
without retention of the oxygen atom derived from
molecular oxygen. Clearly other pathways cannot pres-
ently be ruled out.


As mentioned above, the standard assay for OxyB af-
fords mainly the expected monocyclic product, and also
around 10–20% of a minor monocyclic product that we
had earlier assigned as the Tyr6 epimer.7 In order to

Figure 4. The OxyB catalytic cycle should proceed through a


compound-0 like intermediate. The subsequent steps, however, remain


to be established (see text).

pursue this observation, we decided here to test directly
as substrate the epimeric hexapeptide 2, possessing (R)-
Tyr instead of (S)-Tyr at position 6, linked as a thioester
to PCP-7S. This hexapeptide was synthesized and con-
verted into the corresponding PCP-7S conjugate by a
standard procedure (Fig. 2).7 OxyB assays using this
substrate resulted in almost complete conversion into
two products, one major and one minor, identified by
HPLC analysis (Fig. 5). Interestingly, the two observed
peaks exhibited identical retention times but inverse
intensities to those observed when using the epimeric
model hexapeptide 1-PCP-7S as substrate. A full charac-
terization by MS and NMR of the major and minor
products obtained from transformation of peptide 2-
PCP-7S revealed that the expected C-O-D macrocycle
had been formed in both. Moreover, 1H 2D COSY,
TOCSY, and NOESY spectra of these major and minor
products (Fig. 5, peaks 1 and 3, respectively) proved that
the minor monocyclic product (peak 3) of this conver-
sion was identical to the major monocyclic hexapeptide
hydrazide (3) derived from assays using 1-PCP-7S.
Additionally, the major monocyclic product (peak 1,
Fig. 5) was identical to the minor monocyclic product
(4) derived from 1-PCP-7S.


The binding of the hexapeptide 2-PCP-7S conjugate to
OxyB was also monitored by UV–vis difference spec-
troscopy. Upon titration of OxyB with hexapeptide 2-
PCP-7S, the expected type I binding spectrum (Fig. 6)
showing a peak at 392 nm, a trough at 427 nm and an
isosbestic point at 413 nm, was observed. The concen-
tration dependence of the changes in absorbance fitted
well a binding equation describing a 1:1 interaction, with
a Kd of 35 ± 5 lM, indicating a slightly weaker interac-
tion with OxyB compared to the standard hexapeptide
conjugate (1-PCP-7S: Kd = 17 ± 5 lM).7 This binding
behavior mirrors nicely the results from the OxyB activ-
ity assays, in which both substrates show excellent turn-
over into monocyclic products under otherwise
comparable assay conditions.







Figure 6. Difference UV–vis spectra of hexapeptide 2-PCP-7S binding


to OxyB. The concentration dependence of the spectral changes and


the wavelengths of the minima and maxima are shown.
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These complementary and interlocking results obtained
with peptides 1 and 2 serve first to confirm the proposed
structure of the minor product obtained from assays
with the normal model hexapeptide 1-PCP-7S, described
earlier.7 They also demonstrate, perhaps surprisingly,
that the enzyme OxyB can transform efficiently the epi-
meric hexapeptide 2-PCP-7S into a monocyclic product,
apparently without the change in sense of chirality in
residue-6 having a substantial effect on either binding,
the shift in heme spin-state equilibrium, or turnover,
compared to 1-PCP-7S. Presently, it seems most likely
that the minor epimers seen to arise in these assays are
formed during the preparation of the peptide-PCP con-
jugates, and/or during peptide cleavage from the PCP
using hydrazine. Finally, these results indicate that a
more extensive study of the mechanism and substrate
specificity of OxyB is warranted, not least since this cat-

alyst might prove useful in the preparation of other re-
lated macrocyclic peptides.
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Abstract—A set of bivalent mannose 6-phosphonate ‘molecular rulers’ has been synthesized to examine ligand binding to the M6P/
IGF2R. The set is estimated to span a P–P distance range of 16–26 Å (MMFF energy minimization on the hydrated phosphonates).
Key synthetic transformations include sugar triflate displacement for phosphonate installation and Grubbs I cross-metathesis to
achieve bivalency. Relative binding affinities were tested by radioligand displacement assays versus PMP-BSA (pentamannosyl
phosphate-bovine serum albumin). These compounds exhibit slightly higher binding affinities for the receptor (IC50’s = 3.7–
5 lM) than the parent, monomeric mannose 6-phosphonate ligand and M6P itself (IC50 = 11.5 ± 2.5 lM). These results suggest that
the use of an a-configured anomeric alkane tether is acceptable, as no significant thermodynamic penalty is apparently paid with this
design. On the other hand, the modest gains in binding affinity observed suggest that this ligand set has not yet found true bivalent
interaction with the M6P/IGF2R (i.e., simultaneous binding to two distinct M6P-binding pockets).
� 2007 Elsevier Ltd. All rights reserved.

The mannose 6-phosphate/insulin-like growth factor II
receptor (M6P/IGF2R) is a type I transmembrane glyco-
protein that cycles through the Golgi, endosomes, and
the plasma membrane to carry out its role in the trans-
port of lysosomal enzymes to their cellular destination.1


The receptor also functions in the binding, uptake, and
degradation of the mitogen, insulin-like growth factor
II (IGF-II) and facilitates activation of the growth inhib-
itor, transforming growth factor-b. The ability of the
M6P/IGF2R to inhibit cell proliferation, or stimulate
apoptosis, by these mechanisms has implicated the recep-
tor as a tumor suppressor. The IGF-II binding activity of
the M6P/IGF2R is mainly responsible for its growth sup-
pressor function. Many cancers become growth factor-
independent by high-level expression of IGF-II, which
not only binds to the M6P/IGF2R, but also to the
IGF1R. The high-affinity interaction of IGF-II with
the IGF1R leads to activation of IGF1R signaling path-
ways that promote cell division and survival.2
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The extracellular portion of the M6P/IGF2R contains
15 homologous repeat domains of �147 amino acid res-
idues each. There are two M6P binding sites located in
domains 3 and 9, and there is one IGF-II binding site
in domain 11.3 Binding of high-affinity, M6P-based li-
gands and rapid internalization of extracellular ligands,
such as IGF-II, are aided by the M6P/IGF2R’s ability to
dimerize.4,5 York et al. demonstrated that b-glucuroni-
dase (hGUS), a homotetrameric lysosomal enzyme bear-
ing multiple M6P moieties, stabilized the receptor’s
dimeric structure by cross-bridging the M6P binding
sites on two adjacent subunits.5 These data support a di-
meric model for binding of bivalent M6P-based ligands
by the M6P/IGF2R (Fig. 1). Importantly, they also ob-
served that hGUS binding increased the rate of internal-
ization of the receptor and consequently stimulated the
degradation of any passenger ligands, including IGF-
II, by 3- to 4-fold. The long-term goal of the present
work is to exploit this unique property of bivalent
M6P ligands as a potential strategy for therapeutic inter-
vention in IGF-II-dependent cancer.


Multivalent interactions between receptors and their li-
gands,6 which are common in biology, involve a multi-
step mechanism in which most of the entropic cost is
paid by the initial binding event and subsequent con-
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Figure 1. M6P ligand binding to the M6P/IGF2R: The alternative


‘hook and ladder’ models: (A) One monomeric unit of the M6P/


IGF2R consisting of the 15 extracellular repeating domains, trans-


membrane domain, and a short cytoplasmic tail. The M6P/IGF2R is


depicted as forming a hook-like structure when a ligand bearing two


M6P groups binds to domains 3 and 9 (lighter shaded ovals). (B) Two


monomeric units of the M6P/IGF2R are connected through binding


by ligands that interact with either domain 3 or 9 of two individual


monomeric units to form a dimeric ladder-like structure.


Figure 2. Hindsgaul’s model biantennary ligands.
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tacts contribute a favorable enthalpy without further
sacrifice of rotational and translational entropy.7 The
resultant high binding affinity in these interactions is
due to a reduced rate of ligand–receptor dissociation.
This type of interaction occurs in carbohydrate binding
to lectins and is particularly important in the binding of
M6P-bearing oligosaccharides by P-type lectins such as
the M6P/IGF2R.


Tong et al. demonstrated that there are two M6P-bind-
ing sites per monomeric unit of the M6P/IGF2R.8 Some
native glycoprotein ligands and model compounds (e.g.,
PMP-BSA) display up to 100- to 1000-fold lower disso-
ciation constants, that is, higher affinities, than ligands
bearing a single phosphorylated mannoside. Given that
two M6P-binding pockets are available per receptor in
the monomeric binding model and four per receptor in
the dimeric model, bi- or multivalency may account
for this effect. This could result from simultaneous con-
tact with two M6P groups on two distinct oligosaccha-
rides. Alternatively, the pioneering work of Varki and
Kornfeld suggested that such high-affinity bivalent bind-
ing might also be achieved with a single N-linked oligo-
saccharide phosphorylated on the two ultimate mannose
residues, at the first and third antennae (Fig. 2).9 This
high affinity could arise either from intramolecular con-
tact between a single receptor molecule and the two
phosphate groups on the ligand or by intermolecular
cooperation between two subunits within a dimeric
receptor structure, as depicted in Figure 1.


Later work by the Hindsgaul group demonstrated that
the linkage between the ultimate Man and penultimate
Man on the phosphorylated branch is important, as an
a-1,2-glycosidic linkage results in a higher binding affin-
ity to the receptor than an a-1,3 linkage (Fig. 2).10 A ser-
ies of synthetic multivalent ligands for the M6P/IGF2R
was prepared by Bock and coworkers, using a glycopep-
tide design.11 The best of these compounds bore two

mannose disaccharides capped with phosphate con-
nected by a core peptide of 3–5 amino acids. A tripep-
tide version of this compound bound the M6P/IGF2R
with high-affinity, which led to the hypothesis of a biva-
lent M6P-based mechanism.5,11 However, upon closer
inspection, it appears that the exceptional binding affin-
ity of this compound was attributable to an anthranoyl
group present on the lysine e-amino group within the
core peptide (Fig. 3). This modification increased the
affinity by �200-fold relative to the same compound
with an unmodified peptide,11 presumably through
interaction with a hydrophobic patch on the receptor
proximal to the M6P-binding site. Considering that
the high affinity of this compound did not arise from a
bivalent M6P-based binding mechanism, it is not sur-
prising that York et al. found that the compound failed
to stabilize the receptor’s dimeric structure or to stimu-
late its rapid internalization.5 In summary, there is cur-
rently no evidence in the literature of a small synthetic
compound capable of bivalent binding to the M6P/
IGF2R by a M6P-based mechanism.


Thus, the goal of this work is to develop high-affinity
bivalent M6P-based ligands that accelerate disposal of
IGF-II as a passenger ligand directly in tumors, by
cross-bridging the M6P/IGF2R thereby enhancing its
ability to internalize IGF-II. In our previous work, we
discovered that the phosphonate is an excellent surro-
gate for phosphate to promote equivalent interaction
with the M6P-binding domains of the M6P/IGF2R.12,13


The phosphonate has the advantage of resistance to
hydrolysis with the potential for improved pharmacoki-
netics and efficacy in vivo. In light of the aforemen-
tioned studies, we sought to improve affinity by
building bivalency into such ligands.







Figure 3. Bock’s tripeptide bis-M6P-bearing ligands.
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We have recently demonstrated proof of principle for a
Ru-mediated cross-metathesis (CM) route to joining
two M6P surrogates, of both the malonate and phos-
phonate varieties with a hydrocarbon tether.12 Herein,
we describe the exploitation of this methodology to
synthesize a series of bis-M6P-phosphonates, with incre-
mentally increasing tether lengths as a sort of ‘molecular
ruler’ set to probe for such a bivalent interaction with
the receptor. To systematically increase tether length
in two carbon increments, the initial mannosidation
reaction was performed with a series of terminally
unsaturated alcohols bearing 4–7 carbons [from 3-bu-
ten-1-ol through 6-hepten-1-ol (Scheme 1)].


Initial studies pointed to the need for a modified glyco-
sylation protocol. The previous work employed HCl
gas-mediated glycosylation for allyl alcohol itself, but
this approach gave low yields, in the present work, when
applied to longer chain alcohols. Instead, it was found
that TMSOTf-mediated, Vorbrüggen-type glycosyla-
tion, using an a-mannosyl acetate glycosyl donor was
quite an efficient reaction. Alkene cross-metathesis14


and triflate displacement15 then followed as the key
steps, as before, in constructing these compounds. Fol-
lowing a final alkene hydrogenation/global debenzyla-
tion step, the free tethered sugar phosphonates were
obtained. Pleasingly, even with the longest hydrocarbon
tether lengths studied here, no solubility issues were
encountered in preparing stock solutions up to
200 mM in a HEPES-saline buffer, pH 7.4.


Relative binding affinities to M6P/IGF2R were deter-
mined by displacement assay using radiolabeled PMP-
BSA as the tracer in the presence of increasing concen-
trations of each of the synthetic ligands (Table 1). All
the compounds in this new series showed IC50 values
in the micromolar range with �2-fold increase in RBA
compared to M6P alone. This small increase in RBA

likely results from the availability of 2 moles of M6P
per mole of ligand providing a 2-fold increase in the
effective competitor concentration, as opposed to any ef-
fect of tether length. Thus, we conclude that these syn-
thetic compounds are binding the M6P/IGF2R in a
monovalent manner. Moreover, these results imply that
the two M6-phosphonate moieties are binding essen-
tially independently, and with no apparent thermody-
namic or conformational penalty paid for the linker
(possible issues include: position of attachment, hydro-
phobicity, trajectory, etc.).


Dahms and coworkers performed very preliminary
modeling studies of the whole receptor, based on the
crystal structure of domains 1–3 using topographical
information based on the amino acid sequence of each
domain.16 Using this approach, they estimated the intra-
molecular distance of closest approach between the do-
main 3 and domain 9 M6P-binding sites to be �45 Å. In
contrast, they estimated the interphosphate distance be-
tween the M6P caps of a bis-phosphorylated oligosac-
charide to be �30 Å. For comparison, we conducted
modeling studies of our bis-phosphonate ligands to
determine if they could span these distances. Using
Spartan 04, we built the model structures of the four
compounds and added a cluster of six waters around
each phosphonate. In clustering these waters, water–
proton/phosphonate oxygen distances were set at 2.5 Å
(hydrogen bonding distance). From energy minimiza-
tion by molecular mechanics methods (Spartan 04)
using the Merck Molecular Force Field (MMFF),17


one obtains an estimate of the distance between the
two phosphorus atoms in each synthetic bis-phospho-
nate (Table 1). The longest ligand could have a maxi-
mum span of �26 Å (Fig. 4). Based on these
estimates, our compounds may still be too short to bind
in a bivalent manner, regardless of which receptor bind-
ing model is correct.







Scheme 1. Reagents and conditions: (a) NaH, BnBr, DMF, 0 �C to rt (90%); (b) AcOH, Ac2O, H2SO4, 0 �C (82%); (c) 2 TMSOTf, 3-buten-1-ol, rt


(86%), 3 TMSOTf, 4-penten-1-ol, rt (70%), 4 TMSOTf, 5-hexen-1-ol, rt (63%), 5 TMSOTf, 6-hepten-1-ol, rt (62%); (d) Grubbs I catalyst, DCM,


40 �C: 6 (81%), 7 (78%), 8 (69%), 9 (70%); (e) sodium methoxide, methanol, rt (quantitative); (f) 2,6-di-tert-butyl-4-methylpyridine, Tf2O, DCM,


�40 �C; (g) n-BuLi, dibenzyl methyl-phosphonate, THF, �78 �C (two step yields): 14 (67%), 15 (59%), 16 (33%), 17 (18%); (h) H2 (balloon pressure),


Pd/C, rt; (i) NH4HCO3 (50 mM) aqueous solution, rt (two step yields): 18 (66%), 19 (71%), 20 (68%), 21 (62%).


Table 1. Relative M6P/IGF2R binding affinities


Ligand IC50 (n)a (lM) RBAb Mr Lengthc


M6P 11.5 ± 2.51 (4) 1.0 340 NA


G6P >10 (4) NA 282 NA


18 (6C) 4.76 ± 2.50 (4) 2.63 ± 0.74 666 16.2–19.5 Å


19 (8C) 5.03 ± 1.34 (4) 2.39 ± 0.83 694 19.2–20.9 Å


20 (10C) 4.44 ± 1.40 (4) 2.65 ± 0.52 722 19.6–22.7 Å


21 (12C) 3.70 ± 0.56 (4) 3.02 ± 0.41 750 24.6–26.0 Å


a IC50’s for competitive displacement of radiolabeled PMP-BSA from


the receptor (n = no. of trials, see SI for details); G6P = glucose 6-


phosphate (units in mM).
b RBA = relative binding affinity, normalized to free M6P.
c Length = P–P distance, as estimated by molecular mechanics mini-


mization (MMFF). For each compound, minimizations were run


from five different, chain-extended starting conformers. The P–P


distances given represent the ranges seen for the set of low energy,


chain-extended conformers found.


Figure 4. One of several low energy chain-extended conformers found


by an MMFF molecular mechanics minimization on the hydrated 12-


carbon-spaced ligand. See Table 1 for the P,P-distance range found for


the set of such conformers.
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In addition to the importance of tether length, the struc-
ture of the tether is critical to development of a high-
affinity bivalent ligand. The adventitious binding
properties of the Bock compound suggest that addi-
tional binding energy may be achieved by adjusting
hydrophobicity, charge, and/or p-surface of the tether.11


Moreover, the success enjoyed by the groups of Bock
and Hindsgaul, respectively, in attaining 2–3 orders of
magnitude improved receptor binding over M6P, sug-
gests that peptide- or carbohydrate-based linkers may
be advantageous. Both such tethers present H-bond do-
nor/acceptor functionality across the M6P–M6P span.
They also confer more rigidity than a simply sp3-hybrid-
ized alkane tether. Thus, each peptide bond really repre-
sents a degree of pseudo-unsaturation (planarity) with
an expected bias toward a transoid amide geometry.


In conclusion, this study introduces the design and suc-
cessful synthesis of the first array of bis-M6-phospho-
nate-presenting ‘molecular rulers’ to measure distances
between M6P-binding pockets at MPRs, and to distin-
guish between intramolecular and intermolecular modes
of bivalent binding. Although the highest M6P/IGF2R
binding affinity seen in the ligand set is in the micromo-
lar range [IC50 � 4 lM], no solubility problems or tether
penalty issues were encountered. Moreover, the replace-
ment of the M6P ester with a hydrolytically stable phos-
phonate surrogate persists as an effective design, across
the entire set, and reinforces the notion that phospha-
tase resistance can be incorporated into such small mol-
ecule probes. Completion of these studies will require
that we find a high-affinity ligand that stabilizes the di-
meric structure of the receptor and thereby promotes ra-
pid internalization of IGF-II in a cellular model.
Ultimately, a new compound that exhibits all these
properties would potentially be testable in an animal
model for inhibition of IGF-II-driven tumor growth.


In closing, we note that the combination of cross-
metathesis to build the bivalent sugar scaffold, and bis-
triflate displacement to introduce the phosphate-surro-
gate late in the synthesis, is a powerful approach. This
strategy is likely amenable to the introduction of other
phosphate-mimicking functionality in the endgame,
and more generally, is likely extendible to the study of
other multivalent ligand–protein interactions.
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Abstract—1-Deoxy-DD-xylulose 5-phosphate (DXP) reductoisomerase (DXR) is an NADPH-dependent enzyme catalyzing the rear-
rangement and reduction of DXP to methyl-DD-erythritol 4-phosphate (MEP). Two mechanisms for this enzymatic reaction have
been proposed, involving either an a-ketol rearrangement or a retroaldol/aldol rearrangement. In this study, a fluorinated product
analogue, FCH2-MEP, was synthesized as a possible mechanism-based inactivator for DXR if the retroaldol/aldol mechanism is
operative. FCH2-MEP was found to be a weak competitive inhibitor, and thus was unable to discriminate between the mechanisms.
This result is due to the inability of the targeted enzyme, DXR, to oxidize FCH2-MEP to the aldehyde intermediate that is common
to both mechanisms. While FCH2-MEP failed to act as a mechanism-based inactivator, the insight gained from this study will assist
in the future design of inhibitors of DXR.
� 2007 Elsevier Ltd. All rights reserved.

Isoprenoids are an important class of compounds that
are ubiquitous in nature.1 Included in this class of natu-
ral products are steroids, terpenoids, carotenoids, and
ubiquinones, many of which play important roles in liv-
ing organisms.2 The basic building blocks for assem-
bling these compounds are two 5-C precursors,
isopentenyl diphosphate (IPP, 1) and dimethylallyl
diphosphate (DMAPP, 2). For many years, it was be-
lieved that all organisms use the mevalonate (3) pathway
for the biosynthesis of IPP, where DMAPP is derived
from IPP by the action of IPP isomerase (Scheme 1,
pathway A). It was only recently that a new mevalo-
nate-independent pathway (generally referred to as the
MEP pathway, see Scheme 1, pathway B) was discov-
ered in eubacteria, archeabacteria, algae, and in the plas-
tids of plants.3–5 In this pathway, both IPP (1) and
DMAPP (2) are produced directly from 1-hydroxy-2-
methyl-2-(E)-butenyl 4-diphosphate (8), which is derived
from 2C-methyl-DD-erythritol 4-phosphate (MEP, 5).

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.11.062
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Since the MEP pathway is absent in mammals but is
essential for many pathogens, including Plasmodium fal-
ciparum6 and Mycobacterium tuberculosis,7 all enzymes
in this pathway are potential drug targets.8


Much effort has been devoted to exploit this possibility
and several leads have been identified.6,9 A notable exam-
ple is fosmidomycin (9), which has been demonstrated to
be an effective treatment for mice infected with malaria.6


Further analysis showed that fosmidomycin is a slow,
tight-binding inhibitor of DXP reductoisomerase
(DXR),10,11 which catalyzes the conversion of 1-deoxy-
DD-xylulose 5-phosphate (DXP, 4) to MEP (5), the first
committed step in the MEP pathway. The design of more
specific inhibitors for this enzyme depends on a detailed
understanding of its mechanism. Hence, we have initiated
mechanistic studies of the DXR catalyzed reaction.12


DXR catalyzes the isomerization of DXP (4) to meth-
ylerythrose phosphate (10), followed by the reduction
of the aldehyde of methylerythrose phosphate using
NADPH to yield MEP (5). As shown in Scheme 2, there
are two plausible mechanisms for the rearrangement
step catalyzed by DXR. The first mechanism involves
an a-ketol rearrangement (route A), which is similar to
the mechanism catalyzed by ketol acid reductoisomer-
ase, a key enzyme in the biosynthesis of branched chain
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amino acids.13 This mechanism is initiated by the depro-
tonation of the C-3 hydroxyl group followed by a 1,2-
migration to yield the aldehyde intermediate (10). The
second mechanism proceeds with a retroaldol/aldol rear-
rangement to produce the same intermediate, meth-
ylerythrose phosphate (10, Scheme 2, route B). Here

the enzyme first catalyzes the cleavage of the C3–C4
bond through a retroaldol mechanism to yield a three-
carbon (11) and a two-carbon phosphate (12) intermedi-
ate. These intermediates then condense through an aldol
reaction to form a new C–C bond in 10. Reduction of 10
by NADPH drives the equilibrium toward 5.
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We envisioned that a fluoromethyl analogue of MEP, a
phosphate mono-((2S,3S)-3-fluoromethyl-2,4-dihy-
droxy-3-methyl-butyl) ester (FCH2-MEP, 13), may be
a DXR inactivator whose mode of action could shed
light on the catalytic mechanism of DXR. Thus far, all
of the inhibitors that have been tested for DXR are
either DXP (4) or fosmidomycin (9) analogues.11,12,14–20


Interestingly, while the DXR reaction is reversible,11


there are no reports where MEP (5) analogues are
exploited as inhibitors for this enzyme. There are also
no known examples of compounds that irreversibly inac-
tivate DXR in a mechanistically relevant manner. In view
of this void, compound 13 was designed as a possible
MEP-based suicide inhibitor. If DXR proceeds via the
a-ketol rearrangement mechanism (Scheme 2, route A),
compound 13 may act as a competitive inhibitor against
MEP (5) when the DXR reaction is carried out in the re-
verse direction (5! 4). In contrast, if a retroaldol/aldol
mechanism (Scheme 2, route B) is operative, compound
13 may covalently modify DXR and irreversibly inacti-
vate the enzyme.


The possible scenarios for inactivation of DXR by 13
are depicted in Scheme 3. When the reaction is run in
the direction of DXP (4) formation, FCH2-MEP (13)
will be oxidized to the corresponding aldehyde (14),
which then proceeds through the same retroaldol mech-
anism, as MEP would, to cleave the C2–C3 bond. Be-
cause the subsequent aldol condensation cannot occur
in this case, the resulting 4-C fragment 15 may instead
undergo fluoride elimination to yield the Michael accep-
tor 16.21 As shown in path A, this intermediate could
trap a nearby active site nucleophile resulting in the
inactive, covalently modified enzyme, 17.22 Alterna-
tively, 1,4-reduction of 16 by NADPH (generated
in situ) to give 18 followed by aldol condensation with
12 could generate 19(path B),23 which, in equilibrium
with 18 and 12, may be released as the turnover prod-
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uct(s). Clearly, the outcome of incubation of 13 with
DXR could be mechanistically informative.


The synthesis of compound 13 was carried out by the
reactions shown in Scheme 4 starting with the commer-
cially available diisopropylidene protected glucose (20).
Based on a literature procedure,24 the preparation was
initiated by the oxidation of 20 using PDC to generate
the 3-keto product (21) in 70% yield. Condensation of
21 with nitromethane gave 22, which underwent dehydra-
tion upon treatment with acetic anhydride in DMSO to
generate a nitroalkene intermediate. Stereoselective
nucleophilic addition of lithium dimethylcuprate on the
si face of the nitroalkene group afforded 23, having the
desired configuration at the quaternary C-3 center. Oxi-
dation of the nitronate 23 using Oxone�, followed by lith-
ium aluminum hydride reduction, yielded 24, which was
then converted to 25.24 Selective hydrolysis of the 5,6-O-
isopropylidene group, treatment of the resulting diol with
sodium metaperiodate, followed by sodium borohydride
reduction, produced alcohol 26. After investigating vari-
ous phosphorylation reagents, trimethyl phosphine and
TeCl4 were found to efficiently phosphorylate the pri-
mary alcohol12 of 26 in high yield (90%) to provide 27.
The 1,2-O-isopropylidene protecting group was then re-
moved with aqueous trifluoroacetic acid, and the result-
ing diol was reacted with NaIO4/NaBH4 to shorten the
chain by one carbon unit to give 28. Upon treatment with
trimethylsilyl bromide followed by aqueous hydrolysis,
the phosphotriester 28 was converted to 13. The crude
product was purified by cellulose chromatography under
basic conditions (6:3:1 i-propanol/H2O/NH4OH).25


To investigate whether FCH2-MEP (13) could inactivate
DXR, FCH2-MEP (1.8 mM) was incubated with DXR
(500 nM), NADP+ (300 lM), BSA (1 mg/mL), and
MgCl2 (2 mM) in 100 mM tris(hydroxymethyl)amino-
methane (Tris)HCl buffer (pH 7.6) at room temperature
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for 16 h. An identical incubation mixture without 13 was
run as a control. An aliquot (10 lL) of each incubation
mixture was assayed for activity by adding it to a solu-
tion (190 lL) of NADPH (150 lM), DXP (285 lM),
MgCl2 (2 mM), and BSA (1 mg/mL) in 100 mM Tris–
HCl buffer (pH 7.6). No loss in activity was observed
as compared to the control. Evidently, this compound
is not an irreversible inactivator for DXR. TLC analysis
of the incubation mixture also failed to detect any new
product formation. To determine if DXR could catalyze
the elimination of a fluoride ion from 13, 13 (10 mM)
was mixed in a NMR tube with 2 mM MgCl2 and
10 mM NADP+ in 100 mM Tris–HCl buffer in D2O
(pD 7.8). The 19F NMR spectrum of this sample was re-
corded. DXR was then added to this mixture to a final
concentration of 60 lM, and the solution was incubated
at room temperature for 15 h. The 19F NMR spectrum
of this sample was again recorded at the end of the incu-
bation period. No new peak in the 19F NMR spectrum
was detected. It was determined that our failure to ob-
serve fluoride elimination was due to its inability to oxi-
dize 13 to 14 using NADP+, and not to the inability of
DXR to catalyze the retroaldol reaction on 14. This con-
clusion was made based on the absence of NADPH pro-
duction, monitored at 340 nm, upon mixing 13 with
DXR, NADP+, and MgCl2.26

The fact that FCH2-MEP (13) is neither a suicide inhib-
itor nor a substrate for DXR makes it unsuitable to dis-
tinguish between the two proposed rearrangement
mechanisms for DXR (Scheme 2). The inability of
DXR to catalyze the initial oxidation of 13, which is a
prerequisite for both rearrangement mechanisms, may
be due to the increased steric bulk of the fluoromethyl
group, which may prevent the required preorganization
of 13 in the active site for the oxidation to occur. Inter-
estingly, incubation of 13 in the presence of MEP (5) re-
vealed that it is a weak inhibitor against DXR.27 As
shown in Figure 1, when the reaction was run in the re-
verse direction with MEP (96 lM, which is roughly half
its Km value) as the substrate, the addition of excess
FCH2-MEP (2.9 mM) led to 45% inhibition of the
reaction.


In summary, in this study, we report the synthesis and
analysis of FCH2-MEP (13) as a potential inhibitor of
DXR. Although compound 13 was not able to inacti-
vate DXR as originally proposed, it was found to be a
weak competitive inhibitor of DXR. The cytidylated
form of FCH2-MEP (equivalent of 6) could be made
synthetically or possibly by IspD (see Scheme 1) and
the resulting compound could be a viable inhibitor for
IspE, which is also a potential drug target. More impor-
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Figure 1. Dixon plot showing the inhibition by FCH2-MEP (13) on the


formation of DXP (4) catalyzed by DXR. The incubation mixture


contained 40 nM DXR, 400 lM NADP+, 2 mM MgCl2, and 96 lM


MEP (5) in 100 mM Tris–HCl buffer, pH 7.6.
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tantly, our results provide useful information to guide
the design of future inhibitors of DXR. The inability
of DXR to oxidize 13–14 and the weak inhibition of
13 toward DXR are most likely due to the steric hin-
drance caused by the substitution of a fluoromethyl
group for a hydroxyl group. This conclusion is consis-
tent with an early observation in which one carbon
extension of the backbone of DXP (4) rendered the
resulting analogue (Et-DXP, (2R,3S)-2,3-dihydroxy-4-
oxohexyl dihydrogen phosphate) a weak inhibitor in-
stead of a substrate for DXR.19 Thus, future inhibitor
design might consider the steric limitations of the ac-
tive-site of DXR. However, the possibility that replace-
ment of the hydroxyl group with –FCH2 disrupts
necessary hydrogen bonding interactions cannot be ru-
led out. While FCH2-MEP (13) fails to act as a mecha-
nism-based inactivator, MEP-based inhibitors remain
one option to modulate the function of DXR. Attempts
to resolve the mechanism of DXR-catalyzed reaction
and to design effective inhibitors against this enzyme
are in progress.

Acknowledgment


This work was supported by the Welch Foundation
Grant F-1511.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.11.062.

References and notes


1. Poulter, C. D.; Rilling, H. C. Biosynthesis of Isoprenoid
Compounds; Wiley: New York, 1981.


2. Sacchettini, J. C.; Poulter, C. D. Science 1997, 277, 1788.
3. Eisenreich, W.; Schwarz, M.; Cartayrade, A.; Arigoni, D.;


Zenk, M. H.; Bacher, A. Chem. Biol. 1998, 5, R221.

4. Rohmer, M. Nat. Prod. Rep. 1999, 16, 565.
5. Kuzuyama, T.; Seto, H. Nat. Prod. Rep. 2003, 20, 171.
6. Jomaa, H.; Wiesner, J.; Sanderbrand, S.; Altincicek, B.;


Weidemeyer, C.; Hintz, M.; Turbachova, I.; Eberl, M.;
Zeidler, J.; Lichtenthaler, H. K.; Soldati, D.; Beck, E.
Science 1999, 285, 1573.


7. Argyrou, A.; Blanchard, J. S. Biochemistry 2004, 43, 4375.
8. Eisenreich, W.; Bacher, A.; Arigoni, D.; Rohdich, F. Cell.


Mol. Life Sci. 2004, 61, 1401.
9. Hirsch, A. K.; Lauw, S.; Gersbach, P.; Schweizer, W. B.;


Rohdich, F.; Eisenreich, W.; Bacher, A.; Diederich, F.
Chem. Med. Chem. 2007, 2, 806.


10. Kuzuyama, T.; Shimizu, T.; Takahashi, S.; Seto, H.
Tetrahedron Lett. 1998, 39, 7913.


11. Koppisch, A. T.; Fox, D. T.; Blagg, B. S.; Poulter, C. D.
Biochemistry 2002, 41, 236.


12. Wong, A.; Munos, J. W.; Devasthali, V.; Johnson, K. A.;
Liu, H.-w. Org. Lett. 2004, 6, 3625.


13. Dumas, R.; Biou, V.; Halgand, F.; Douce, R.; Duggleby,
R. G. Acc. Chem. Res. 2001, 34, 399.


14. Kodai, Yajima S. H.; Sanders John, M.; Yin, Fenglin;
Ohsawa, Kanju; Wiesner, Jochen; Jomaa, Hassan; Old-
field, Eric J. Am. Chem. Soc. 2004, 126, 10824.


15. Phaosiri, C.; Proteau, P. J. Bioorg. Med. Chem. Lett. 2004,
14, 5309.


16. Fox, D. T.; Poulter, C. D. Biochemistry 2005, 44, 8360.
17. Walker, J. R.; Poulter, C. D. J. Org. Chem. 2005, 70,


9955.
18. Hoeffler, J. F.; Tritsch, D.; Grosdemange-Billiard, C.;


Rohmer, M. Eur. J. Biochem. 2002, 269, 4446.
19. Fox, D. T.; Poulter, C. D. J. Org. Chem. 2005, 70, 1978.
20. Meyer, O.; Grosdemange-Billiard, C.; Tritsch, D.; Roh-


mer, M. Org. Biomol. Chem. 2003, 1, 4367.
21. Pongdee, R.; Liu, H.-w. Bioorg. Chem. 2004, 32, 393.
22. Chang, C.-w. T.; He, X.; Liu, H.-w. J. Am. Chem. Soc.


1998, 120, 9698.
23. Parikh, S.; Moynihan, D. P.; Xiao, G.; Tonge, P. J.


Biochemistry 1999, 38, 13623.
24. Hart, D. J.; Patterson, S.; Unch, J. P. Synlett 2003, 1334.
25. Characterization of FCH2-MEP (13): 1H NMR


(300 MHz, D2O) d 0.78 (s, 3H, J = 2.1 Hz), 3.46 (ddd,
2H, J = 1.5, 11.4, 12.3 Hz), 3.70 (dd, 2H, J = 5.4, 6.9 Hz),
3.85 (dd, 1H, J = 5.4, 6.6 Hz), 4.31 (d, 1H,
JH�F = 47.4 Hz), 4.32 (d, 1H, JH�F = 47.4 Hz). 13C
NMR (75 MHz, D2O) d 13.9, 14.0, 42.8, 43.0, 63.55,
63.62, 65.9, 72.63, 72.68, 72.72, 72.77, 85.1, 87.3. 19F
NMR (282 MHz, D2O) d 2.45 (t, JH�F = 49.2 Hz). 31P
NMR (121 MHz, D2O) d 3.24 (s). HRMS (CI) calcd for
C6H13FO6P 231.0434; Found: 231.0430.


26. To determine if NADP+ can carry out the initial oxidation
of the primary hydroxyl group in 13 to generate the
aldehyde intermediate 14, the formation of NADPH upon
mixing 13, NADP+, MgCl2, and DXR was investigated. A
solution of 8.5 mM 13, 1 mM NADP+, 2 mM MgCl2, and
1 mg/mL BSA in 100 mM Tris–HCl buffer (pH 7.6) was
placed in a cuvette, and the absorbance of the solution at
340 nm was determined. DXR, with a final concentration
of 77 lM, was then added to the cuvette, and the solution
was monitored at 340 nm for the production of NADPH.


27. The assays were run at 25 �C in degassed and N2 saturated
100 mM Tris–HCl buffer (pH 7.6) containing 2 mM
MgCl2, 1 mg/mL BSA, 400 lM NADP+, 96 lM MEP,
and varying concentrations of FCH2-MEP (0–2.9 mM).
The reactions were initiated by the addition of enzyme to a
final concentration of 50 nM. All reactions were moni-
tored by following the rate of production of NADPH at
340 nm ð


P
340 ¼ 6:22 mM�1 cm�1Þ. The concentrations of


MEP and DXR were determined as previously described,
see Refs. 11 and 12.
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Abstract—Strictosidine glucosidase (SGD) from Catharanthus roseus catalyzes the deglycosylation of strictosidine, an intermediate
from which thousands of monoterpene indole alkaloids are derived. The steady-state kinetics of SGD with a variety of strictosidine
analogs revealed the substrate preferences of this enzyme at two key positions of the strictosidine substrate. Additionally, SGD from
C. roseus turns over both strictosidine and its stereoisomer vincoside, indicating that although this enzyme prefers the naturally
occurring diastereomer, the enzyme is not completely diastereoselective. The implications of the substrate specificity of SGD in met-
abolic engineering efforts of C. roseus are highlighted.
� 2007 Elsevier Ltd. All rights reserved.

Monoterpene indole alkaloids (MIA) are a large class of
pharmaceutically valuable and structurally complex nat-
ural products.1 Directed biosynthesis studies have
shown that the MIA pathway can produce a variety of
‘unnatural’ alkaloids by utilizing non-natural substrate
analogs.2 This inherent flexibility suggests that MIA bio-
synthesis could provide a robust platform for metabolic
engineering. However, not all substrate analogs are
likely to be incorporated into the pathway with equal
efficiency. If substrate specificity of individual biosyn-
thetic enzymes correlates with rate limiting steps
in vivo, then enzymes having a low catalytic efficiency
for a non-natural substrate could be reengineered to im-
prove turnover of the analog.3 Therefore, evaluation of
enzyme substrate specificity is critical for biosynthetic
engineering efforts. In MIA biosynthesis, the central bio-
synthetic precursor strictosidine 1 is deglycosylated by
strictosidine glucosidase (SGD) to yield a reactive inter-
mediate that rearranges to form the wide variety of MIA
(Scheme 1).4 Here we evaluate the substrate specificity of
SGD from Catharanthus roseus with a variety of strict-
osidine analogs to determine whether SGD could act

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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as a bottleneck in the production of novel alkaloids
from unnatural strictosidine analogs.


SGD was assayed with strictosidine analogs 2–9 (Table
1).5–8 An HPLC assay was used to monitor both strict-
osidine disappearance and deglycosylated product for-
mation. Since all kinetic data appeared to fit a
sigmoidal rather than a Michaelis–Menten curve, kinetic
constants were obtained from a sigmoidal fit to the data
(Fig. 1).9,10 SGD from C. roseus has been reported to
form aggregates consisting of 4–12 monomers4a;
although a sigmoidal fit has not been previously re-
ported for C. roseus SGD, the oligomeric state of the en-
zyme is compatible with the cooperative mechanism
suggested by the sigmoidal curve.


The catalytic efficiencies (Vmax/K0.5) of indole-substituted
strictosidine derivatives 2–9 varied by less than an order of
magnitude from the naturally occurring strictosidine 1.
Strictosidine analogs with methyl groups in the 9, 10,
11, and 12 positions (compounds 2–5) demonstrated that
steric effects did not disrupt enzyme activity dramatically.
Not surprisingly, replacement of methyl groups with lar-
ger methoxy substituents (compounds 6, 7) resulted in a
small increase in the K0.5 values. Electronic perturbations
did not appear to impact the turnover profoundly; cata-
lytic efficiencies of fluorinated strictosidine analogs (8,
9) did not vary significantly from 1.
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(SGD) to form a reactive intermediate that is the precursor for
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The recently reported crystal structure of SGD from
Rauwolfia serpentina (PDB Code 2JF6) indicates that
whereas the glucose moiety of 1 is buried within the en-
zyme active site, the indole portion of strictosidine
points toward the surface of the enzyme.11 The results
of these substrate specificity studies suggest that the ac-
tive site of SGD has not evolved to discriminate against
substitutions on the indole ring. Notably, 5 methyl and 6
methyl tryptamine are not turned over by the enzyme
strictosidine synthase (Scheme 1) to form strictosidine
analogs 3 and 4, respectively.5 The specificity of the
early stages of the MIA pathway therefore appears to
be controlled in large part by strictosidine synthase
and not by SGD. Any significant differences observed
in incorporation of indole-substituted tryptamine sub-
strates into alkaloid products are not likely to be due
to the substrate specificity of SGD.


Whereas the modestly sized indole substituents had a
moderate effect on SGD catalysis, replacement of the
methyl ester of strictosidine with the significantly larger
pentynyl ester12 (compound 10, Fig. 2) resulted in a sig-
nificant decrease in turnover by SGD. No formation of
deglycosylated product was observed under the assay
conditions used for strictosidine analogs 2–9, although

deglycosylation was observed when the SGD concentra-
tion was increased from approximately 0.6 nM to
50 lM. The ester appears to be positioned more deeply
in the interior of SGD compared to the indole moiety,11


and steric clashes of the pentynyl group with the sur-
rounding enzyme residues may impede effective cataly-
sis. Mutation of SGD may improve turnover of this
substrate.


Notably, the slow turnover rate of 10 parallels the re-
sults of feeding studies in which C. roseus hairy root
cultures were grown in the presence of the precursor
to 10, the pentynyl ester of secologanin. In these feed-
ing studies,3a,12 a significant accumulation of pentynyl
strictosidine 10 was observed, a result consistent with
slow deglycosylation of 10 by SGD (Fig. 3, black
trace). Therefore, the enzyme substrate specificity can
predict bottlenecks in precursor directed biosynthesis.
Despite slow deglycosylation by SGD, 10 is neverthe-
less converted by C. roseus into several downstream
alkaloid products; one alkaloid (serpentine) is shown
in Figure 3 (red trace).12 The production levels of
these alkaloids could be expected to increase further
if a reengineered variant of SGD that more effectively
deglycosylates 10 is incorporated into the MIA
pathway.


Strictosidine synthase, the enzyme that forms strictosi-
dine 1 from tryptamine and secologanin (Scheme 1), is
absolutely stereoselective. The vincoside diastereomer
11 is not formed enzymatically in any known MIA
pathway (Fig. 2).1 Although SGD from R. serpentina
does not turn over the vincoside diastereomer,4b we
observed that the C. roseus enzyme does in fact turn
over the ‘non-natural’ vincoside13 as evidenced by an
LC–MS assay and a glucose detection assay.14 Stea-
dy-state kinetic constants were not obtained for this
substrate because vincoside 11 spontaneously formed
the lactam 12 during the course of the assay, thereby
complicating kinetic analysis.15 However, the rate of
deglycosylation of 11 appeared to be qualitatively
slower than that of strictosidine 1. Inspection of the
SGD sequence from R. serpentina, which has 70% ami-
no acid identity with C. roseus glucosidase,4 did not re-
veal any obvious differences in the strictosidine binding
site,11 so the structural basis for the difference in dia-
stereoselectivity between the two enzymes remains to
be determined.


SGD catalyzes deglycosylation of strictosidine analogs
containing indole substituents at relatively high cata-
lytic efficiencies. In contrast, a significant decrease in
catalysis was noted after the methyl ester of strictosi-
dine was replaced with a pentynyl ester (compound
10), a result consistent with accumulation of 10 in feed-
ing studies. Despite the slow turnover of 10 by SGD,
10 is nevertheless converted by C. roseus in vivo into
several downstream alkaloid products.12 We envision
that the levels of these alkaloids will increase if a reen-
gineered variant of SGD that more effectively degly-
cosylates 10 is incorporated into the MIA pathway.
Surprisingly, SGD from C. roseus appears to turnover
vincoside, the diastereomer of strictosidine, indicating







Table 1. Steady-state kinetic parameters for strictosidine analogs 1–9
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Table 1 (continued)


Analogs K0.5
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See Ref. 8 for a description of the enzyme assay.
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maintained by SGD.
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Figure 3. LC–MS traces of extracts from C. roseus root culture


incubated with a pentynylated secologanin substrate analog. More


pentynyl strictosidine analog 10 (m/z 583, black trace) accumulates


relative to the final alkaloid analog product pentynyl serpentine (m/z


401, red trace). In contrast, less natural strictosidine 1 (m/z 531, green


trace) is observed relative to natural serpentine alkaloid (m/z 349, blue


trace). See Ref. 12 for detailed structural characterization of the


alkaloid products.
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Supplementary data


Supplementary data contain exact mass data for sub-
strates and products, representative NMR data, and as-
say data for substrate 11. Supplementary data
associated with this article can be found, in the online
version, at doi:10.1016/j.bmcl.2007.11.063.
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Abstract—The synthesis and evaluation of two classes of inhibitors for SgTAM, a 4-methylideneimidazole-5-one (MIO) containing
tyrosine aminomutase, are described. A mechanism-based strategy was used to design analogs that mimic the substrate or product of
the reaction and form covalent interactions with the enzyme through the MIO prosthetic group. The analogs were characterized by
measuring inhibition constants and X-ray crystallographic structural analysis of the co-complexes bound to the aminomutase,
SgTAM.
� 2007 Elsevier Ltd. All rights reserved.
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Biosynthetic building blocks based on cinnamates and
b-amino acids are key components of many therapeuti-
cally important natural products.1 These biosynthetic
precursors can be derived from a-amino acids by the ac-
tion of ammonia lyases and aminomutases. The pros-
thetic group 4-methylideneimidazole-5-one (MIO,
Fig. 1) is unique to these classes of enzymes.2 MIO is
a potent electrophile that is formed by the self-conden-
sation of the tripeptide sequence alanine–serine–glycine
in the protein backbone.3 Ammonia lyases catalyze the
elimination of ammonia from aromatic amino acids to
form a,b-unsaturated carboxylic acids, while 2,3-ami-
nomutases promote additional chemical steps resulting
in the net 1,2-amine migration to generate b-amino
acids.4


We have recently solved the first X-ray crystal structure
of an MIO-based aminomutase, SgTAM, demonstrat-
ing that all structurally characterized MIO-containing
enzymes have the same overall protein fold and likely
chemical mechanism.5 SgTAM catalyzes the conversion
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Figure 1. The mechanism of the MIO-based aminomutase SgTAM.


The overall reaction [LL-tyrosine to (S)-b-tyrosine] is boxed. The MIO


prosthetic group is derived from the protein backbone and shown


abbreviated.
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of LL-tyrosine to (S)-b-tyrosine, the first step in the bio-
synthesis of the b-amino acid moiety of the enediyne
antitumor–antibiotic C-1027.4a,b The proposed mecha-
nism for SgTAM, illustrating the role of the MIO pros-
thetic group, is diagrammed in Figure 1. The a-amine of
LL-tyrosine adds into the electrophilic moiety via a conju-
gate addition. Formation of this covalent adduct facili-
tates deprotonation of the b-hydrogen and elimination
of ammonia to produce 4-hydroxycinnamate (4). In
the reaction of ammonia lyases, the olefin intermediate
dissociates from the active site and the MIO-adduct re-
leases ammonia.5 Aminomutases retain these intermedi-
ates in the active site, allowing readdition of the MIO-
bound amine nucleophile at the b-position of the sub-
strate. The product (S)-b-tyrosine is ultimately released,
regenerating the prosthetic group.


The exploitation of aminomutases with altered specific-
ity is a potential route to produce novel aromatic b-ami-
no acids or natural product derivatives. This can be
accomplished through either the use of aminomutases
as chemoenzymatic tools in vitro or the application of
engineered biosynthesis in vivo.6 Determination of the
substrate scope and enzymatic chemistry is a key step to-
ward this goal. Evaluation of inhibitors through bio-
chemical studies and X-ray crystallography provides a
structural basis for analog binding and recognition. De-
scribed here is the synthesis and characterization of two
classes of mechanism-based inhibitors for the tyrosine
aminomutase SgTAM. The substrate or product ana-
logs were designed to form covalent adducts with the
MIO, mimicking intermediates along the reaction path-
way. We have previously described the synthesis and ini-
tial characterization of a fluorine-substituted analog
(a,a-difluoro-b-tyrosine, 8a) that mimics the product
of this reaction.7 The X-ray crystal structure of 8a
bound to SgTAM provided a structural basis for recog-
nition of the natural substrate LL-tyrosine and for the
overall reaction mechanism. Synthesis, biochemical
and structural characterization of additional analogs
based on the structure of 8a are presented along with
a novel class of inhibitors based on cinnamate
epoxides.


Figure 2 illustrates two classes of inhibitors for MIO-
containing enzymes. Analogs based on cinnamate epox-
ides (7a–c) were designed to mimic the para-hydroxycin-
namate intermediate in the reaction while presenting a
reactive functionality in the active site. The design ratio-
nale is based on the similar geometry of the epoxide to
the double bond in para-hydroxycinnamate. In addition,
the stereochemistry of the epoxide mimics that of LL-tyro-
sine and (S)-b-tyrosine. The synthesis of epoxide-
containing analogs (7a–c) begins with various para-
substituted ethyl cinnamates (12a–c, Scheme 1).
Enantioselective epoxidation with Shi’s dioxirane cata-
lyst efficiently produced the desired epoxides.8 Saponifi-
cation of the ethyl ester protecting group gave the
desired analogs as potassium salts.9 As opposed to the
free acids, the epoxides were stored as stable potassium
carboxylates. The methoxy- and fluoro-substituents of
7a and 7b were incorporated to be mimics of the phenol
on the natural substrate LL-tyrosine. The synthesis of 7

where R = OH was not feasible as the final product is
not stable under neutral pH conditions.


Analogs based on the product, (S)-b-tyrosine (8a,
Fig. 2), also form adducts with the MIO.7 The inclusion
of a-fluorines in 8a prevents the reverse reaction [(S)-b-
tyrosine to LL-tyrosine] and generates a product-like
intermediate co-complex (Fig. 2, 11). The synthesis of
the a,a-difluoro analogs (8a–c) follows published work
using Ellman’s sulfinamide chemistry to prepare a,a-di-
fluoro-b-phenylalanines.10 The synthesis of 8c is summa-
rized in Scheme 2 as an example. Briefly, the route starts
with benzaldehyde (or 4-substituted benzaldehydes),
which is condensed with (R)-tert-butylsulfinimine.11 A
Reformatsky-type addition of BrZnCF2CO2Et followed
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by global deprotection yields the desired b-tyrosine
analogs.


Binding of the designed inhibitors (7a–c and 8a–c) was
evaluated by determination of their inhibition constants
(IC50) with SgTAM. The natural substrate LL-tyrosine
was incubated with the enzyme and various concentra-
tions of analogs. The relative binding efficiency was
measured using an HPLC-based assay and OPA deriva-
tization of the starting LL-tyrosine and product (S)-b-
tyrosine.4b The results (Fig. 3) show all analogs inhibit
the reaction in a concentration-dependent manner and
the designed substitutions are tolerated by the enzyme.
To observe adequate turnover in the HPLC assay, a
high concentration (0.5 mg/mL) of enzyme and sub-
strate LL-tyrosine (75 lM) was necessary, resulting in
IC50 values in the mM range.


To determine the structural basis of inhibition, the co-
complex structures of each of the inhibitors were deter-
mined through X-ray crystallography. The structures
from each of the two inhibitor classes gave very similar
binding modes, therefore the structures of 7b and 8b are
illustrated to represent their respective classes (Fig. 4).
The structure of the epoxide analog 7b confirms that
the analog forms a covalent interaction with the electro-
philic MIO through the epoxide oxygen. Electron den-
sity for a b-hydroxyl is clear in the maps,
corresponding to the addition of water as illustrated in
Figure 2. The binding mode of 7b is analogous to that
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Figure 3. IC50 measurements for synthetic inhibitors of SgTAM.


Experiments were done in triplicate and a representative graph is


illustrated.


Figure 4. X-ray crystal structures of representative inhibitors bound in


the active site of the aminomutase SgTAM. The inhibitors (dark gray),


active site amino acid residues (light gray), and MIO prosthetic group


(dark red) are illustrated as sticks.

predicted for amino acids bound to MIO-based en-
zymes. The presence of the 4-fluoro group in 7b pushes
the aryl ring slightly away from the recognition elements
His93 and Tyr415. These residues are predicted to form
hydrogen bonds with the substrate 4-hydroxyl.12 The
2,3-diol observed in the crystal structure is a single dia-
stereomer (2R, 3S) and results from attack and inversion
at the 3-position of 7. To provide evidence that the ring
opening is enzyme-catalyzed, 7c was incubated under
standard assay conditions with and without SgTAM.
Substrate analog 7c was converted to the corresponding
diol when incubated in the presence of SgTAM, but was
recovered intact after a 24-incubation in buffer without
enzyme.13 Therefore, the hydrolysis of the epoxide ring
was considered to be enzyme-catalyzed as shown in Fig-
ure 2. The observed diol can be generated either through
an SN1 (as shown) or SN2-type mechanism. The result is
a structure that is a close mimic of the starting adduct
between LL-tyrosine and MIO.


In addition to the previously reported structure of 8a
bound to SgTAM, the biochemical evaluation of the
analogs bearing substitutions at the 4-position suggests
these will also form a covalent co-complex. The struc-
tures of 8b and 8c bound to SgTAM were solved (see
Fig. 4) and both displayed a similar binding mode.
The 4-methoxy analog interacts with the two residues
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(Tyr415 and His93) important in tyrosine recognition.
Hydrogen bonding interactions are maintained, and
the methyl group of the methoxy substrate displaces a
bound water molecule that is present in the enzyme
structure when the 4-hydroxy or the 4-fluoro inhibitor
is covalently bound.


Overall, the results provide a structural basis for cova-
lent catalysis and substrate recognition by MIO-based
enzymes. Of particular note is the novel use of epoxide
analogs as mechanism-based trapping reagents to pro-
vide structural insights into LL-tyrosine binding and rec-
ognition. The structures of the bound inhibitors
support a mechanism of catalysis via an amino/MIO ad-
duct and the utilization of Tyr63 as a catalytic base to
promote the observed 1,2 amino shift catalyzed by
SgTAM.7 The LL-tyrosine analog (7b) interacts with
one face of the MIO while the product-like analog (8b)
forms a bond with the opposite face. This finding sup-
ports a catalytic mechanism in which the amine bound
to the MIO (5, Fig. 1) rotates while the substrate re-
mains relatively fixed, resulting in the observed 1,2-
amine shift and inversion of configuration at C3.
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Abstract—Spermicidal compounds that also exhibit antimicrobial properties would be extremely attractive agents as they could be
used to not only prevent unwanted pregnancy but also to combat the growing prevalence of sexually transmitted infections (STI).
One class of compounds that are potential candidates for development of dual-acting contraceptive products are antimicrobial pep-
tides (AMPs). Herein, we report preliminary studies carried out to investigate the spermicidal activity of two bacteriocins, lacticin
3147 and subtilosin A, on bovine, horse/pony, boar and rat sperm.
� 2007 Elsevier Ltd. All rights reserved.

The increase in the transmission of human immunodefi-
ciency virus (HIV) and sexually transmitted infections
(STI) has become a global issue. In addition, there are
an estimated 133 million unintended pregnancies every
year. Presently marketed contraceptive products typi-
cally incorporate the membrane surfactant nonoxynol-
9 (N-9) as the main spermicidal ingredient. Although
this compound causes the immobilization of sperm, it
does not protect against STI.1 Thus, spermicidal prod-
ucts that also combat HIV/STI are in great demand gi-
ven that condoms are the only available product on the
market that are capable of preventing unwanted preg-
nancy and HIV/STI infections.2 Antimicrobial peptides
(AMPs) may offer a plausible alternative or enhance-
ment to the existing chemical options as spermicidal
and microbicidal agents. Most AMPs are cationic,
hydrophobic peptides and exert their properties by bind-
ing to the anionic phospholipids present on the outer
surface of bacterial cell membranes.3


In contrast, the anionic phospholipids of mammalian cells
are present along the cytoplasmic side of the cell mem-
brane and the outer surface is composed of zwitterionic
phospholipids. This explains the low cytotoxicity of many
AMPs towards mammalian cells and further implicates
AMPs as suitable microbicidal agents.4 The recent discov-
ery of the spermicidal properties of nisin A,5,6 a lantibiot-
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ic7 AMP produced by the food-grade organism
Lactococcus lactis (Fig. 1, 1), prompted us to evaluate
the spermicidal properties of two other bacteriocins, lac-
ticin 3147 (Fig. 1, 2 and 3) and subtilosin A (Fig. 1, 4).


Lacticin 3147 is a two-component lantibiotic (consisting
of LtnA1 2 and LtnA2 3) produced by L. lactis, that
binds lipid II and exhibits a similar antimicrobial activ-
ity spectrum as nisin A 1.8–10 Subtilosin A is an unclas-
sified cyclic bacteriocin produced by Bacillus subtilis and
contains three unusual sulfur-a-carbon bridges (Fig. 1,
4).11,12 The spermicidal activity of lacticin 3147 and sub-
tilosin A has not previously been established and this is
the first report demonstrating such properties of these
two bacteriocins.


Bacteriocins 1–4 were purified by HPLC prior to use and
experimental details are given in Supporting information.
Dose- and time-dependent spermicidal effects of each pep-
tide 1–4 were determined in vitro by repeated Sander–
Cramer assay.13 Semen samples were collected from Sim-
mental bulls by penile electroejaculation, from Percheron
stallions or Welsh Mountain ponies by artificial vagina,
from Large White or Duroc boars by manually assisted
ejaculation and from anaesthetized Long Evans rats by
surgical extraction as described by Klinefelter et al. using
a supplemented Hanks’ Balanced Salts solution.14 All se-
men sample concentrations were adjusted to yield sperm
count ranging from 75 to 122 · 106/mL, motility 70% to
95%, morphology 43% to 92% and viability 50% to
86%. For bovine and horse/pony sperm tests, 800 lg/
mL of each bacteriocin was tested as this is the maximum
amount that could be solubilized in the testing medium
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Figure 1. Bacteriocins investigated in this study: nisin A (1), LtnA1 (2) LtnA2 (3) and subtilosin A (4).
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used (10% DMSO in Ringer’s solution). Unlike bovine
and horse/pony sperm, boar and rat sperm were found
to be completely incompatible with a range of organic sol-
vents, including 10% DMSO. Therefore, 200 lg/mL of
each bacteriocin was tested in Ringer’s buffer for the boar
sperm and in supplemented Hanks’ Balanced Salts for the
rat sperm. Each sample showing arrest of sperm motility
was further analyzed using eosin–nigrosin staining. Only
samples that showed sperm immobilization in all of 10
consecutive fields were recorded as a ‘pass’. Furthermore,
glucose was used in a sperm revival test to ensure that
sperm could not regain motility, as described by Aranha
et al.5


The bacteriocins 1–4 were found to exhibit similar sper-
micidal effects on both bovine and horse/pony sperma-
tozoa (Figs. 2 and 3).


For both species, LtnA1 is the least effective spermicide.
Interestingly, LtnA2 is a considerably better spermicide
than LtnA1 and shows similar sperm mobility inhibitory
effects to nisin A. Subtilosin A was also found to be a
moderately potent spermicide against both bovine and
horse/pony spermatozoa (Figs. 2 and 3).


In contrast, boar sperm reacted quite differently to the
bacteriocins 1–4, with nisin A (1) showing the poorest
inhibition of sperm motility (Fig. 4). At 200 lg/mL, ni-

sin A (1) is virtually ineffective at immobilizing pig
sperm. However, LtnA1 (2) and LtnA2 (3) are moderate
boar spermicides when used individually, but when
tested together, they exhibit excellent spermicidal activ-
ity. Subtilosin A (4) yields identical activity as lacticin
3147 (the two-component peptides in combination)
and both immobilize boar sperm within 30 s.


In order to compare the activities of lacticin 3147 and
subtilosin A with those previously published for nisin
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A, the bacteriocins 1–4 were tested against rat sperm.
Surprisingly, each bacteriocin has approximately the
same effect on rat sperm (Fig. 5). Once again, the lacticin
3147 peptides show the most potent activity, but only
when tested in combination. In contrast to published re-
sults, in the present work nisin A took 3 min to kill rat
sperm at a concentration of 200 lg/mL.


Aranha et al. found that nisin completely immobilized
rat sperm in 20 s at a concentration of 50 lg/mL.5 It is
presently unclear as to why the results presented in this
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Figure 5. Effect of (200 lg/mL) nisin A (blue), LtnA1 (green), LtnA2


(yellow), LtnA1 + LtnA2 (red) and subtilosin A (purple) on rat sperm.

study do not match those obtained by Aranha et al.,
although a few experimental differences, such as testing
medium used, type of rats used (Long Evans), method of
sperm collection and method of nisin A purification
(HPLC purified nisin A was used in this study) may have
contributed to the large observed discrepancy. Lacticin
3147 shows the highest spermicidal activity for all ani-
mals tested and was analyzed further to determine its
minimum inhibitory concentrations (Fig. 6). Interest-
ingly, 200 lg/mL of lacticin 3147 (i.e., 100 lg each of
LtnA1 and LtnA2 in combination) instantly kills bo-
vine, horse/pony and rat sperm. As little as 50 lg/mL
of lacticin 3147 is able to kill boar sperm.


The exact mechanism by which bacteriocins exert their
spermicidal mode of action is currently unknown.
Sperm plasma membranes contain high concentrations
of anionic phospholipids such as phosphatidylglycerol
and phosphatidylserine.4,15 It is possible that cationic
peptides such as nisin A may be attracted to sperm cells
via ionic forces and subsequently form pores in their
plasma membranes. This would also explain the lack
of cytotoxicity of nisin A towards red blood cells, which
contain zwitterionic species in their outer membrane,
and vaginal cells, which have a low content of negatively
charged phospholipids in their outer membrane. In this
context it is worth noting that in the study presented
here, LtnA2, which is also a positively charged peptide,
was found to exhibit a higher spermicidal activity to-
wards bull and horse/pony sperm cells as compared to
its neutral partner LtnA1 (Figs. 2 and 3). However,
the fact that the neutrally charged bacteriocin subtilosin
A was found to be a more potent spermicide than the
cationic nisin A (Figs. 2–5) would imply that the spermi-
cidal mode of action of bacteriocins is more complex
than ionic interactions. Indeed of it has been proposed
by Reddy et al. that nisin A inhibits the activity of the
mitochondrial enzyme succinate dehydrogenase
(SDH), leading to the inhibition of sperm motility.6 In
a (3-[4-5-dimethylthiazol-2-4]-2,5-diphenyltetrazolium
bromide (MTT) assay, MTT is reduced by SDH to give
an insoluble, dark blue formazan product. Rabbit sperm
cells were first treated with nisin A, then with MTT.
Analysis of the resulting solution shows low levels of
formazan in the nisin A treated sperm cells, indicating
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diminished levels of SDH. It is possible that lacticin
3147 and subtilosin A are also capable of inhibiting this
enzyme and this may better explain the observed loss of
sperm motility induced by these bacteriocins in this
study.


In summary, our results show that the bacteriocins lacti-
cin 3147 and subtilosin A exhibit spermicidal activity
against horse/pony, bovine, boar and rat sperm. How-
ever, in order for compounds to be useful contraceptives,
they must be capable of immobilizing sperm within 30 s.
This is because sperm are able to migrate into the cervix
and upper reproductive tract within this time frame. In
this study, we found that only the bacteriocin lacticin
3147 was capable of immobilizing all the sperm samples
analyzed within 30 s. Furthermore, when the two compo-
nents of lacticin 3147, LtnA1 2 and LtnA2 3 were tested
individually their spermicidal activity was considerably
reduced (Figs. 2–5). This is interesting as this synergistic
spermicidal activity observed for LtnA1 and LtnA2 is
analogous to the synergistic antibacterial activity exhib-
ited by these AMPs.8,16 Thus, this result may suggest that
the spermicidal activity of lacticin 3147 is due to a specific
mode of action rather than a simple surfactant effect.
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Abstract—Mass spectrometry (MS) is an important tool for studying non-ribosomal peptide, polyketide, and fatty acid biosynthesis.
Here we describe a new approach using multi-stage tandem MS on a common ion trap instrument to obtain high-resolution mea-
surements of the masses of substrates and intermediates bound to phosphopantetheinylated (holo) carrier proteins. In particular, we
report the chemical formulas of 12 diagnostic MS3 fragments of the phosphopantetheine moiety ejected from holo carrier proteins
during MS2. We demonstrate our method by observing the formation of holo-AcpC, a putative acyl carrier protein from Strepto-
coccus agalactiae.
Published by Elsevier Ltd.

The biosynthesis of polyketide synthase (PKS) and non-
ribosomal peptide synthetase (NRPS) natural products,
including the well-established therapeutic agents penicil-
lin, vancomycin, and rapamycin, requires post-transla-
tional modification of carrier proteins by addition of a
4 0-phosphopantetheine (PPant) arm. The sulfur at the
free end of this moiety forms a thioester bond with sub-
strates and intermediates at each step of the biosynthetic
process. Because these substrates and intermediates in-
crease the overall mass of the associated carrier proteins,
the latter are ideal targets for ‘top-down’ characteriza-
tion of PKS and NRPS pathways by mass spectrometry
(MS).1 A top-down approach was recently shown to
facilitate the study of phosphopantetheinyl-tethered
substrates.2 Thermal activation by infrared multiphoton
dissociation (IRMPD) or collision-induced dissociation
(CID) causes the holo form of acyl and peptidyl carrier
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proteins, which are found in PKS and NRPS pathways,
respectively, to consistently ‘eject’ their PPant arm, pre-
serving the thioester linkage to the substrate (Fig. 1a).
This ‘PPant ejection assay’ allows the mass of substrates
loaded onto carrier proteins to be readily deduced from
the mass of the corresponding PPant fragments.3 Specif-
ically, when no substrate is linked to the PPant arm, the
fragment ejected from the carrier protein has chemical
formula C11H21N2O3S+, giving an MS2 peak at m/z
261.1267. When an acyl or peptidyl substrate is bound
to the PPant arm, the PPant peak in the MS2 spectrum
is shifted by an amount equal to the mass of the
substrate less a water molecule.4


The PPant ejection assay can greatly facilitate the char-
acterization of NRPS and PKS systems by mass spec-
trometry, but demands instruments capable of both
high sensitivity and high accuracy. Indeed, PPant ejec-
tion was originally observed on a custom-built Fourier
transform ion cyclotron resonance (FTICR)-MS that
utilized an accumulation octopole to collect ions before
transmission to the FTICR mass analyzer.5 However,
commercial FTICR-MS instruments may not produce
peaks sufficiently intense for reliable detection of the
ejected PPant species. Conversely, ion trap mass
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spectrometers, while typically more sensitive and capa-
ble of higher scan rates than FTICR instruments, do
not always provide sufficient accuracy and signal-
to-noise ratio to confirm the elemental composition of
the PPant ejection peak.


These limitations became evident when we applied the
PPant ejection assay on a Finnigan LTQ MS to charac-
terize AcpC (Accession No. NP_735098), a putative
12.4-kDa acyl carrier protein encoded by the fourth
open-reading frame in the cyl gene cluster of the bacte-
rial pathogen Streptococcus agalactiae, or group B
Streptococcus (GBS).6 The cyl gene cluster of GBS is in-
volved in the production of the b-hemolytic/cytolytic
activity that contributes to the virulence of GBS, a ma-
jor cause of infant mortality in industrialized countries.
Remarkably, the structure of the final molecule pro-
duced by the cyl gene cluster is still unknown.7 Because
disruption of the acpC gene by transposon mutagenesis
has suggested that AcpC is essential for hemolytic phe-

notype of GBS,6 we decided to study this protein. To be-
gin our investigation, we expressed an AcpC-His6 fusion
construct in Escherichia coli and enriched the protein by
Ni–NTA affinity chromatography.16 The resulting sam-
ple was subjected to nano-electrospray ionization (ESI)
and collision-induced dissociation (CID) of the pre-
dicted 16+ charge state (m/z 796) in the linear ion trap,
yielding a clearly discernible peak at m/z 261.2
(Fig. 1b).17 This peak matches the mass of the MS2


PPant fragment, suggesting that AcpC is a carrier pro-
tein and that AcpC can be phosphopantetheinylated
by a PPant transferase (PPTase) naturally occurring in
E. coli. However, the peak at m/z 261.2 was much weak-
er than the other peaks present in the MS2 spectrum and
the accuracy of the ion trap mass analyzer was not suf-
ficient for unequivocal assignment of this peak to the
PPant fragment.


We therefore investigated whether subjecting the puta-
tive MS2 PPant fragment of holo-AcpC to another
round of fragmentation would yield a more informative
mass spectrum. Indeed, we observed a rich pattern of
MS3 peaks that appeared to be uniquely associated with
the ejected PPant arm (Fig. 1c).18 We reasoned that this
fragmentation pattern could be generally exploited as a
diagnostic tool to detect the presence of carrier proteins
bearing the PPant arm and to determine the mass of any
PPant-linked species. Hence, we developed an alterna-
tive top-down method for the unambiguous character-
ization of substrates and intermediates bound to
carrier proteins of PKS and NRPS biosynthetic
pathways.


The likely molecular formulas for 12 of the observed
MS3 PPant ions (Fig. 1c) indicate that nine of the frag-
ments, whose calculated m/z values are 132.0, 149.1,
159.1, 175.1, 205.1, 215.1, 225.1, 231.1, and 243.1, con-
tain the PPant thiol group, which bears the substrate
during the biosynthesis of natural products. Loading a
substrate onto the PPant arm would then be expected
to shift these thiol-containing MS3 fragments to higher
masses, but should leave the mass of the other three
MS3 fragments unchanged at the calculated m/z values
of 142.1, 166.1, and 184.1. The latter MS3 ions provide
a diagnostic pattern for detecting PPant ejection, while
the nine thiol-containing MS3 ions can be used to infer
the mass of the loaded substrate. The m/z value of the
MS2 PPant peak resulting from fragmentation of a given
carrier protein, as well as the m/z values of the MS3


peaks resulting from fragmentation of the PPant frag-
ment itself, can all be calculated a priori from the theo-
retical masses listed in Figure 1c and from the mass of
the given substrate.8


To evaluate our approach and to optimize the instru-
mental settings, CouN5, a 11.8-kDa peptidyl carrier
protein from the coumermycin A1 NRPS biosynthetic
pathway of Streptomyces rishiriensis DSM 40489,9 was
used as a model system, because CouN5 is known to
produce an abundant MS2 PPant fragment ion. Holo-
CouN5 was prepared by incubation of apo-CouN519


with CoA and Sfp (Accession No. P39135), a
26.1-kDa promiscuous PPTase from the surfactin
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biosynthetic pathway of Bacillus subtilis.10 The reaction
products were ionized by nano-capillary liquid chroma-
tography (LC)-ESI and analyzed with the linear ion
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trap. The predicted 15+ charge state (m/z 807) of holo-
CouN5 and the PPant ion (m/z 261.1) were sequentially
subjected to CID, resulting in MS3 peaks at m/z values
of 132.1, 142.1, 149.0, 159.1, 166.1, 175.0, 184.1, 205.3,
215.0, 225.1, 231.2, and 243.2 (Fig. 2a).20 These values
agree with those observed for AcpC (Fig. 1c). We veri-
fied the expected substrate-dependent mass shifts by per-
forming MS3 experiments on CouN5 loaded with
acetamide by Sfp, and by observing the expected +57-
Da shift of the nine thiol-containing fragments
(Fig. 2b).21 Since a total of 12 MS3 PPant fragments
must be present at m/z values predictable from the mass
of the PPant-linked substrate, this mass can be deter-
mined with high confidence.


We applied our approach to confirm the phosphopant-
etheinylation of the acyl carrier protein AcpC after incu-
bation with CoA in the presence or absence of Sfp. In
both cases, analysis of the reaction products by nano-
capillary LC-ESI and linear ion trap MS revealed charge
state distributions consistent with the presence of both
holo- and apo-AcpC. However, the presence of Sfp cor-
related with an increased proportion of holo-AcpC rela-
tive to apo-AcpC (Fig. 3a). CID on the 16+ charge state
(m/z 796) of Sfp-treated AcpC, followed by CID with
precursor at m/z 261, yielded peaks at m/z 132.0,
142.1, 149.1, 159.0, 166.1, 175.1, 184.1, 205.1, 215.2,
225.1, 231.2, and 243.2 (Fig. 3b), which agree with the
pattern of MS3 ions observed for holo-CouN5
(Fig. 1c).22 These results indicate that AcpC was phos-
phopantetheinylated by Sfp and, to a lesser extent, by
an endogenous PPTase of E. coli. One such protein is
the 14.1-kDa protein AcpS (Accession No. P24224).11


To determine whether AcpS can phosphopantetheiny-
late AcpC, we incubated the latter with a BODIPY�


FL-linked CoA derivative12 together with either Sfp or
AcpS. SDS–PAGE analysis of both the Sfp and AcpS
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reaction products gave fluorescent bands consistent with
the molecular weight of AcpC (11.4 kDa), indicating
that both Sfp and AcpS can phosphopantetheinylate
AcpC (Fig. 4).23


Our investigations to date show that ion trap mass spec-
trometers capable of MS3 experiments can be used to
recognize phosphopantetheinylated carrier proteins of
PKS and NRPS pathways and to determine the masses
of substrates bound to the holo form of such proteins.
The results from our first application of the proposed
method indicate that AcpC can be phosphopantetheiny-
lated by two PPTases of rather different substrate spec-
ificity. Since expression of AcpC is required for
production of hemolytic activity in GBS,6 our results
suggest that formation of holo-AcpC may also be neces-
sary. We propose that this post-translational modifica-
tion may be accomplished by CylK (Accession No.
NP_735106), another product of the cyl gene cluster
with very low homology to Sfp and CesP, the PPTase
of Bacillus cereus.13 Interestingly, in-frame deletion of
cylK abolishes most, but not all, of the hemolytic activ-
ity of GBS.14 Since we have shown that E. coli AcpS can
phosphopantetheinylate AcpC, the residual hemolytic
activity of the cylK deletion mutants may be due to
phosphopantetheinylation of AcpC by a ‘borrowed’
PPTase, such as the 4 0-phosphopantetheinyl transferase
of S. agalactiae NEM316 (Accession No. NP_736164), a
protein with 50% similarity to AcpS of E. coli, and
therefore likely involved in fatty acid biosynthesis.


In conclusion, our top-down approach based on multi-
ple stages of tandem MS has the potential to facilitate
the study of NRPS and PKS systems with low-resolu-
tion ion trap mass spectrometers. Possible applications
of this method include the routine characterization of
orphan gene clusters,15 the implementation of substrate
screens, and the identification of phosphopantetheiny-
lated proteins in a proteomic setting on LC time scales.
This method may benefit other groups having access to
affordable ion trap instruments but not to the costly
FTICR-MS instruments currently used for top-down
characterization of NRPS and PKS pathways.
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302-bp amplicon was gel-purified and cloned into a
pEXP5-CT/TOPO (Invitrogen) vector according to man-
ufacturer’s instructions, in-frame with a downstream His6


tag, but omitting the native stop codon. Transformants
were selected on ampicillin (100 lg/mL), screened by PCR
using T7 and gene-specific primers to confirm orientation,
and sequenced to confirm identity. Purified plasmids of
confirmed clones were prepared using the QiaPrep Spin
Miniprep kit (Qiagen), transformed into E. coli
BL21(DE3) (Novagen), and stored at �80 �C in 5%
glycerol. A 5-mL starter culture, grown overnight at
37 �C in Luria–Bertani medium (Difco) with ampicillin
(50 mg/L), was added to 0.5 L of the same medium and
shaken at �250 rpm and 37 �C until OD600 � 1.0. Protein
expression was induced by adding isopropyl-b-DD-thioga-
lactopyranoside (IPTG, 100 mg/L) (APEX Fine Chemi-
cals) and by shaking at �250 rpm and 37 �C for 3 h. Cells
were harvested by centrifugation at 3696g and stored at
�20 �C. The cell pellets were thawed, resuspended in
20 mL lysis buffer (50 mM NaH2PO4, 300 mM NaCl,
10 mM imidazole, pH 8.0), and lysed by sonication (Fisher
Scientific, Model 500; five runs of fifteen 2-s pulses at 30%
intensity). Nickel–nitrilotriacetic acid (Ni–NTA) Super-
flow resin (Qiagen) was used to purify AcpC-His6 under
native conditions according to the manufacturer’s proto-
cols. The protein was buffer-exchanged into 50 mM Tris–
Cl, pH 7.5, 5% glycerol with a PD 10 column (GE-
Amersham) and stored at �80 �C. The final protein
concentration was �3.0 mg/mL, as determined by Brad-
ford assay, and the proportion of AcpC to other residual
proteins was about 50:50, as determined by SDS–PAGE.


17. A 4-lL sample of enriched AcpC was desalted with C4
ZipTip� pipette tips (Millipore) following the manufac-
turer’s protocol, diluted to 50 lL in 50:49:1 MeOH/H2O/
AcOH, infused by nano-electrospray ionization with a
Biversa Nanomate (Advion Biosystems, Ithaca, NY), and
analyzed by MS2 (normalized collision energy: 13; width:
4; data type: profile; precursor: m/z 796) on a Finnigan
LTQ-MS (Thermo-Electron Corporation, San Jose, CA)
running Tune Plus software version 1.0 (Thermo). The
final spectrum (Fig. 1b) was obtained by averaging 298
MS2 scans with QualBrowser software version 1.4 SR1
(Thermo). The chemical formulas of the MS3 fragment
ions listed in Figure 1c were confirmed by locating the
corresponding ions in MS2 spectra of CoA, acquired with
the Fourier transform ion cyclotron resonance (FTICR)
mass analyzer portion of a Finnigan LTQ-FT MS.


18. The MS3 scans of AcpC were collected and averaged as
described for the MS2 scans of AcpC (precursor m/z: 261;
normalized energy: 14; width: 2; microscans: 10; data type:
profile; average: 114 scans).17


19. The expression and purification of CouN5 have been
described.25 To obtain holo-CouN5, 20 lL of 60 lM
purified and desalted CouN5 were incubated for 6 h at
room temperature with 1 lL of 10 mM CoA (Aldrich),
1 lL of 150 lM Sfp (or 1 lL of 100 mM Tris–HCl, pH 7.5,
for the control reaction), 5 lL of 10 mM tris(2-carboxy-
ethyl)-phosphine (TCEP) (Fluka BioChemika), and 1 lL

of 100 mM MgCl2 (Teknova). Sfp was expressed and
purified as described.10


20. Nano-capillary columns were prepared by drawing a 360-
lm O.D., 100-lm I.D. deactivated, fused silica tubing
(Agilent) with a Model P-2000 laser puller (Sutter Instru-
ments Co.) (heat: 330, 325, 320; Vel: 45; Del: 125) and were
packed at�600 psi to a length of�10 cm with C18 reverse-
phase resin suspended in methanol. The column was
equilibrated with 90% of solvent A (water, 0.1% AcOH)
and loaded with 10 lL of a 1:20 dilution in water of the
reaction mixture by flowing 90% of solvent A and 10% of
solvent B (ACN, 0.1% AcOH) at 20 lL/min for 5 min,
15 lL/min for 3 min, and 10 lL/min for 12 min. Proteins
were eluted at �500 nL/min with a time-varying solvent
mixture [break points (min, % of solvent A): (20,90),
(23,75), (43,10)] and directly electro-sprayed into the LTQ
MS inlet (source voltage: 1.8 kV; capillary temperature:
180 �C). MSn scans of holo-CouN5 (Fig. 2a) were acquired
(normalized collision energy: 15, 16 for n = 2, 3; width: 10, 6
for n = 2, 3; data type: centroid; precursors: m/z 807.00,
261.17 for n = 2, 3) under the control of Xcalibur software
version 1.4 SR1 (Thermo) and averaged (RT 32.22–
32.39 min) using QualBrowser.


21. Acetamide-S-CouN5 was prepared by incubating 20 lL
of 60 lM CouN5 for 6 h at room temperature with
2 lL of 5 mM acetamide-S-CoA, 1 lL of 150 lM Sfp,
5 lL of 10 mM TCEP, and 1 lL of 100 mM MgCl2.
Acetamide-S-CoA was prepared by reacting 1 lL of
100 mM acetamide (Aldrich) in DMSO with 2 lL of
10 mM CoA in water for �10 min, and then neutral-
izing excess acetamide with 1 lL of 100 mM b-mercap-
toethanol in DMSO. MSn scans of Acetamide-S-CouN5
(Fig. 2b) were acquired (MSn precursors: m/z 811.00,
318.15 for n = 2, 3) and averaged (RT 31.96–32.15 min)
as described for holo-CouN5.20


22. Holo-AcpC was prepared by incubating 200 lL of 30 lM
enriched AcpC with 10 lL of 10 mM CoA, 4 lL of 10 mM
TCEP, 4 lL of 100 mM MgCl2, and 5 lL of 150 lM Sfp
for �16 h at room temperature. Broadband MS and MS3


scans of a 1:7 dilution of Sfp-treated AcpC in water
(bottom of Fig. 3) were acquired (MSn precursors: m/z
795.6, 261.13 for n = 2, 3) and averaged (RT 33.6–
41.00 min) as described for holo-CouN5.20 Scans of
untreated AcpC (top of Fig. 3) were similarly acquired
and averaged (RT 32.10–42.00 min).


23. Preparation of BODIPY-S-CoA from CoA and BODI-
PY� FL N-(2-aminoethyl)maleimide (Invitrogen) was
described.12 CouN5 and AcpC were separately incubated
for 1 h at room temperature with catalytic amounts of Sfp,
AcpS, or Tris–HCl, pH 7.6, buffer, in the presence of
BODIPY-S-CoA and MgCl2. The products were analyzed
by 16% SDS–PAGE (PAGEgel, Inc.) and the resulting
bands were visualized by fluorescence imaging with an
AlphaImager� HP (Alpha Innotech).
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Abstract—The new BODIPY systems 1 and 2 were prepared and then used as substrates to explore SNAr and F-B displacement
reactions. Chloride was easily displaced from 1 by a piperidine/ester, methylmagnesium bromide selectively displaced fluoride,
and cyanide could attack both sites. System 2 readily added soft nucleophiles to the electrophilic carbon atoms, providing a new
method for bioconjugation of BODIPYs to proteins while also introducing a 19F probe.
� 2007 Elsevier Ltd. All rights reserved.

Br to enhance SN Ar
reactivity


to enable
functionalization

BODIPY dyes are some of the most widely used fluores-
cent probes in biotechnology.1,2 They were first pre-
pared in 1969,3 but developments relating to their
syntheses and functionalization reactions are far from
mature. In that regard, two of the most striking recent
innovations in the literature are: (i) SNAr reactions of
3-chloro or 3,5-dichloro systems;4,5 and (ii) nucleophilic
displacement of fluoride atoms from boron.6–13 These
studies, reported from other laboratories, typically fea-
ture compounds such as A and B. Hard nucleophiles
were not explored for the SNAr substrates A, cyanide
was not studied for either system, and no attempts have
been made to use nucleophilic amino acid side-chains on
proteins for the functionalization reactions.
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Work from our group involving BODIPY dyes has ex-
posed different facets of both reaction types mentioned
above. This communication focuses on BODIPYs 1
and 2 to illustrate those new issues. Compound 1 was
used to introduce groups functionalized for bioconjuga-
tion, and to study cases in which nucleophilic displace-
ment of F and SNAr reactions can compete.
Compound 2 was used to illustrate how SNAr reactions
in particular can be used to conjugate dyes to proteins
while simultaneously changing the BODIPY core struc-
ture, its fluorescent properties, and enhancing its water
solubility.
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Scheme 1 shows the synthesis developed for the 3,5-
dichloroBODIPY 1. Academically, this follows a proce-
dure similar to that already developed for the similar
compound A14 but practically the physical properties
of the materials and/or minor variations of the
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Scheme 2. Mono- and bis-substitution on BODIPY 1.
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Scheme 1. Synthesis of the 3,5-dichloroBODIPY 1.
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procedure made it possible to scale-up the syntheses to
5 g with minimal chromatography.


Displacement of the first of the two chlorines in 3,5-
dichloroBODIPY 1 with a piperidine derivative occurs
rapidly (Scheme 2). The second chlorine can be dis-
placed using extended reaction times at elevated temper-
atures. This particular piperidine derivative was of
interest because hydrolysis of the methyl ester would un-
mask two carboxylic acids that could be used for conju-
gation of this material to biomolecules.


The transformations shown in Scheme 2 were predict-
able for this substrate in combination with a soft nucle-
ophile. However, reactions of 1 with a harder
nucleophile like methylmagnesium bromide could con-
ceivably occur at either of the electrophilic sites. It tran-
spired that displacement of the B-F bonds occurred
most rapidly, allowing relatively clean production of
the B-dimethylated compound 4. This could then be re-
acted with a piperidine derivative to give the SNAr prod-
uct 5.


Cyanide is a softer anion than methylmagnesium bro-
mide, but is harder than amines. The reaction of 3,5-
dichloroBODIPY 1 with this nucleophile reflects this
intermediate character. Displacement was achieved
using Lewis acidic activation of trimethylsilyl cyanide
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(reactions of solubilized cyanide ions were less satisfac-
tory). The reaction of 1 in the presence of tin tetrachlo-
ride occurred selectively at the carbon to give compound
6a, but boron trifluoride promoted both types of dis-
placement reactions to give the tetracyanide 6b. Cyanide
has been used in SNAr reactions occurring at the meso
(or 8-position) of non-halogenated-BODIPY dyes,15–17


but this is the first time that either mode of reactivity
shown in Scheme 3 has been reported.


The Lewis-acid-mediated conditions described above
were also applied to the aminated products 3. This led
to the corresponding B-dicyanated compounds 7
(Scheme 4).


Table 1 shows photophysical data for molecules 1 and
3–7. Several trends can be observed using the starting
material 1 as a basis for comparison. Monoamination
and diamination cause red-shifts in the fluorescence, re-
duced quantum yields, and peak broadening. The
Stokes’ shift for 3a is high because the absorption max-
imum for this material is blue-shifted. The B-dimethylat-
ed compound 4 is spectroscopically similar to the parent
1 in all respects, and, just like 1 amination to give 5 blue-
shifts the absorption maximum. Replacement of the 3,5-
dichloro-substituents in 1 with cyanides gave the BF2


compound 6a and the B(CN)2-compound 6b. These
changes did not significantly affect the wavelengths for
the absorption or fluorescence maxima, but they did in-
crease the quantum yields by a factor of 4–5. Again,
monoamination and diamination caused red-shifts in
the fluorescence, peak broadening, and reduced quan-
tum yields.
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Table 1. Spectroscopic data for BODIPYs 1 and 3–7
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3a 482 68400 562 78 0.003c


3b 573 39900 614 52 0.01d


4 503 134300 516 30 0.13 ± 0.01c


5 483 61800 564 84 0.002c


6a 514 127400 526 25 0.66 ± 0.01b


6b 510 36500 523 25 0.80 ± 0.02b


7a 485 33700 560 75 0.006c


7b 517 26100 613 61 0.008b


a In MeOH.
b Rhodamine 6G was used as a standard (U = 0.94 in EtOH).
c Fluorescein was used as a standard (U = 0.92 in 0.1 M NaOHaq).
d Rhodamine 101 was used as a standard (U = 1.00 in EtOH).
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The probes containing piperidine were prepared because
the carboxylic acid might be used to conjugate them to
biomolecules. However, this was not pursued further
since the quantum yields for these derivatives were
low. Further, hydrolysis of the esters gave carboxylic
acids that, at least in the protonated form, tended to
destabilize the structure, perhaps via a pH effect. Conse-
quently, an alternative approach was adopted; this in-
volved derivatives of system 2.


The BODIPY dye 2 was targeted because it might have
several attributes as a biochemical probe. First, the elec-
tron withdrawing trifluoromethyl group would make it

more reactive in SNAr reactions, and we anticipated that
these reactions could be used to directly link the probe
to proteins. Second, the probe is small. Third, the tri-
fluoromethyl group might be useful as an NMR marker.
Finally, the trifluoromethyl substituent makes the car-
bon that is destined to become the meso-carbon more
electrophilic, and this facilitates synthesis of the probe.
In the event, a convenient synthesis was developed, in
which the trifluoromethyl groups stabilized dipyrrome-
thane and dipyrromethene intermediates 8 and 9 so that
these were isolable (Scheme 5).18


Scheme 6 shows how compound 2 was reacted with
avidin (chosen as a model protein). We assume this
gave the product of displacement of one chlorine atom
since excess of the dye was used, and because of the
experiments depicted in Scheme 6 featuring reactions
with simpler substrates. Indeed, it was necessary to
prepare compounds like 10 and 12 to estimate extinc-
tion coefficients for the dyes on proteins, and therefore
dye-to-protein ratios.19 Thus the calculated dye-to-
protein ratio was 10:1 for 2-avidin, and 3:1 for 11-
avidin.


The quantum yields measured for the model compounds
10 and 12 were higher than similar derivatives of 1
(Table 2). This may be attributed to removal of a path-
way for non-radiative decay when the freely rotating
meso-aryl group is replaced by CF3, and/or change in
oxidative potential of the BODIPY core leading to re-
duced photoinduced electron transfer. Absorbance and
fluorescence spectra of 2- and 11-avidin are close to
the control compounds 10 and 12 (Fig. 1 and Table
2); this supports the assertion that the substitution pat-
tern is predominantly that shown in Scheme 6. Finally,
CD spectra recorded for avidin and 2-avidin showed
no significant differences in the 190–320 nm region, indi-
cating the labeling event did not cause a radical change
in the protein tertiary structure.


In summary, the work described in this paper highlights
numerous ways in which the BODIPY core may be
modified via nucleophilic substitution reactions. In the
particular case of SNAr reactions on compound 2 pro-
vides a route to label proteins that breaks with well-used
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Figure 1. (a) Absorption and (b) emission spectra for 2-avidin and its
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Table 2. Photophysics studies on compounds 2, 10, 11, and 12


Dye kabs
a


(nm)


ea (M�1 cm�1) kemiss
a


(nm)


Ua


2b 548 89000 554 1.00 ± 0.02c


2-Avidin 481 — 546 —


10 469 17100 542 0.74 ± 0.02d


11 569 57000 584 0.95 ± 0.02e


12 477 41800 584 0.70. ± 0.01d


11-Avidin 492 — 592 —


a In pH 7.4 buffer (0.1 N lithium phosphate).
b In CH2Cl2.
c Rhodamine B was used as a standard (U = 0.73 in EtOH).
d Fluorescein was used as a standard (U = 0.92 in 0.1 M NaOHaq).
e Rhodamine 101 was used as a standard (U = 1.00 in EtOH).
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approaches involving activation of pendant carboxylic
acid functionalities on the dye.

were recorded in 0.1 M lithium phosphate buffer, pH 7.4, at 10 M


conc in protein or 10�5 M dye.
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Abstract—The preparation of a collection of 131 small molecules, reminiscent of families of long chain N-acyl tyrosines, enamides
and enol esters that have been isolated from heterologous expression of environmental DNA (eDNA) in Escherichia coli, is reported.
The synthetic libraries of N-acyl tyrosines and their 3-keto counterparts were prepared via solid-phase routes, whereas the enamides
and enol esters were synthesized in solution-phase.
� 2007 Elsevier Ltd. All rights reserved.
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Microbes, especially soil-dwelling bacteria, have made
enormous contributions to our stock of biologically ac-
tive small molecules.1 Discovering these molecules usu-
ally requires isolating the producing organism,
culturing it in the laboratory and assaying the culture
extracts for biological activity. The realization that only
a tiny and unrepresentative minority of soil and other
microorganisms can be cultured by currently described
techniques2 led many laboratories to develop alternative
strategies for accessing the small molecules produced by
the uncultured majority.3,4 Such processes typically in-
volve obtaining DNA—not the producing organism—
directly from the environment (thus termed environmen-
tal DNA or eDNA) and incorporating it into alternative
hosts to discover gene-host combinations with the
capacity to produce biologically active compounds. In
our laboratory we have employed this approach to ex-
press eDNA-encoded pathways in Escherichia coli, and
used an antibiotic assay to identify colonies producing
small molecule antibiotics. The most frequently identi-
fied metabolites have been long chain N-acyl amino
acids,3b,5 especially N-acyl tyrosines (NATs), and the
widespread occurrence of these compounds, which had
not been previously reported as microbial natural prod-
ucts, raised questions about their biosynthesis and bio-
logical function(s).
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One pathway uncovered using this approach produced
NATs that were first converted to N-acyl (E)-enamides
through an oxidative decarboxylation, and finally to
N-acyl (E)-enol esters through an unusual N,O-exchan-
ge5a (Fig. 1a). Formation of the amide is catalyzed by an
N-acyl synthase that couples free tyrosine to a long
chain acid, delivered by an acyl carrier protein (ACP).6


The structure, mechanism and sequence alignment of
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Figure 1. (a) Proposed biosynthetic pathway for the production of


long chain N-acyl tyrosines and their conversion to (E)-enamides and


(E)-enol esters. (b) Formation of acyl homoserine lactones from


biosynthetic precursor S-adenosyl methionine (SAM).
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this N-acyl synthase5b,6 suggest a relationship to the syn-
thases that produce the acyl homoserine lactones
(AHLs, Fig. 1b), quorum sensing mediators in many
Gram-negative bacteria.7 In both the AHLs and NATs,
a common head group—either homoserine lactone or
tyrosine—is attached to a variety of long chain acids,
and biological activity requires the correct acid frag-
ment. In the E. coli heterologous expression system we
use, ACP-bound long chain acids from E. coli pathways
can replace those of the original producer, and conse-
quently the identities of the biologically relevant prod-
ucts of NAT pathways are not known with certainty.5a


In order to explore the relationship between acid struc-
ture and biological activity in the amide, enamide and
enol ester pathway, we developed an efficient chemical
synthesis of plausible library members, which is de-
scribed herein.


Long chain NATs were prepared via a solid-phase route
(Scheme 1). Polystyrene macrobeads of 500–600 lm
diameter, functionalized with a trialkylaryl silicon linker
(1), were chosen as the solid support.8 First, the resin
was activated with excess trifluoromethanesulfonic acid
in CH2Cl2, followed by quenching with 2,6-lutidine.
The activated beads were then treated for 24 h with a
saturated solution of a bis-protected tyrosine substrate,
the Fmoc carbamate/allyl ester of either LL- or DD-tyrosine
(2L and 2D, respectively),9 to afford the corresponding
resin-bound species (3L and 3D).10 Complete removal
of the Fmoc group with 20% (v/v) piperidine in DMF
led to the resin-bound allyl esters 4L and 4D. After
screening various amide coupling conditions, we elected
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Scheme 1. Solid-phase synthesis of long chain N-acyl tyrosines. Reagents an


10 min; (c) CH2Cl2/2L or 2D/rt/24 h; (d) DMF/piperidine/rt/4 h; (e) RCO2H


12 h; (g) THF/HF/pyridine/rt/2.5 h; (h) TMSOMe/rt/15 min.

to carry out this reaction in THF using diethyl phos-
phocyanidate (DEPC) as the activating agent in the
presence of TEA, for 24 h at room temperature. Excess
of acid, DEPC and TEA was required. Under these con-
ditions, 30 simple acids with various degrees of unsatu-
ration (5–34) were combined with the resin-bound
nucleophiles in parallel to furnish 60 coupling products
(5aL–34aL and 5aD–34aD). All couplings were quanti-
tative and free of impurities, as indicated by LC–MS.
Parallel removal of the allyl protecting group from these
intermediates was achieved with 5 mol % Pd(PPh3)4 in
THF and excess morpholine in 6–8 h. The mild depro-
tection conditions were compatible with the presence
of unsaturated long chains. This sensitive reaction
required absence of light and initial degassing of the
reaction container, to avoid catalyst degradation.
Cleavage of the NATs from the beads was carried out
using a 70/30 (v/v) HF/pyridine mixture in THF, buf-
fered with additional pyridine. The reaction was typi-
cally quenched with TMSOMe, to provide >95% pure
products (5cL–34cL and 5cD–34cD) after the superna-
tant was separated from the beads and the volatile
byproducts were evaporated.


To augment the library with long chains reminiscent of
AHLs, solid-phase synthesis of NATs bearing a 3-keto
functionality was carried out using a modification of
the above procedure (Scheme 2). Long chain 5-acyl-
2,2-dimethyl-1,3-dioxane-4,6-diones (5-acyl Meldrum’s
acids),11 a masked form of the labile 3-oxo carboxylic
acids, were used as building blocks in the amide cou-
pling step. An alternative to conventional heating in
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the presence of an external base, which is the usual pro-
tocol of choice for a solution-phase reaction involving
nucleophilic attack on a 5-acyl Meldrum’s acid, was nec-
essary in order to avoid bead degradation. Thus a
microwave-assisted method was developed. Optimal
reaction conditions required the use of N-methyl pyrrol-
idone (NMP) as the solvent, which has both excellent
absorbance characteristics and ideal interaction with
this solid-phase, excess of the 5-acyl Meldrum’s acid
building block and no external base, at 200 �C with con-
trolled microwave irradiation in a commercial reactor
for 10 min. Parallel coupling of 19 different saturated
and unsaturated building blocks (35–53) to resin-bound
substrates 4L and 4D led to full consumption of the sub-
strate in all cases, and formation of 70–80% of the de-
sired products (35aL–53aL and 35aD–53aD). The 38
intermediates were successfully carried through the allyl
deprotection and cleavage steps as described above, to
yield 38 final 3-oxo-N-acyl tyrosines (35cL–53cL and
35cD–53cD).


Since our devised synthetic routes leading to the
enamide and enol ester families involved steps that were
either heterogeneous or incompatible with the solid-
phase, both were realized in solution-phase. The (E)-
enamides were prepared as shown in Scheme 3, starting
with protection of 4-hydroxycinnamic acid (54) as a silyl
ether (55, 85% yield) with TBDMSCl in DMF, in the
presence of imidazole. Intermediate 55 was stereoselec-
tively converted to the corresponding (E)-vinyl bromide
(56, 83% yield) via a decarboxylative bromination with
N-bromosuccinimide.12 This LiOAc-catalyzed Huns-
diecker transformation was carried out in CH3CN/
H2O with mild heating. A modification of Buchwald’s
conditions for copper-catalyzed amidation13 was em-
ployed for coupling of the vinyl bromide to a series of
saturated long chain carboxamides (57–63),14 generating
the long chain (E)-enamides 57aE–63aE at 65–70% yield
with retention of the trans geometry. The amidation was
carried out in toluene, using CuI as the copper source,
N,N 0-dimethylethylenediamine as the bidentate ligand

and Rb2CO3 as the base,13 and required strictly anhy-
drous conditions and heating at 70 �C for 24 h. Depro-
tection of the intermediates was achieved with 70/30
(v/v) HF/pyridine in THF/pyridine and afforded 85–
90% of the final (E)-enamides (57bE–63bE).


The last class of eDNA-associated compounds, the enol
esters, were derived from methyl 4-hydroxyphenyl ace-
tate (64, Scheme 4), which was quantitatively protected
under conditions similar to the protection of 54 above
to afford TBDMS-silyl ether 65. Intermediate 65 was
converted to an aldehyde in two steps: reduction to an
alcohol (66) with LiAlH4 in THF at �78 �C (94% yield),
followed by alcohol oxidation to the aldehyde (67) with
2-iodoxybenzoic acid (IBX)15 in DMSO (93% yield). By
means of KHMDS in THF/toluene, 67 was converted to
a mixture of trans and cis potassium enolates, in accord
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with a previous report from our laboratory for a similar
system.16 Under the specific reaction conditions em-
ployed here, moderate selectivity for the trans enolate
(precursor to the only isomeric product present in the
natural extract from the eDNA clone) was observed.
The enolates were trapped with saturated long chain
N-hydroxysuccinimide esters (68–80).17 LC–MS analysis
of an aliquot from each reaction revealed in all cases a
mixture of products with the same mass, that included
(E)- and (Z)-enol esters as well as what appeared to be
carbon acylation products. Partial purification of the
crude products afforded inseparable mixtures of (E)-
and (Z)-enol esters (68aE–80aE and 68aZ–80aZ), for
which 1H NMR indicated a ratio of approximately
2:1. The ratio was independent of acid chain length
and reflects the thermodynamic preference for the trans
enolate. The (E)/(Z) mixtures were resolved after HF re-
moval of the TBDMS protecting group in pyridine,
which proceeded at 85–90% yield. Thirteen deprotected
(E)-enol esters (68bE–80bE) and 13 (Z)-enol esters
(68bZ–80bZ) were obtained in pure form.


In summary, solid- and solution-phase methods are de-
scribed for the preparation of synthetic libraries of tyro-
sine-derived bacterial metabolites (131 compounds have
been delivered), resembling small molecules isolated
from heterologous expression of eDNA in E. coli. Preli-
minary biological studies on library members have
shown antibiotic activity against Bacillus subtilis and
moderate inhibitory potential of Pseudomonas aerugin-
osa biofilm formation. Additional assays are planned
and will be reported elsewhere in due course.
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Abstract—The design, synthesis, and evaluation of novel c-aminobutyric acid aminotransferase (GABA-AT) inhibitors and inacti-
vators can lead to the discovery of new GABA-related therapeutics. To this end, a series of aromatic amino acid compounds was
synthesized to aid in the design of new inhibitors and inactivators of GABA-AT. All compounds were tested as competitive inhib-
itors of GABA-AT. The amino acids with benzylic amines were also tested as substrates for GABA-AT. It was found that these
compounds were all poor competitive inhibitors of GABA-AT, but some were substrates of the enzyme, suggesting their utility
as scaffolds for potential GABA-AT mechanism-based inactivators. Computer modeling was used to rationalize the substrate activ-
ity of the various compounds.
� 2007 Elsevier Ltd. All rights reserved.
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c-Aminobutyric acid aminotransferase (GABA-AT) cat-
alyzes the degradation of c-aminobutyric acid (GABA)
to succinic semialdehyde (SSA). Control of GABA
levels in the body has numerous therapeutic benefits.
Depleted levels of GABA, a major inhibitory neuro-
transmitter,1 have been shown to cause convulsions.2


Raising GABA levels in the brain has an anticonvulsant
effect;3–5 however, direct GABA administration is not
effective, as GABA cannot cross the blood brain bar-
rier.6 Disruption of GABA levels has also been impli-
cated in numerous neurological disorders, such as
Alzheimer’s disease,7 Parkinson’s disease,8 Huntington’s
disease,9 and senile dementia.10 Numerous strategies
exist to elevate GABA levels in the brain. The strategy
that we have taken involves inhibition or inactivation
of GABA-AT, the enzyme that is responsible for the
degradation of GABA into an inactive form.


To enhance the lipophilicity of GABA analogues for
more favorable bioavailability, a series of aromatic com-
pounds, inspired by the anticonvulsant drug vigabatrin
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(1) and by 2, a potent conformationally restricted
analogue of 111 (Fig. 1), was designed, synthesized,
and evaluated. The results of these studies will aid in
the design of future GABA-AT inhibitors and inactiva-
tors. Compound 2 is a potent irreversible inactivator of
GABA-AT, showing a potency that is 186 times greater
than that of 1.


The syntheses of the three 1,3-disubstituted aromatic
amino acids (8, 10, and 14), that were not commercially
available, are outlined in Scheme 1.

CO2HH2N CO2HH2N
m n m n


Figure 1. Previously described GABA-AT inactivators (1 and 2) and the


new series of aromatic analogues investigated (m = 0, 1 and n = 0, 1).
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Scheme 1. Synthesis of the 1,3-disubstituted aromatic amino acids. Reagents and conditions: (a) NBS, hm, MeCN; (b) NaN3, EtOH, reflux; (c) i—H2,


Pd–C, MeOH; ii—CbzCl, TEA, THF, 0 �C to rt; (d) NaOH, MeOH; (e) 6 M HCl, reflux; (f) CbzCl, H2O, Na2CO3, 0 �C to rt; (g) i—SOCl2, reflux;


ii—CH2N2, TEA, ether, 0 �C; iii—cat. AgOBz, TEA, MeOH.
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The commercially unavailable 1,2-disubstituted aro-
matic amino acids (16, 20, and 25) were synthesized
as shown in Scheme 2. The chemistry applied to
the synthesis of intermediate 6 proved applicable to
the synthesis of amino acid 25, but different synthetic
strategies were required in the cases of 16 and 20.
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Scheme 2. Synthesis of the 1,2-disubstituted aromatic amino acids. Reagents


Pd–C, AcOH/MeOH (1:1), then TEA, MeOH; (d) NBS, hm, MeCN; (e) NaN

All of the compounds were tested as competitive inhib-
itors of GABA-AT using a coupled enzyme assay,12 ex-
cept for 16. Compound 16 underwent cyclization to 15
under the conditions of the assays and was, therefore,
omitted from testing. It was found that 8, 10, 11, 14,
20, 25, and 26 (Fig. 2) all showed IC50 values that ex-
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and conditions: (a) 6 M HCl, reflux; (b) MeI, NaHCO3, DMF; (c) H2,


3, EtOH, reflux; (f) H2, Pd–C, MeOH, then TEA, MeOH.







Table 1. Substrate activities of compounds shown in Fig. 2 relative to


GABA


Compound Relative substrate activity (%)


GABA 100.00


8 3.42 (±0.82)


10 0.78 (±0.06)


11 0.00


14 0.00


20 0.00a


25 5.65 (± 0.86)


26 0.00


Numbers represent relative rates of turnover. Standard deviations are


also shown.
a Transamination was observed, but it was found to be insignificant.
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Figure 2. Amino acids that were tested as inhibitors and substrates of GABA-AT.


Figure 3. (a) The superimposition of the FlexX docking conformations


of 8, 10, and 25 and the binding conformation of vigabatrin from the


crystallographic structure (PDB code: 1OHW). The 8–PLP adduct, the


10–PLP adduct, and the 25–PLP adduct are shown in green, red, and


purple, respectively. (b) The superimposition of the FlexX docking


conformations of 20 and the binding conformation of vigabatrin from


the crystallographic structure (PDB code: 1OHW). Lys329 is shown in


green. Phe351 and Thr353, which are from the other monomer of the


homodimer, are shown in magenta. All of the hydrogen atoms were


omitted for clarity. Vigabatrin and PLP from the crystal structure are


shown in cyan. The 20–PLP adduct is shown in gray.
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ceeded 5.0 mM concentrations. Because of the relatively
poor potency of these compounds, the exact IC50 values
were not determined.


All of the compounds were subsequently tested as sub-
strates for GABA-AT. The substrate activities (relative
to the rate of GABA turnover) for all of the com-
pounds are shown in Table 1. The fact that 11, 14,
and 26 showed no transamination was anticipated,
as these compounds lack protons alpha to the amino
group and, therefore, cannot undergo oxidation at
the necessary position. It is clear that the two best
substrates are 8 and 25. This most likely results from
their similarity to the structure of bound GABA in
terms of the relative positions of the acid and amine
functionalities. The automated flexible docking pro-
gram FlexX was employed to perform docking calcu-
lations for 8, 10, 20, and 25 using the crystallographic
structure of the homodimers of pig liver GABA-AT in
complex with vigabatrin 1 (PDB code: 1OHW).13 The
FlexX docking models show that none of carboxylic
groups of these compounds can exactly mimic the
binding mode of the carboxylic group of vigabatrin,
as illustrated in Fig. 3. However, compared with 10
and 20, the carboxylic groups of 8 and 25 are more
similar to that of bound vigabatrin. The poor turn-
over of 10 may result from the fact that there are
too many carbon atoms between the polar groups
and, therefore, the carboxylic acid group of 10 cannot
be accommodated by the active site of GABA-AT
(Fig. 3a).
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Compound 20 has the same chain length as GABA so it
is surprising that it lacks substrate proficiency. Docking
analysis indicates that the rigidity of the aromatic ring
prevents the carboxylate from engaging in a critical salt
bridge interaction with Arg-12913 present in the active
site (Fig. 3b). This could explain why 25 undergoes
transamination and 20 does not; the additional methy-
lene unit in 25 allows the carboxylate to assume an
appropriate conformation that facilitates binding by
GABA-AT and subsequent turnover.14


The results described here suggest that the aromatic scaf-
fold of these GABA analogues may be useful in the design
of potential mechanism-based inactivators of GABA-AT
having increased lipophilicity. It appears that compounds
with the general structures related to 8 and 25 show the
most promise for further investigations.
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Abstract—The quinazolines represent a useful natural product scaffold with demonstrated activities against disorders such as high
blood pressure and benign prostatic hyperplasia. Here we report on the synthesis and biological activity of a series of quinazolines
that were prepared by a one-pot synthesis of substituted cyclohexadiene enaminonitriles from methyl-ketones. The approach, which
employs NaH, complements published procedures where LDA is utilized. While the NaH catalyzed reaction generates the cyclo-
hexadiene enaminonitriles in high yields with heterocyclic substrates, the reaction fails to promote product formation of aliphatic
alkyl substrates. On the contrary, the LDA mediated synthesis favors the long chain alkyl substituents while reactions involving the
aromatic substrates result in low yields. The final conversion to the quinazolines is also a modification on literature protocols.
In cellular assays, the quinazolines showed the most promising activity against Jurkat with CC50 values in the low micromolar
range. Weak activity was observed against microbial strains (Bacillus subtilis, Escherichia coli, and Saccharomyces cerevisiae). The
substituted enaminonitrile intermediates also exhibited weak anti-microbial activity and cytotoxicity against human T-cell
leukemia.
� 2007 Elsevier Ltd. All rights reserved.

Heterocyclic systems have achieved prominence as phar-
maceuticals, fungicides, and sovatochromatic dyes.1–4


The quinazolines (Fig. 1), for example, have been imple-
mented to treat high blood pressure (Doxazosin 1 and
Prazosin 2) and benign prostatic hyperplasia (Alfuzosin
3).5–12 Likewise, enaminonitriles, such as 4 and its ana-
logues 5–7 (Fig. 2), have shown biological activity (4,
18 lM; 5, 35 lM; 6, 19 lM; 7, 16 lM) against scrapie-
infected mouse neuroblastoma cells (ScN2a) inhibiting
PrPSc,13 an isoform of the cell-surface glycosylphosphat-
idylinositol (GPI)-anchored protein PrPc.14


In this investigation, we report on the synthesis of qui-
nazolines generated from the a cyclohexadiene enamino-
nitrile scaffold (Fig. 3) that was in turn prepared by a
one-pot strategy involving treatment of methyl-ketones
with excess NaH. We compare this synthetic methodol-
ogy with that reported previously, where self-dimeriza-
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tion of a,b-unsaturated nitriles can be invoked by
treatment with lithium diisopropylamide (LDA)15 or
other strong bases to give the enaminonitriles (Fig. 4)
in moderate yields.16,17 We additionally report on the
biological activity of these compounds including their
cytotoxic effects against bacteria (E. coli and B. subtilis),
yeast, and human T-cell leukemia (Jurkat). Interest-
ingly, members of a functionalized cyclohexadienal li-
brary have shown their ability to stimulate neurite
outgrowth, while others have demonstrated anti-cancer
activity.18,19


Enaminonitriles can be generated in a one-pot format by
implementation of a Horner–Wadsworth–Emmons
reaction (Fig. 5). When methyl-ketones are treated with
an ylide solution generated by treatment of diethyl
(cyanomethyl)-phosphonate with one equivalent of so-
dium hydride, conversion to the a,b-unsaturated nitrile
is observed.21 However, in the presence of excess sodium
hydride, the reaction proceeds to give the
enaminonitrile.


To optimize the synthesis of our enaminonitriles, we uti-
lized 8 as a model substrate, where it was found that six
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Figure 1. Quinazolines used as therapeutic agents.
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Figure 2. Enaminonitriles active against mice ScN2a cells.
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Figure 3. Quinazalines derived from a cyclohexadiene enaminonitrile scaffold.
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excess equivalents of NaH were required to facilitate the
deprotonation of the nitrile (b-methyl group, Fig. 6) to
give an 89% yield of the enaminonitrile after 4 days.
When fewer equivalents were used, 0.5, 1.0, 1.25, and
2.0 equiv, no product was obtained while 3.0 and
4.0 equiv gave yields of 7% and 43%, respectively. At
higher concentrations, 8.0 and 10.0 equiv of NaH, 41%
and 10% of product were isolated. Presumably, the high
concentration of base drives the majority of the nitrile to
the deprotonated or b-methylenic form, diminishing
product formation (Fig. 6). Time course analysis also re-
vealed that 4 days was optimal as yields diminished be-
fore and after that point.

R


R
CN


NH2


A : R = CH3


B : R = C2H5
C : R = C6H5


D : R =


E : R =


Figure 4. Known cyclohexadiene enaminonitriles.20

With these optimized conditions in hand, various sub-
strates were tested to investigate the scope of the reac-
tion as shown in Table 1. Product yields ranged from
79% to 96% for substrates containing small aromatics
and bulky groups while aliphatic alkyl substrates gave
no product. Thiophene 8 gave a yield of 89%, while
the bromo-substituted thiophene 9 was generated in al-
most quantitative yield, 96%. With phenyl and its substi-
tuted derivatives, bromo-phenyl 11 exhibited the lowest
yield, 79% as compared to 88% for both the phenyl 9
and fluoro-phenyl 10 substituents. Two of the higher
yielding substrates selected were consisting of bulky sub-
strates, biphenyl 12 and naphthalene 13, giving product
yields of 93% and 90%, respectively.


The primary limitation of this one-pot strategy is that it
does not facilitate the self-dimerization of aliphatic alkyl
substrates. When either b-ionone 15 or 2-octone 16 was
employed, we found that no dimer product was seen in
the crude 1H NMR with the only reaction product being
the nitrile intermediate itself. This could be due to reduced
stabilization of the resulting b-methyl anion, requiring a
stronger base to deprotonate the methyl group.







Table 1. Substrate effects with excess NaH as compared to LDA


R group Compound NaH yield


(%)


LDA yield


(%)


S
8 89 28


SBr 9 96 24


10 88 18


F


11 88 20


Br


12 79 20


13 93 12


14 90 13


15 — 36


16 — 31
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Figure 6. Proposed mechanism of reaction.
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Figure 5. Horner–Wadsworth–Emmons reaction; 1.1 equiv C6H12NO3P, 1.1 or 7.1 equiv NaH.
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Figure 7. Reagents and conditions: (i) 1.1 equiv C6H12NO3P, 1.1 equiv


NaH; (ii) LDA.
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To evaluate the effectiveness of our NaH catalyzed reac-
tion, we analyzed the formation of enaminonitriles from
a,b-unsaturated nitriles using LDA in tetrahydrofuran
(THF) (Fig. 7).15 In this case, the nitrile substrates are
generated from their corresponding methyl-ketones, iso-
lated, and subsequently reacted with LDA, thus produc-
ing the enaminonitriles in two steps. We saw an inverse
correlation with LDA as compared to the NaH reaction
(Table 1). The NaH reaction readily dimerizes aromatics
and bulky substrates in high yields, while LDA gives
minimal yields, presumably reflecting steric effects, the
lack of full dissociation of the catalyst prior to self-con-
densation. Conversely, reactions catalyzed with LDA
seemed to favor long chain alkyl substituents. Previous
reports of LDA dimerization with alkylidene malono-
nitriles including 3-methyl-2-butenenitrile and 3-
methyl-2-petenenitrile gave high to moderate yields of
90% and 60%, respectively.15


On the other hand, we demonstrate that aromatic sub-
strates give yields ranging from 12% to 28%. The ali-
phatic alkyl substrates exhibited the highest yields of
all compounds tested with 15 giving a 36% yield and
16 produced in 31% yield. This of course is an improve-
ment on the NaH reaction, which in these instances gave
no product. However, the reverse was observed in the
case of small aromatics where product yields were low
with LDA as opposed to NaH. For instance, thiophene
(8) gave a yield of 28% with LDA, while the NaH pro-
moted reaction gave an overall yield of 89%. The effect
was more pronounced with the bulky substrates. Biphe-
nyl (13) gave a 12% yield with LDA while a 93% yield
was obtained with NaH.


The synthesized enaminonitriles, with their 1,2-relation-
ship of the amino and nitrile groups, were subsequently
exploited in the synthesis of their quinozoline derivatives
via the heating in the presence of formic acid and formam-
ide at 200 �C (Fig. 8). While it was previously reported

that the reaction took 1 h to go to completion, we were un-
able to observe product formation under these condi-
tions.15 We, therefore, took to further optimizing this
reaction. With formic acid having a low boiling point, a
reflux setup was implemented. After 1 h, very little prod-
uct was observed in the crude 1H NMR using 8 as a model
substrate. The reaction time was thus extended to 12 and
24 h, respectively. At 12 h, about half of the starting mate-
rial was converted, giving a 37% yield, and at 24 h the
reaction went to completion, affording a 73% yield.


Utilizing these optimized conditions, we converted each
of the enaminonitriles to their corresponding quinazo-
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Figure 8. Reagents and conditions: (i) CHOOH, H2NCHO, 200 �C,


24 h.


Table 3. Cytotoxic activities of enaminonitriles and quinazolines


against Jurkat


Compound IC50 (lg/ml) lM


8 51.485 172.15


9 6.424 13.93


10 4.342 15.13


11 6.257 19.37


12 9.213 20.52


13 8.478 19.31


14 7.35 18.99


15 5.452 12.65


16 14.166 46.75


17 5.008 15.36


18 4.586 9.51


19 5.522 17.59


20 1.133 3.24


21 5.962 12.69


22 4.848 10.4


23 3.881 9.37


24 5.849 12.8


25 4.148 12.61
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lines (Table 2). Overall yields for each substrate were
moderate with biphenyl 22 giving the highest at 78%
and bromo-thiophene 18 resulting in the lowest at 60%
yield. Phenyl 19 with its fluoro 20 and bromo 21 ana-
logues gave moderate yields of 74%, 67%, and 70%,
respectively. The bulky naphthalene 23 substrate was
comparable to biphenyl 23 with an overall yield of
74%. The alkyl containing b-ionyl 24 and octyl 25 con-
taining substrates were also generated in moderate yields
(yet lower than the aromatics), 54% and 57%,
respectively.


The biological activities of the synthesized enaminonitr-
iles and quinazolines were evaluated in cell-based assays
including their anti-proliferative/cytotoxic effects against
Jurkat (a leukemic T-cell line), bacterial strains (E. coli
and B. subtilis), and yeast (S. cerevisiae). Cytotoxicity
against T-cells was measured by staining the nuclei of
the cells with propidium iodide and measuring its fluo-
rescence, while anti-microbial activity was assessed by
measuring cell density at OD600. The most pronounced

Table 2. Quinozoline product yields


R group Compound Yield


S
17 73


SBr 18 60


19 74


F


20 67


Br


21 70


22 78


23 74


24 54


25 57

effects were observed against Jurkat, where in all cases
the quinazolines were more active than their corre-
sponding enaminonitriles (Table 3). The most effective
compounds 20 (CC50 3.24 lM), 23 (CC50 9.37 lM),
and 18 (CC50 9.51 lM) were heterocyclic and in many
instances, halogenated. With respect to the anti-micro-
bial assays, all compounds displayed moderate activi-
ties. MIC values were P163 lM in B. subtilis,
P189 lM in E. coli, and P197 lM against S. cerevisiae.


We report on a one-pot strategy in the preparation of
cyclohexadiene enaminonitriles. The reaction is high
yielding with heterocyclic systems and other bulky sub-
strates thus complementing the previously reported syn-
theses. The cyclohexadiene enaminonitriles were
additionally implemented as precursors in the synthesis
of quinazolines, a scaffold with demonstrated therapeu-
tic activities. In this regard, we optimized reaction con-
ditions reported in the literature, which generated each
quinozoline in moderate yields.


In cell-based assays, of all compounds tested, the qui-
nazolines gave the most promising effects, where CC50


values in the low micromolar range were measured
against a human leukemic cell-line. The identification
of the cellular targets of these lead compounds might di-
rect the synthesis of functionally and structurally related
analogues with more potent biological activities.


Supplementary data including experimental details,
NMR spectra, and biological data are available online
free of charge.
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