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a b s t r a c t

Natural product-derived bengamides possess potent antiproliferative activity and target human methi-
onine aminopeptidases for their cellular effects. Using bengamides as a template, several derivatives
were designed and synthesized as inhibitors of methionine aminopeptidases of Mycobacterium tuber-
culosis, and initial antitubercular activity were observed. Here, we present three new X-ray structures of
the tubercular enzyme MtMetAP1c in complex with the inhibitors in the Mn(II) form and in the Ni(II)
form. All amide moieties of the bengamide derivatives bind to the unique shallow cavity and interact
with a flat surface created by His-212 of MtMetAP1c in the Mn(II) form. However, the active site metal
has significant influence on the binding mode, because the amide takes a different conformation in the
Ni(II) form. The interactions of these inhibitors at the active site provide the structural basis for further
modification of these bengamide inhibitors for improved potency and selectivity.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Tuberculosis is a deadly disease caused by mycobacterial
infection, and Mycobacterium tuberculosis is the major tuberculosis
pathogen in human. Now, multidrug-resistant and extensively
drug-resistant tuberculosis is happening at an alarming rate [1]. To
overcome the drug resistance, new antibiotics with a novel mech-
anism of action are urgently needed. Methionine aminopeptidase
(MetAP) is ubiquitous and carries out N-terminal methionine
excision from majority of newly synthesized proteins [2]. The
importance of this cotranslational modification is underscored by
lethality of gene deletion in bacteria, such as Escherichia coli [3] and
Salmonella typhimurium [4]. Therefore, MetAP is a potential target
to develop novel antibacterial drugs [5].

M. tuberculosis has two MetAP genes (annotated as mapA and
mapB in H37Rv genome). The protein from the mapB gene of
M. tuberculosis, named MtMetAP1c, was purified, and its structures
in apoform and in complex with methionine were reported [6]. The
structural analysis revealed a SH3 binding motif in its N-terminus,
and potential interaction with ribosome through this motif to
facilitate cotranslational methionine excision was proposed [6].
; MtMetAP1c, M. tuberculosis
ion of 50% inhibition.
: þ1 317 278 4686.

son SAS. All rights reserved.
We recently further characterized this enzyme for metal activation
and inhibition and described three X-ray structures with small
molecule inhibitors bound [7]. The other MetAP (from the mapA
gene) of M. tuberculosis, named MtMetAP1a, is shorter at the N-
terminus and has no such SH3 binding motif. No structural infor-
mation for MtMetAP1a has been reported. Both MetAPs of
M. tuberculosis were active as enzymes when purified [7e9], and
their mRNA transcripts were analyzed and showed different levels
in log phase and stationary phase [8]. MtMetAP1a gene (mapA)
expressed more in log phase, while MtMetAP1c gene (mapB)
showed higher level in stationary phase. It was concluded that the
two MetAPs may perform an important function in different
growth phases of M. tuberculosis [8]. The special characteristics of
mycobacterial life cycle may require more than one MetAP enzyme
to carry out the important cotranslational modification. Based on
comparison of mycobacterial genomes, it was predicted that both
MtMetAP1a and MtMetAP1c are essential for M. tuberculosis
survival in vivo and pathogenicity [10].

Eukaryotic cells usually have two MetAPs. Deletion of either of
the two MetAP genes in Saccharomyces cerevisiae rendered a slow
growth phenotype, and lethality was observed only when both
genes were deleted [11]. Bengamides are natural products that
were isolated frommarine sponge [12]. Bengamides A and B (1 and
2 in Fig. 1) showed nanomolar potency again cancer cell lines
[13,14], and bengamides arrest cells at the G1 and G2/M phases of
the cell cycle [13,15]. A clinical trial was carried out for anticancer
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Fig. 1. Chemical structures of natural bengamides (1 and 2) and their synthetic
derivatives (3 and 4). Compounds 5e9 are some of the newly designed and synthe-
sized bengamide derivatives, used in the X-ray structural studies.
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therapy, using the synthetic derivative LAF389 [16] (3). Human
MetAP1 and MetAP2 were identified as the cellular targets of
bengamides by a proteomic approach [17], and bengamides
showed no selectivity in inhibition between the two human MetAP
enzymes [17].

The unique bound conformation of bengamides at the active site
was illustrated by the X-ray structure of a bengamide derivative
LAF153 (4) in complex with human MetAP2 [17] (pdb code 1QZY)
(Fig. 2A). In the dimetalated structure, the triol moiety of LAF153
coordinates with the two Co(II) ions to form two octahedral
Fig. 2. Coordination of bengamide derivatives 7 and 8 with the metal ions at the dinuclea
MetAP2. B. 7 with two Mn(II) ions in MtMetAP1c. C. 8 with two Mn(II) ions in MtMetAP1c. D
shown as spheres. Coordination between the metal ions and the heteroatoms of the inhibitor
are shown. For coloring carbon atoms, LAF153 is yellow, 7 is magenta, 8 is green or orange, an
is blue. For coloring the metal ions, Co(II) is green, Mn(II) is orange, and Ni(II) is red. The elect
(For interpretation of the references to colour in this figure legend, the reader is referred t
geometries, which is reminiscent of the binding of a bestatin-
derived transition state inhibitor [18]. The spatial arrangement of
three hydroxyl groups may uniquely satisfy the coordination
requirement and possibly confer the high affinity. On one side of
the triol moiety, a t-butylalkene substituent occupies the site
reserved for the terminal methionine in a peptide substrate, and on
the other side, a caprolactam ring beyond the amide bond interacts
with residues towards the opening of the active site pocket
(Fig. 3A). This unique binding mode of bengamides, coupled with
their potent inhibition of MetAP enzymes and cancer cells, makes
them an excellent template to develop potent MetAP inhibitors for
mycobacterial and other MetAP enzymes as therapeutics.

2. Results and discussion

2.1. Design of bengamide derivatives for selective inhibition of
mycobacterial MetAPs

Considering the importance of proper methionine removal, it is
not surprising that MetAP shows stringent specificity for the N-
terminal methionine [19,20]. No natural amino acid residues other
thanmethionine are accepted at this position, and the formyl group
in formylmethionine must be removed before methionine can be
processed [21]. MetAP also shows high selectivity for the penulti-
mate residue and has a strong preference for a small, uncharged
amino acid (Gly, Ala, Ser, Thr, Pro, Val, or Cys) as the penultimate
residue [22,23]. Therefore, different MetAPs use homologous resi-
dues to form the active site as a shallow and mostly hydrophobic
pocket to fit the terminal methionine and the penultimate small
residue. All MetAPs are homologous in the catalytic domain, and
most protein residues inside the pocket are conserved [24],
r catalytic site, in comparison with LAF153. A. LAF153 with two Co(II) ions in human
. 8 with two Ni(II) ions in MtMetAP1c. Inhibitors are shown as sticks, and metal ions are
s or protein residues is shown as dashed lines. Only metal coordinating protein residues
d protein residues are grey. For coloring non-carbon atoms, oxygen is red, and nitrogen
ron density (2Fo � Fc map) around the inhibitors is shown as cyan meshes at 1.0 s level.
o the web version of this article.)



Fig. 3. Binding of the bengamide derivatives 7 and 8 at the active site pocket, in comparison with LAF153. A. LAF153 with human MetAP2 in the Co(II) form. B. 7with MtMetAP1c in
the Mn(II) form. C. 8withMtMetAP1c in the Mn(II) form. D. 8withMtMetAP1c in the Ni(II) form. The inhibitors (sticks) and the metal ions (spheres) are colored in the same scheme
as in Fig. 2. The semi-transparent surface formed by protein residues is colored grey for carbon, red for oxygen, and blue for nitrogen. The arrow in A indicates the position of the
bump created by rotation of His-339 in Human MetAP2 by 80� . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

J.-P. Lu et al. / European Journal of Medicinal Chemistry 47 (2012) 479e484 481
explaining the specificity for the 1st and 2nd amino acid residues in
peptide substrates [25]. All MetAPs use the same five conserved
residues for metal coordination. These present a challenge to
develop selective MetAP inhibitors.

Because of the important roles played by human MetAP1 and
MetAP2 in cell proliferation and angiogenesis [26,27], it is neces-
sary to develop inhibitors of mycobacterial MetAPs with high
inhibitory potency on the target mycobacterial enzyme and no
potency on the human counterparts. MetAP is classified into two
subtypes. Type 1 MetAP includes all bacterial and mycobacterial
MetAPs (both MtMetAP1a and MtMetAP1c) and human MetAP1,
while type 2 MetAP comprises archaeal MetAPs and human
MetAP2. Type 2 MetAPs have a unique insert in the catalytic
domain. Many MetAPs, including human MetAPs and MtMetAP1c,
have extension at the N-terminus. These additional structural
elements (N-terminal extension and insert) contribute to formation
of the binding surface outside the active site and provide the
structural diversity (Fig. 4). Consequently, to design selective
MetAP inhibitors, exploration of the structural variation around the
active site will offer the best chance for success. Therefore, our
strategy is to explore the structural differences around the active
site for selective inhibitors of mycobacterial MetAPs.
The caprolactam moiety of bengamides was believed to be
essential for their potency on human MetAPs, and synthetic effort
for anticancer therapy has been directed towards modification of
this moiety by introducing different functional groups on the ring
while keeping this seven-membered ring structure [13,14,28,29].
Recently, a few bengamide derivatives with the ring opened
showed potent inhibitory activity on MDA-MB-435 human breast
cancer cells [30], suggesting that the seven-membered ring struc-
ture may not be essential for their antiproliferative activity. To
minimize potency on human MetAPs and increase potency on
mycobacterial MetAPs, we keep the triol moiety and the t-buty-
lalkene substituent as the bengamide core structure and replace
this caprolactam ring with different amide moieties. We have
synthesized several bengamide derivatives, including 5e8 in Fig. 1,
and tested their enzyme inhibition of MtMetAP1c and MtMetAP1a
and their growth inhibition of replicating and non-replicating
M. tuberculosis [31]. We described two X-ray structures of MtMe-
tAP1c in complex with 5 or 6 in the Mn(II) form initially [31], and
here we report additional three X-ray structures of MtMetAP1c in
complex with 7 or 8. Inhibitors 7 and 8, as well as 6, have signifi-
cantly bulkier amide moieties than 5 and have very different
binding interactions for the amide moieties at the active site of



Fig. 4. The differences among the mycobacterial MetAP (MtMetAP1c) and human Met-
APs (MetAP1 andMetAP2) in forming part of the active site pocket. BothMtMetAP1c and
humanMetAP1 use the residues from theN-terminal extension, andhumanMetAP2 uses
those from the insert. A. Overlay of the cartoon structures of the three MetAP enzymes,
with the difference highlighted in magenta (MtMetAP1c), yellow (human MetAP1) and
green (humanMetAP2). The inhibitor 7 is shown as sticks at the active site. B. Schematic
drawing of the domain structures for the three MetAP enzymes, with the corresponding
regions highlighted in the same colors. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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MtMetAP1c. Analysis of the binding and inhibition of MtMetAP1c
with these bengamide derivatives provides the structural basis for
further improvement of these MetAP inhibitors for potent and
selective inhibition of mycobacterial MetAPs, as well as for
designing effective inhibitors for other MetAP enzymes.
Fig. 5. Stereo view of the superimposed bengamide derivatives 5e8 at the active site pocket
in the previous figures, 5 and 6 are colored cyan or grey for carbon, respectively. (For interpre
version of this article.)
2.2. X-ray structure of MtMetAP1c in complex with 7 or 8 in the
Mn(II) form

The three X-ray structures of MtMetAP1c in complex with 7 in
the Mn(II) form or 8 in both the Mn(II) and Ni(II) forms were solved
at high resolution (1.47e1.60 Å) (Fig. 2BeD and Fig. 3BeD), from
crystals obtained individually by co-crystallization. As we have
seen before for 5 and 6 [31], the bengamides 7 and 8 bound to
MtMetAP1c in the sameway as LAF153 on humanMetAP2 reported
previously [17], for the part of the molecules including the triol
moiety and the t-butylalkene chain. The triol moiety coordinated
with the two active site metal ions and the t-butylalkene chain
occupied the S1 site. However, due to the structural deviation from
LAF153, each of the bengamide derivatives bound significantly
differently from LAF153 at the amide moiety. For the 7 and 8 in the
Mn(II) form, the amide moiety extended into the shallow cavity
unique toMtMetAP1c (Fig. 3B and C). It is interesting to note that 6,
as reported previously [31] and also in the Mn(II) form, bound to
the enzymewith the amidemoiety in the same general area (Fig. 5).
The 5-membered and 6-membered ring structures in the inhibitors
6e8 directly interacted with His-212, which lay in parallel with the
rings and formed a flat bottom surface for the cavity. The different
amide moieties in 6e8 converged in binding to the same surface,
which underscores the steric accommodation and favorable inter-
actions in this cavity. This conclusion is consistent with the potent
inhibition of 6, 7 and 8 on the Mn(II) form ofMtMetAP1c (IC50 0.54,
0.96 and 0.76 mM, respectively). This histidine is conserved in all
MetAPs (His-178 in E. coli MetAP, His-212 in MtMetAP1c, and His-
339 in human MetAP2), because it is likely catalytically important
[32]. However, although conserved, the His-339 in the human
MetAP2 structure turned by 80�, so that it created a bump on the
surface (Fig. 3A) and was spatially incompatible with this binding
mode of these newly synthesized bengamide derivatives. Inhibitors
7 and 8 have not been tested directly on human MetAP2, but they
showed no growth inhibition of human K562 cells at 333 mM [31],
suggesting their weak or no inhibition of human MetAPs. It is
interesting to note that inhibitor 5 has much shorter side chain and
should tolerate the bump on the surface of human MetAP2 in
binding. Although 5 has not been tested directly on humanMetAP2,
its observed inactivity on human K562 cells [31] could be due to
several factors in the cellular assay, including its transport through
the cell membrane.
ofMtMetAP1c (four inhibitors and five structures). In addition to the color scheme used
tation of the references to colour in this figure legend, the reader is referred to the web
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2.3. X-ray structure of MtMetAP1c in complex with 8 in the Ni(II)
form

We obtained the structure of the same complex of MtMetAP1c
with 8, but in the Ni(II) from (Fig. 2D and Fig. 3D). Instead of the
C2 space group in the Mn(II) form, this Ni(II) structure was solved
in a P63 space group. When the two structures were super-
imposed, the dihydroindene moiety displayed significantly
different binding mode by turning almost 90� (Fig. 3C and D).
This binding mode for the dihydroindene moiety is similar to that
of the caprolactam moiety in LAF153 (Fig. 3A and D). For enzyme
inhibition, 8 was highly potent against the Mn(II) form of
MtMetAP1c, but it showed no significant inhibition at 250 mM
against the Ni(II) form [31]. It is likely that this loss of binding
interactions with His-212 in the Ni(II) form contributed signifi-
cantly to its much reduced inhibitory activity on the Ni(II) form of
the enzyme. With the metal ion being the only difference, it is
interesting that 8 crystallized in two different space groups and
the dihydroindene moiety oriented significantly differently. The
presence of Ni(II) instead of Mn(II) at the metal site forced the
dihydroindene moiety to take a different conformation and find
different interactions.

The critical question is which metal is the native metal used by
MetAP in cells, and which of the metalloforms is more physio-
logically relevant. We provided experimental evidence to show
that E. coli MetAP uses Fe(II) as its cofactor in cells [33], and Wang
et al. proposed Mn(II) as the physiological metal for human
MetAP2 [34]. When MtMetAP1c was expressed in E. coli, it likely
functioned as a Fe(II)-enzyme in E. coli cells [7]. However, neither
it is known which metal MtMetAP1c uses in M. tuberculosis cells,
nor the X-ray structure for any MetAP in the Fe(II)-form is known,
due to the easy oxidation from Fe(II) to Fe(III). Therefore, the X-
ray structures in the two different metalloforms provide two
possible binding modes for bengamides on the Fe(II)-form of
MtMetAP1c.
Table 1
X-ray data collection and refinement statistics.

Inhibitor 7 8 8

Inhibitor code Y08 Y10 Y10
PDB code 3PKC 3PKD 3PKE
Metal ions 2 Mn(II) 2 Mn(II) 2 Ni(II)
Cell Parameters
Space group C2 C2 P63
a (Å) 57.7 57.5 105.5
b (Å) 79.9 79.8 105.5
c (Å) 65.1 64.6 50.1
a (deg) 90 90 90
b (deg) 91.8 91.6 90
g (deg) 90 90 120

X-ray Data Collection
Resolution range (Å)a 50e1.47

(1.50e1.47)
50e1.47
(1.50e1.47)

50e1.60
(1.63e1.60)

Collected reflections 219,806 201,889 261,003
Unique reflections 45,772 49,388 41,930
Completeness (%)a 91.2 (98.4) 99.9 (98.6) 99.5 (100)
I/s (I)a 29.5 (2.7) 33.9 (4.8) 14.0 (2.4)
Rmerge (%)a 7.5 (48.1) 5.0 (28.7) 15.3 (81.3)

Refinement Statistics
R (%) 18.4 15.9 17.3
Rfree (%) 21.6 19.2 20.8
R.m.s.d. bonds (Å) 0.029 0.028 0.028
R.m.s.d. angles (�) 2.39 2.39 2.21
No. of solvent molecules 167 240 179
<B> protein (Å2) 16.6 11.7 10.5
<B> inhibitor (Å2) 17.7 12.8 11.1
<B> water (Å2) 22.1 19.8 17.4

a Values given in parentheses correspond to the outer shell of data.
2.4. Comparison among the X-ray structures of MtMetAP1c in
complex with different bengamide derivatives

When the five MtMetAP1c structures with 5, 6, 7, and 8 were
overlaid (Fig. 5), the core bengamide structure (the triol moiety and
the t-butylalkene substituent) is almost identical in binding, and
the different amide groups, as designed, explore different interac-
tions at the opening of the active site pocket. These diverse inter-
actions provide the structural basis for exploring the shallow but
unique binding pocket in MtMetAP1c for further inhibitor
improvement for potency and selectivity. Clearly, the four Mn(II)
form structures have their amide groups converging in the same
area, and there are rooms for additional structural modifications on
these groups for additional interactions in this pocket. The amide in
the Ni(II) form takes a different position, and while its potency is
much weaker, it provides a different mode of binding and can be
potentially used in combination with other interactions for inhib-
itor design.

3. Conclusions

Bengamides are potential anticancer therapeutics, targeting
human MetAPs [13,16,17]. Their unique binding mode on MetAP
makes them an excellent template to develop MetAP inhibitors as
therapeutics for tuberculosis and other diseases. Keeping the core
structure that is responsible for interactions with the active site
metals and S1 site residues and replacing the caprolactam moiety
that is required for inhibition of human MetAPs, we have obtained
initial bengamide derivatives with potent inhibition of tubercular
enzymes MtMetAP1a and MtMetAP1c and modest antitubercular
activity [31]. The three structures of MtMetAP1c in complex with
two of the newly synthesized bengamides revealed different
bindingmodes at the active site, and this information is valuable for
further modification of these bengamide derivatives to enhance
their potency on tubercular MetAPs and reduce their interactions
with human MetAPs.

Metal ions play an important role in the MetAP catalysis and
inhibition [24]. Among the activating metals, Fe(II) and Mn(II) are
likely the physiologically relevant metal ions [33,34]. The four
structures of the Mn(II) form of MtMetAP1c have the amide
moieties converging in the same shallow concave immediately
outside of the active site, revealing the important interaction with
the His-212 and potential room for expansion to interact with other
surface residues. Ni(II) is an excellent activator of MtMetAP1c [7].
Nevertheless, Ni(II) is not a common cofactor, and only seven nickel
enzymes are known [35]. So far, no evidence indicates that Ni(II) is
used byMetAP in cells. Nevertheless, the structure ofMtMetAP1c in
the Ni(II) form provides a possible binding mode, especially when
the structural information for the Fe(II)-form of MetAP is lacking.

4. Experimental

Crystals of the enzymeeinhibitor complexes were obtained
independently by a hanging-drop vapor-diffusion method at room
temperature. Each of the inhibitors (7 and 8; 100mM in DMSO)was
added to concentrated metalated enzyme (10 mg/mL, 0.32 mM
protein; 2 mMmetal) in 50 mM Tris, pH 8.0, and 150 mM NaCl, and
the molar ratio of inhibitor to MtMetAP1c was 5:1 or 10:1. The
enzyme/inhibitor mixture was mixed with a reservoir buffer in
a 1:1 ratio. The reservoir buffer was 100 mM Bis-Tris, pH 5.5, 1.4 M
NH4SO4, and 15% glycerol for 7; and 100 mM Bis-Tris, pH 5.5, 1.3 M
NH4SO4, and 15% glycerol for 8. Diffraction data were collected at
the Advanced Photon Source, Argonne National Laboratory
(beamlines 19BM and 19ID) and processed with HKL3000 [36]. The
crystals belong to space group C2 or P63. In each case, one molecule
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is in the asymmetric unit. The structures were solved by molecular
replacement with MolRep [37] in CCP4 [38] with CCP4i interface
[39], using the previously published MtMetAP1c structure (PDB
code 3IU7) [7] as the search model. The structure was refined with
REFMAC5 [40] with iterative model building using WinCoot [41].
The refinement was monitored with 5% of the reflections set aside
for Rfree factor analysis throughout the whole refinement process.
Electron density was clear for all residues except a few residues at
the N-terminus, and residues from the fourth (Arg-4) in the native
protein to the end (Leu-285) were modeled. Comparison of struc-
tures and generation of structural drawings were carried out by
using PyMOL [42]. Statistic parameters in data collection and
structural refinement are shown in Table 1. Atomic coordinates and
structure factors for the three structures were deposited in the
Protein Data Bank.
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