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ABSTRACT: Natural-product-derived bengamides possess
potent antiproliferative activity and target human methionine
aminopeptidases (MetAPs) for their cellular effects. Several
derivatives were designed, synthesized, and evaluated as MetAP
inhibitors. Here, we present four new X-ray structures of human
MetAP1 in complex with the inhibitors. Together with the
previous structures of bengamide derivatives with human
MetAP2 and tubercular MtMetAP1c, analysis of the interactions
of these inhibitors at the active site provides structural basis for
further modification of these bengamide inhibitors for improved
potency and selectivity as anticancer and antibacterial
therapeutics.

■ INTRODUCTION
Bengamides are natural products that were isolated from marine
sponge.1 Bengamides A and B (1 and 2 in Figure 1) showed
antiproliferative activity with nanomolar potency against cancer
cell lines,2,3 and bengamides arrest mammalian cells at the
G1 and G2/M phases of the cell cycle.2,4 The cellular targets of
bengamides were identified as two human methionine amino-
peptidases (HsMetAP1 and HsMetAP2) by a proteomic
approach.5 Bengamides inhibit the two human MetAP isozymes
with similar potencies.5

MetAP is ubiquitous and carries out N-terminal methionine
excision from a majority of newly synthesized proteins.6 The
importance of this cotranslational modification is underscored by
the observed lethality when the single MetAP gene is deleted in
bacteria, such as Escherichia coli7 and Salmonella typhimurium.8

Therefore, MetAP is a potential target for developing novel
antibacterial drugs.9 Eukaryotic cells usually have two MetAPs,
type 1 and type 2. Deletion of either of the two MetAP genes
in Saccharomyces cerevisiae rendered a slow growth phenotype,
and lethality was observed when both genes were deleted.10

Mammalian MetAP1 and MetAP2 play important roles in cell
proliferation and angiogenesis,11,12 and by use of a conditional
MetAP2 knockout mouse, the gene disruption resulted in an
embryonic gastrulation defect and endothelial cell growth arrest.13

Fumagillin is another natural product that inhibits angiogenesis
and suppresses tumor growth,14 and it targets MetAP2 enzyme
specifically.11,15 Clinical trials have been carried out for anticancer
therapy, using the synthetic bengamide derivative LAF389 (3)16

and a fumagillin derivative.17,18

The unique bound conformation of bengamides at the MetAP
active site was first revealed by the X-ray structure of the human
enzyme HsMetAP2 in complex with a bengamide derivative
LAF153 (4) (PDB code 1QZY, Figure 2A).5 In the dimetalated
structure, the triol moiety of 4 coordinates with the two Co(II)

ions to form two octahedral geometries, which is reminiscent of
the binding of a bestatin-derived transition state inhibitor.19 The
spatial arrangement of three hydroxyl groups may uniquely
satisfy the coordination requirement and possibly confer the high
affinity. The tert-butylalkene substituent occupies the site often
seen for the terminal methionine in a peptide substrate, and on
the other side of the triol moiety, a caprolactam ring beyond the
amide bond interacts with residues toward the opening of the
active site pocket. This unique binding mode of bengamides has
guided our design and synthesis of several bengamide derivatives
(5−9), and some of them displayed potent inhibition of the
Mycobacterium tuberculosis MetAPs (MtMetAP1a and MtMe-
tAP1c) and modest antitubercular activity.20

Human HsMetAP1 regulates cell cycle and is a promising
target for the discovery and development of new anticancer
agents.12 However, although bengamides inhibit HsMetAP1
potently,5 there is currently no structural information for binding
of bengamides. In fact, there are only seven X-ray structures of
HsMetAP1 found in the PDB databank and only four structures
with a ligand bound at the active site.12,21,22 Here, we report four
new X-ray structures of HsMetAP1 in complex with four
different bengamide derivatives (5, 7−9), and the binding mode
of bengamides in these structures is significantly different from
those in the previous HsMetAP1 structures. Recently, we
reported five X-ray structures of the tubercular MtMetAP1c in
complex with the bengamides 5−8 (PDB codes 3PKA, 3PKB,
3PKC, 3PKD, 3PKE).20,23 Together, the structural information
of bengamides at the active site of different MetAP enzymes
provides guidance for using bengamides as a template for
designing potent and selective MetAP inhibitors for antibacterial
and anticancer therapeutics.
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■ RESULTS AND DISCUSSION

X-ray Structures of HsMetAP1 in Complex with 5, 7, 8,
or 9. Four X-ray structures of HsMetAP1 in complex with four
different bengamide derivatives 5, 7, 8, and 9 in the Mn(II)
form were solved at high resolution (1.47−1.75 Å) (Table 1,
Figure 2B and Figure 3) from crystals obtained individually by
cocrystallization. As seen before on MtMetAP1c20,23 and on
HsMetAP2,5 these bengamides bound to HsMetAP1 similarly
for part of the molecules including the triol moiety and the
tert-butylalkene chain. The triol moiety coordinated with the two
active site metal ions, and the tert-butylalkene chain occupied the
S1 site. However, each of the bengamide derivatives bound
significantly differently from 4 at the amide moiety, exploring
different interactions at the opening of the active site pocket due
to different amide structures.
Clear electron density was seen surrounding the whole

molecule of inhibitor 5 (Figure 3A). However, for inhibitors 7,
8, and 9, although the density is clear on the tert-butylalkene
moiety and the triol moiety, the density is not as clear on the

amide moiety at this contour level (Figure 3B−D). This is
consistent with the smaller average B-factor (17.5) for inhibitor 5
in comparison with those for 7, 8, and 9 (30.6, 22.7, and 27.6,
respectively). However, this observation of lack of electron density
to cover the part of amide moieties is unique to HsMetAP1
because in the recently solved structures of MtMetAP1c in
complex with 7 or 8, the density was clear all over the inhibitor
molecules.23 Therefore, this lack of density indicates mobility and
poor binding of the amide moiety at the opening of the pocket.
Indeed, all of these bengamide derivatives have similar potencies
in inhibiting the Mn(II) form of HsMetAP1 (IC50: 5, 3.59 μM; 7,
7.45 μM; 8, 5.58 μM; 9, 5.14 μM), suggesting that the major
contributors of the bengamide binding to HsMetAP1 are from the
tert-butylalkene moiety and the triol moiety. It is interesting to
note that in the structure of HsMetAP2 (PDB code 1QZY), the
average B-factor (23.4 ± 1.7) for non-hydrogen atoms in the
amide moiety of the inhibitor molecule 4 is clearly larger than that
(19.8 ± 1.4) for atoms in other parts. Compound 4 is the one
used in structural determination, and compared with the clinically

Figure 1. Chemical structures of natural bengamides (1 and 2) and their synthetic derivatives reported in the literature (3 and 4) and designed and
synthesized in this laboratory (5−9).

Figure 2. Coordination of bengamide derivatives with the metal ions at the dinuclear catalytic site: (A) inhibitor 4 with two Co(II) ions in
HsMetAP2; (B) inhibitors 5 and 7−9 with two Mn(II) ions in HsMetAP1. Inhibitors and protein residues are shown as sticks, and metal ions are
shown as spheres. Coordination between the metal ions and the heteroatoms of the inhibitors or protein residues is shown as dashed lines. Only
metal coordinating protein residues are shown. For coloring of carbon atoms, 4 is yellow, 5 is green, 7 is orange, 8 is magenta, 9 is cyan, and protein
residues are gray. For coloring of non-carbon atoms, oxygen is red and nitrogen is blue. For coloring of the metal ions, Co(II) is green and Mn(II) is
orange.
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tested 3, it lacks the cyclohexanecarboxyl group, which may be
needed for enhanced binding and activity. Clearly, the substitu-
tion on the seven-membered caprolactam ring had significant
influence on in vitro and in vivo activities of these bengamide
derivatives.2 Similarly for our bengamide derivatives 5−9, the
X-ray structures revealed their binding modes on MetAPs and
provided the directions for further modifications. Substitutions to
extend the amide moiety will likely allow exploration of additional
interactions and enhancement of their binding to their targeting
MetAPs.
Structurally Mobile Loop in HsMetAP1 at the Vicinity

of the Binding Pocket. When we built the structures, it was
difficult to model the loop of K132, G133, and T134 in all of
these HsMetAP1 structures. Considering the closeness of this
loop to the active site, it is questionable whether this difficulty
is related to the lack of density around the amide moiety of
inhibitors mentioned above. The final structures have much
larger B-factors for these three residues (Figure 4A and Figure
4C, indicated by an arrow). This led us to reexamine the seven
previously obtained HsMetAP1 structures (2B3H, 2B3K, 2B3L,
2G6P, 2GZ5, 2NQ6, and 2NQ7). Indeed, in all HsMetAP1
structures, with or without a ligand, these residues have larger
B-factors, indicating that their mobility is a common feature in
HsMetAP1 structures.
All MetAPs are homologous in sequence in the catalytic domain,

and E. coli MetAP1 (EcMetAP1) is a typical bacterial MetAP
and the smallest with only the catalytic domain (Figure 4B). On
the other hand, mammalian MetAPs, including HsMetAP1 and
HsMetAP2, have an extension at the N-terminus.10,24 S. cerevisiae
MetAP1 has two zinc fingers in the extension, and the zinc
fingers are essential for normal MAP function in vivo, even

though the in vitro enzyme assays indicate that they are not
involved in catalysis.25 It is interesting to note that when bacterial
MetAPs and mammalian MetAPs are aligned by sequence, this
mobile loop is located right at the junction of the catalytic
domain and the N-terminal extension. When HsMetAP1 was
expressed in E. coli, the full length enzyme was obtained but not
stable during purification and storage, and N-terminal trunca-
tions were observed.26 All HsMetAP1 structures so far, including
ours, start at the N-terminus around Y90, and the structure of
a full length HsMetAP1 remains elusive. The mobility of the
K132−G133−T134 loop may partially contribute to the
instability of protein. Similarly, in all HsMetAP2 structures, the
N-terminus is missing before K110, and the junction (around
T151) of the N-terminal extension and the catalytic domain was
either invisible (Figure 4E, indicated by a dotted line) or showed
much larger B-factors.
The function of the N-terminal extension in MetAP1 and

MetAP2 is not clear, and it is not clear whether the truncated
forms exist in vivo. Previously, we prepared and characterized
truncated HsMetAP1(Δ1−66) and HsMetAP1(Δ1−135) in
E. coli.26 Although the N-terminal extension in HsMetAP1 is
not required for enzyme activity, it has a significant impact on
interaction of the enzyme with its substrates and inhibitors.26

Mycobacterium tuberculosis is a mycobacterium, and MtMe-
tAP1c has a shorter N-terminal extension. Compared with
HsMetAP1, similarly located residues in MtMetAP1c showed
no such mobility as indicated by much tighter B-factors in the
region (Figure 4D). Addlagatta et al. noticed that despite the
structural and sequence changes in this extension, there are two
spatially conserved residues (Y117 and E128 in HsMetAP1, and
Y27 and E35 in MtMetAP1c) that form hydrogen bonds and

Table 1. X-ray Data Collection and Refinement Statistics

inhibitor

5 7 8 9

inhibitor code Y16 Y08 Y10 YZ6
PDB code 4FLI 4FLJ 4FLK 4FLL

Cell Parameters
space group P21 P21 P21 P21
a (Å) 47.8 48.0 47.8 47.8
b (Å) 77.6 77.4 77.5 77.1
c (Å) 48.8 48.5 48.6 48.6
α (deg) 90 90 90 90
β (deg) 90.2 90.0 90.4 90.2
γ (deg) 90 90 90 90

X-ray Data Collection
resolution range (Å)a 50−1.56 (1.59−1.56) 50−1.75 (1.78−1.75) 50−1.47 (1.50−1.47) 50−1.50 (1.53−1.50)
collected reflections 185 568 130 604 215 352 209 851
unique reflections 50 632 35 919 60 021 55 956
completeness (%)a 99.8 (99.3) 99.9 (99.5) 99.5 (96.1) 99.9 (100)
I/σ(I) a 36.1 (2.5) 30.1 (2.2) 41.9 (4.0) 34.2 (3.0)
Rmerge (%)

a 9.6 (53.4) 8.9 (56.2) 9.5 (38.5) 9.5 (53.9)
Refinement Statistics

R (%) 18.3 19.8 19.9 18.0
Rfree (%) 21.1 23.2 22.1 21.3
rmsd bonds (Å) 0.030 0.025 0.031 0.030
rmsd angles (deg) 2.38 2.02 2.43 2.50
no. of solvent molecules 184 137 154 213
⟨B⟩ protein (Å2) 22.4 27.9 22.3 21.1
⟨B⟩ inhibitor (Å2) 17.5 30.6 22.7 27.6
⟨B⟩ water (Å2) 28.6 30.8 27.3 29.3

aValues given in parentheses correspond to the outer shell of data.
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hydrophobic interactions with residues that help form the
substrate-binding pocket (S191, Y195, F309, and H310 in
HsMetAP1, and S93, Y97, and F211 in MtMetAP1c).27 The
mobility of the K132−G133−T134 loop extends at least to
E128, and their mobility may affect the binding of substrates
and inhibitors directly or indirectly. We observed significant
differences in catalysis and inhibition between full-length and
truncated HsMetAP1s.26

Similarities and Differences in Binding of Bengamide
Derivatives on HsMetAP1, HsMetAP2, and MtMetAP1c.
Five residues that coordinate to the two metal ions at the
active site (D97, D108, H171, E204, and E235 in EcMetAP1,
Table 2) and two catalytically involved histidine residues are
conserved in all MetAPs. When the structures of HsMetAP1,
HsMetAP2, and MtMetAP1c are superimposed, the benga-
mides 4 and 5 showed the same binding mode on the three
different MetAP enzymes (Figure 5). Apparently, the two metal
ions dictate the conformation of the metal coordinating
residues and the triol moiety of the bengamide inhibitors.
With the triol moiety in the middle of the linear inhibitors fixed
at the metal site, other parts of the inhibitors had little variation
in the bound conformation.
Type 1 MetAPs are more homologous in the active site pocket,

and most residues that form the pocket are either identical or

conserved (Table 2). This presents a challenge in developing
selective inhibitors for antibacterial purposes that can differentiate
bacterial MetAPs and HsMetAP1 because they all belong to type
1 MetAP. However, at the opening and outside of the pocket,
more structural variations exist for type 1 MetAPs (Figure 6),
and extending the bengamide derivatives to explore additional
interactions will potentially increase not only potency on bacterial
MetAPs but also selectivity. The carbonyl group used to form the
amide moiety in bengamides is properly located and provides a
chemical handle for chemical modifications by attaching different
amino-containing substitutions.
Both HsMetAP1 and HsMetAP2 are potential targets for

developing anticancer drugs. However, because of the important
function played by MetAP in normal cells, it is possible but
unknown whether selective inhibition of one of the two human
MetAP enzymes will provide any therapeutic or toxicological
benefits. Besides the two well-studied human MetAPs, there is
another less-known human MetAP named MetAP1D, which is of
mitochondrial origin.28 It was only biochemically characterized,29

and its structural information is not available. Therefore, selective
inhibitors of human MetAPs are desired to provide the research
tools to elucidate the mechanism of individual human MetAP
in cancer pathogenesis and to generate novel leads as anticancer
agents. Because of the insertion in the catalytic domain in

Figure 3. Binding of the bengamide derivatives 5 (A), 7 (B), 8 (C), and 9 (D) at the active site pocket of HsMetAP1. The inhibitors and protein
residues (sticks) and the Mn ions (spheres) are colored in the same scheme as in Figure 2. The semitransparent surface formed by protein residues is
colored gray for carbon, red for oxygen, and blue for nitrogen. Fobs − Fcalc omit maps (inhibitors were omitted in the models) are shown
superimposed on the refined structures as light green meshes contoured at 3σ.
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HsMetAP2 (Figure 4B), the residues forming the active site pocket
are not paired well between HsMetAP1 and HsMetAP2 (Table 2)
except the metal coordinating residues and two conserved histidine
residues. This variation in the active site pocket provides
opportunities to explore the differences for selectivity. In addition,
significant differences exist outside the pocket (Figure 6B and
Figure 6C) for exploration for increased potency and selectivity.
In conclusion, natural bengamides and synthetic bengamide

derivatives are inhibitors of MetAPs, and their unique binding

modes make them an ideal template for developing potent and
selective MetAP inhibitors as therapeutics. The X-ray structures
of MetAP enzymes in complex with different bengamide
derivatives provide the valuable structural information for such
inhibitor development.

■ EXPERIMENTAL SECTION
Compounds used in the experiments were synthesized in this labora-
tory and were at least 95% pure on the basis of HPLC−MS.20 Proteins

Figure 4. Flexible K132−G133−T134 loop in HsMetAP1 at the junction of the catalytic domain and the N-terminal extension. The structure of
HsMetAP1 with 5 is shown as ribbon drawing (A) and as putty drawing (C) with the tube diameters proportional to B-factors. For comparison, the
structures of MtMetAP1c with 5 (D) and HsMetAP2 with 4 (E) are also shown as putty drawings. The active site is shown as semitransparent
surfaces with the inhibitor and metal ions. The flexible loop in human MetAP1 is indicated by an arrow in parts Aand C. The junction residues in
HsMetAP2 are invisible in 1QZY and indicated by a dotted line in part E. All of the structures were adjusted to similar orientations with the same
color scheme as in Figure 2. HsMetAP1 belongs to type 1 MetAP, as EcMetAP1 and MtMetAP1c, while HsMetAP2 belongs to type 2 MetAP with a
typical insert for MetAP2, and their domain structures are shown in part B.

Figure 5. Stereoview of the superimposed bengamide derivatives 5 (with HsMetAP1, carbon green; with MtMetAP1c, carbon gray) and 4 (with
HsMetAP2, carbon yellow) at the active site with coordination to catalytic metal ions (shown as green or orange spheres). The left panel and the
right panel are a stereopair, and one was rotated 6° to the other along z axis for viewing in stereo. The inhibitors are thicker sticks, and the protein
residues are thinner sticks. Only five metal-coordinating residues and two catalytically important histidine residues (see Table 2) are shown.
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were expressed in E. coli and purified to homogeneity as previously
described with minor modifications.26 Crystals of the enzyme−
inhibitor complexes were obtained independently by microbath
method under paraffin oil at room temperature. Each of the inhibitors
(5, 7, 8, and 9; 100 mM in DMSO) was added to concentrated
metalated enzyme (10 mg/mL, 0.27 mM protein; 0.675 mM metal) in
20 mM Tris, pH 8.0, and 100 mM NaCl, 2 mM DTT, and the molar
ratio of inhibitor to HsMetAP1 was 5:1. The enzyme/inhibitor mixture
was mixed with a reservoir buffer in a 1:1 ratio. The reservoir buffer
was 200 mM sodium acetate, pH 8.0, and 20% PEG 3350 for 5, 7, and
9 and 200 mM sodium formate, pH 7.2, and 20% PEG 3350 for 8.
Diffraction data were collected at the Advanced Photon Source,
Argonne National Laboratory (beamlines 19BM and 19ID) and
processed with HKL3000.30 The crystals belong to space group P21.

In each case, one molecule is in the asymmetric unit. The structures
were solved by molecular replacement with MolRep31 in CCP432 with
CCP4i interface,33 using the previously published HsMetAP1 structure
(PDB code 2NQ6)34 as the search model. The structure was refined
with REFMAC535 with iterative model building using WinCoot.36 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 Y90 in the native protein to the S393, third residue
from the C-terminus, were modeled. Comparison of structures and
generation of structural drawings were carried out by using PyMOL.37

Statistic parameters in data collection and structural refinement are
shown in Table 1. Atomic coordinates and structure factors for the four
structures were deposited in the Protein Data Bank.
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■ ABBREVIATIONS USED
MetAP, methionine aminopeptidase; HsMetAP1, human
MetAP type 1; HsMetAP2, human MetAP type 2; MtMetAP1a,
M. tuberculosis MetAP type 1a; MtMetAP1c, M. tuberculosis
MetAP type 1c; EcMetAP1, E. coli MetAP type 1; IC50,
concentration of 50% inhibition

Table 2. Residues within 4 Å of the Bengamide Inhibitors in
the Active Site Pocket

type 1

HsMetAP1 MtMetAP1c EcMetAP1a
type 2

HsMetAP2b

Residues of Metal Ligation
H303 H205 H171 H331
D240 D142 D108 D262
E367 E269 E235 E459
E336 E238 E204 E364
D229 D131 D97 D251

Two Conserved Histidines
H310 H212 H178 H339
H212 H114 H79 H231

Other Active Site Residues
W353 W255 W221
Y195 Y97 Y62
F309 F211 F177
T231 T133 T99
C203 C105 C70
C211 C113 C78 A230
C301 T203 C169 N329
Y300 F202 Y168 L328
P192 T94 C59
N314 V216 Q182 T343

aBecause no structure of EcMetAP1 with a bengamide has been
obtained, listed are the similarly located residues. bFor HsMetAP2,
only residues that occur at corresponding positions in space in
HsMetAP1 are listed in the same horizontal line.

Figure 6. Overall structures of MtMetAP1c with 5 bound (A), HsMetAP1 with 5 bound (B), and HsMetAP2 with 4 bound (C), shown as surface
drawing (carbon, gray; nitrogen, blue; and oxygen, red). Inhibitors are colored the same as in Figure 5.
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