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Methionine aminopeptidase (MetAP) is a promising target to develop novel antibiotics, because all bacteria
express MetAP from a single gene that carries out the essential function of removing N-terminal methionine
from nascent proteins. Divalent metal ions play a critical role in the catalysis, and there is an urgent need
to define the actual metal used by MetAP in bacterial cells. By high throughput screening, we identified a
novel class of catechol-containing MetAP inhibitors that display selectivity for the Fe(Il)-form of MetAP.
X-ray structure revealed that the inhibitor binds to MetAP at the active site with the catechol coordinating
to the metal ions. Importantly, some of the inhibitors showed antibacterial activity at low micromolar
concentration on Gram-positive and Gram-negative bacteria. Our data indicate that Fe(Il) is the likely metal
used by MetAP in the cellular environment, and MetAP inhibitors need to inhibit this metalloform of MetAP

effectively to be therapeutically useful.

Introduction

Although methionine aminopeptidase (MetAP)“ is considered
as a promising target for development of new antibiotics with
novel mechanism of action,'? current small molecule MetAP
inhibitors with high potencies on purified enzymes failed to
show any significant antibacterial activity.> > This is puzzling
because MetAP carries out removal of the initiator methionine
residue from newly synthesized proteins, and this removal is
critical for activation, distribution, and stability of many
proteins.! MetAP in bacteria is coded by a single gene and is
essential for bacterial survival because deletion of this gene in
Escherichia coli or Salmonella typhimurium was shown to be
lethal.*” Divalent metal ions play a key role in the peptide
hydrolysis catalyzed by MetAP, and purified apoenzyme of
MetAP can be activated by several divalent metals, including
Co(1I), Mn(II), and Fe(II).>* Initially, MetAP was believed to
be a Co(Il) enzyme because Co(II) is among the best activators
and early X-ray structures of MetAP all contain two Co(II) ions
at the active site.'® Most of the currently known MetAP
inhibitors were discovered and characterized with MetAP in the
Co(II)-form. However, we showed that inhibitors of the Co(II)-
form may or may not inhibit other metalloforms of MetAP.>!!
Thus, although there are many factors that an in vitro active
compound may be inactive in vivo, such as absorption or
metabolism, one explanation for the lack of antibacterial
activities may be a disparity between the metalloform tested
using a purified enzyme and the one that is important in cells.

 Coordinates and structure factors for E. coli methionine aminopeptidase
complexed to 22 have been deposited in the Protein Data Bank under the
access code 3D27.
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Walker and Bradshaw'? suggested Zn(IT) as a possible physi-
ologically relevant metal because activity of Zn(II) substituted
MetAP from Saccharomyces cerevisiae increased 1.7-fold under
physiological concentration of reduced glutathione, while that
of Co(II) substitution became inactive under the same condition.
However, Yang et al.'® concluded that Zn(II) is not the
physiologically relevant metal in human type II MetAP and
attributed the stoichiometric amount of Zn(II) associated with
the enzyme to the Zn(Il) that binds on protein surfaces. D’souza
et al.® suggested that E. coli MetAP is a Fe(II) enzyme based
on combination of whole cell metal analysis, enzyme activity
measurements, and studies of substrate binding constants. Mn(II)
is also a candidate because the Mn(Il)-form of E. coli MetAP
is catalytically competent,'* and Mn(I) was suggested to be
the physiological metal for human type II MetAP.'?

In the process of creating research tools to define the actual
metal used by MetAP in cells, we have previously discovered
two distinct classes of novel nonpeptidic MetAP inhibitors (e.g.,
1 and 2 in Figure 1) by screening a diverse chemical library of
small organic compounds; each has a unique structural scaffold
and each comprises several potent inhibitors highly selective
for either the Mn(Il)- or the Co(I)-form of E. coli MetAP.!!
Fe(Il) is one of the best activators of MetAP besides Co(Il)
and the candidate metal for MetAP in E. coli cells.® Now, we
report the discovery of a new class of small molecule MetAP
inhibitors, such as 3 (Figure 1), by high throughput screening
that showed high selectivity toward the Fe(Il)-form. Some of
these inhibitors clearly showed antibacterial activity, suggesting
that Fe(I) is likely the physiologically relevant metal for MetAP
in E. coli cells and maybe also in other bacterial cells.

Results and Discussion

Discovery of MetAP Inhibitors with Selectivity for the
Fe(II)-Form by High Throughput Screening. With no lead
structures available for MetAP inhibitors that are selective for
the Fe(Il)-form, we turned to high throughput screening to
identify such inhibitors with novel chemical structures. Activa-
tion of apoenzyme of E. coli MetAP by divalent metal ions is
instantaneous® so that the screening was performed using
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Figure 1. Metalloform selective inhibitors of E. coli MetAP. Previously discovered 1 and 2 are selective for the Co(II)-form and the Mn(II)-form,
respectively. The newly discovered 3 is selective for the Fe(II)-form. We synthesized 4—10 as derivatives of 3.

purified apoenzyme with Fe(Il) ion added immediately before
monitoring hydrolysis of a fluorogenic substrate. The substrate
Met-AMC is a methionine derivatized with 7-amino-4-meth-
ylcoumarin (AMC), and its hydrolysis produces AMC detectable
by fluorescence.'? Fe(Il) is an excellent activator, while Fe(III)
cannot activate MetAP. Oxidation of Fe(Il) to Fe(Ill) during
the initial 12 min of the reaction was noticeable but not
significant because increase in fluorescence was nearly linear
during this period. The screening assay measured the rate of
substrate hydrolysis by MetAP in the presence or absence of
screening compounds in kinetic mode by monitoring the increase
in fluorescence for 12 min. A total of 74976 compounds were
screened at a single final concentration of 6.25 ug/mL. This
screening campaign generated high-quality data with 7' factors'®
between 0.50 and 0.83 and their average at 0.67. Initial screening
hits were further confirmed by determining their ICsy values
using six serially diluted concentrations. Among confirmed hits
is 3 with a catechol moiety. When 3 was characterized on the
Co(II)-, Mn(II)-, and Fe(II)-forms of E. coli MetAP, it showed
low micromolar potency (13 uM) on the Fe(Il)-form but showed
no activity against the Co(II)- and Mn(II)-forms at the highest
tested concentration of 100 uM (Table 1). Therefore, it has both
significant inhibitory potency and considerable selectivity and
represents an early lead structure for further development.

Metalloform-selective inhibitors are both valuable research
tools to define the physiologically relevant metal for MetAP
and useful lead compounds to develop novel antibacterial,
antifungal, and anticancer agents. Discovery of the new class
of nonpeptidic inhibitors with unique selectivity toward the
Fe(Il)-form once again, demonstrated the power of high
throughput screening technology in identifying compounds with
novel activities.

Requirement of a Catechol Moiety for the Inhibitory
Activity. The lead structure of 3 can be broken down to the
catechol moiety and the thiazole moiety. We initially prepared
4—10 by the route outlined in Scheme 1, in which we substituted
the dihydroxyl group on the phenyl ring of 3 with hydroxyl,
methoxyl, amino, nitro, acetylamido, and aminocarbonyl groups.
We noticed that none of them showed enzyme inhibition on
the three metalloforms tested (up to 100 4M). This result
underscores importance of the catechol moiety for activity, and
the catechol possibly functions as a metal chelating group for
the active site metal ions. The chelation by the adjacent
hydroxyls with the metal likely contributes greatly to its activity
because separating the hydroxyls (4), removing one of the
hydroxyls (5), blocking the hydroxyls (6), or replacement with
amino, nitro, and other groups (7—10) all voided the activity.
These results indicated that the adjacent hydroxyl groups on
the phenyl ring is essential for effective inhibition of the Fe(Il)-
form of MetAP.

Synthesis of Thiazole and Thiophene Derivatives with a
Catechol Moiety. To further understand the key structural
scaffold, four additional thiazoles were designed in which the
catechol moiety is unchanged while attachment of the thiazole
moiety is varied, forming 2-phenylthiazole (14), 4-phenylthi-

azole (11), or 5-phenylthiazoles (12, 13). The syntheses of 11,
12, 13, and 14 are shown in Schemes 1, 2, and 3, respectively.
In Scheme 2, the Michael addition reaction occurred in the
Darzens condensation of methyl dichloroacetate and 30,'” and
the resulted intermediate reacted with ethanethioamide to form
2-methylthiazole-4-carboxylate 31.'® Hydrolysis of 31 gave 32,
followed by condensation with appropriate amines to afford 12a
and 13a. Afterward, the protective group of hydroxyls was
removed to yield 12 and 13 (36—50% yield).

2-Phenylthiazole 14 was synthesized by the Suzuki coupling
reaction as outlined in Scheme 3. Coupling of appropriate
phenylboronic acid with corresponding halogenated thiazole
yielded 14a. The protective group of hydroxyls was removed
by using BCls, yielding 14.

Fifteen thiophene derivatives were also made and can be
divided into 2-phenylthiophenes (15—25) or 3-phenylthiophenes
(26—29) according to their attachment to the catechol moiety.
Same Suzuki coupling was employed to make 15a—29a."
Removal of the protective groups of hydroxyls produced 15
and 16 by using BCl; or 17—29 by using BBrs.

Inhibition of the Co(Il)-, Mn(II)-, or Fe(II)-Form of E.
coli MetAP. We tested the synthesized phenylthiazoles and
phenylthiophenes on the Co(II)-, Mn(II)-, and Fe(Il)-forms of
E. coli MetAP to reveal the structural elements that are important
in inhibitory potency and metalloform selectivity. All thiazoles
11—14, as well as the lead 3, showed low micromolar potency
on the Fe(Il)-form of MetAP and inactivity on the Co(II)- or
Mn(II)-form, displaying considerable selectivity toward the
Fe(II)-form (Table 1). It is interesting to note that although these
thiazoles fused to the catechol with different positions (position
4 of the thiazole ring for 3 and 11, position 5 for 12 and 13,
and position 2 for 14), neither potency nor selectivity was
significantly affected.

Generally speaking, phenylthiophenes inhibited the Fe(II)-
form of E. coli MetAP effectively with low micromolar potency.
Some of the thiophenes, such as 17, 25, and 29, also displayed
low micromolar potency on the Co(II)- and Mn(Il)-forms,
indicating that their selectivity for the Fe(II)-form was reduced.
Nevertheless, 15 and 27 still showed good selectivity for the
Fe(Il)-form.

It is noticeable that all substitutions on the thiazole and
thiophene rings were well tolerated for inhibition of the Fe(II)-
form. MetAP as an exopeptidase has a shallow and mostly
hydrophobic substrate-binding pocket with the catalytic metal
sitting at the bottom of the pocket.'® Consistent with importance
of the catechol moiety in the inhibitory activity and metalloform
selectivity, a binding model is conceivable that the dihydroxyl
group of catechol interacts with the catalytic metal ions, leaving
the substituents on the thiazole or thiophene ring pointing toward
the opening of the pocket. This arrangement for the substituents
explains the observed inhibitory activity.

X-ray Structure of E. coli MetAP in Complex with
Inhibitor 22. To elucidate the exact binding mode of these
newly discovered inhibitors on MetAP enzymes, an X-ray
structure of the enzyme—inhibitor complex is desirable. How-
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Table 1. Inhibition of Enzyme Activity and Bacterial Growth by the Catechol-Containing MetAP Inhibitors®”
HO
Inhibition of enzymatic
activity, [Csp, UM

Inhibition of bacterial growth, ICsg, uM ©

Cmpd R
E. coli E.coli B. B.
Co(Il) - MndIly - Fe(ID AS19 D22 subtilis  megaterium
I
3 >100 >100 13.0 117 (91 564 67.0 (41 69.8 (73
e on “) (41 (73)
S
11 “LL,_/EN)\NHz >100 >100 6.6 145(39)  39.9(11) 28.6 (13)  36.9(26)
o]
N N a <
12 D—H)il/ >\ 923 100 11.1 125(138) 166.8(103) 113 (51) 75.5(62)
%~ 8
O
13 >—H)j’\{>\ >100 >100 154 116 (121) 93.8(73) 186 (125)  175(122)
% s
N/\>
14 %l/ls >100 >100 16.6 235(198) 98.7(66) 397(193) 224 (112)
O
15 D_H% >100 >100 7.8 116 (113) 254 (151) 109 (56) 54.0(79)
%" S
H
16 E/(SHN :] 28.5 34.0 238 110(78) 238(103) 211 (122) 133 (85)
O
17 %Q 237 157 51 32.8 4.0(3) 16.1 (7) 21.2(9)
18 "E/(S\>\ S1.5 28.0 327 87.7(60) 39.1(18) 25.1(10)  26.0(10)
19 “‘&/(S\>\CN 363 304 148 201(11) 442(15) 14.6(13) 1539
20 "LL/ES\>\C| >100 448 12.8 155(7) 7503) 7.1(2) 6.3(2)
21 I\> 427 230 8.0 152(7)  9.0(3) 22.1(8) 15.3(13)
% T8
22 /I\> 62.6 557 129 154(5) 11.8 (6) 21.8(7) 27.8(11)
%S

100 343 140 155(4) 43.0(19)  149(4)  155(6)

[\

P

g
Y =
= P
RN

24 >100 482 9.2 12.4 (5) 13.5(5) 7.8(3) 7.6 (3)
Br.
25 \/I\> 140 224 73 11.3(5) 86.0 (51) 25.2(10) 21.1 (14)
%~ T8
S
26 E/E) 404 275 3.8 299 (15) 2.02) 15.7(9) 192 (10)
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Inhibition of enzymatic

activity, ICso, uM

Inhibition of bacterial growth, ICsp, uM ©

Cmpd R
E coli  E.coli B B.
Co(l)  Mn(ID) - Fe(Il) AS19 D22 subtilis  megaterium
S
27 / P >100 >100 7.4 1859y 371 16.5 (5) 16.0 (5)
1
Cl S
28 D\ 624 48,6 202 6.1(3) 73(2) 6.0(2) 5.0(D)
Cl
At
/ S
29 s 7 2.4 2.1 3.1 10.8(5) 7.7(9) 12.8 (8) 17.5 (10)
Br

“ Relative standard deviations are <20% in all values. * Compounds 4—10 were also tested for inhibition of E. coli AS19 strain, and their ICs( values in
uM are 95.9, 158, 206, 63.3, 204, 117, and 125, respectively. “ Numbers in parenthesis are MIC values in ug/mL.

Scheme 1. Syntheses of 4-Phenylthiazoles”

0 S
R1I:fl\/x a,b,c RW:CEEN%RL‘
S
Rz Rs R; Rs

411
“ Reagents and conditions: (a) ethanethioamide and X = Br for 4, 5, 6,
10; ethanethioamide and X = Cl for 7; thiourea and X = Cl for 11. MeOH,
reflux, 80—90% yield. (b) For converting 7 to 8, 6 N HCI, MeOH, reflux,
50%. (c) For converting 8 to 9, Hy, 10% Pd/C, MeOH, overnight, 70%.

ever, the Fe(Il)-form MetAP poses a significant challenge in
crystallization due to the ease with which the ferrous ions
oxidized and yielded undesirable precipitates of the protein in
our initial crystallization experiments. To circumvent this
problem, we attempted crystallization using the Mn(II)-form
MetAP with several of these newly discovered inhibitors because
we believe that the inhibitors bind to the two metalloforms of
MetAP in the same mode. We succeeded in obtaining diffrac-
tion-quality crystals of E. coli MetAP in complex with 22 in
the Mn(I)-form and solved the structure to 2.2 A resolution
(Figure 2, Table 2).

Consistent with the above prediction of the binding mode
based on observed inhibitory activities of these unique inhibitors,
inhibitor 22 indeed binds to MetAP at the substrate binding
pocket with its hydroxyl groups of the catechol moiety chelating
with two metal ions at the dinuclear metal site. One hydroxyl
oxygen interacts only with the metal labeled as Mn1, which is

Scheme 2. Syntheses of 5-Phenylthiazoles”
O
BHOD)kH a
BnO
30
s~
c Bnomi\l
—
BnO g N

H
12a, 13a

the tighter bound metal ion,'* while the other hydroxyl oxygen
interacts with both Mnl and Mn2 in a monodentate bridging
mode. The distance between the two metal ions is 3.38 A, and
both metal ions exhibit octahedral coordination geometry. A
strictly conserved water molecule (w1) found in many MetAP
structures is also coordinated to Mn2. The phenyl ring of the
inhibitor is not coplanar with the five-membered thiophene ring,
probably to accommodate the steric bulk of an ortho-substituted
ethyl group. The ethyl group is pointing toward inside of the
pocket. This is consistent with our previous findings that small
and nonpolar side chains are tolerated in this pocket.”® The
noncoplanar arrangement makes the conformation of the five-
membered ring more flexible and provides one option of
accommodating larger and more polar groups by rotating the
bond joining the catechol and thiazole or thiophene to position
the substituent toward the mouth of this binding pocket (Figure
2B). This explains the tolerance of functional groups with
different sizes on the five-membered rings.

The Fe(Il)-Form Selectivity. It is intriguing how these
inhibitors achieve metalloform selectivity, considering that X-ray
structures of different metalloforms of MetAP are very similar
overall and at the active site.'"*' Comparing this structure (PDB
code 3D27) with the previous MetAP structure in complex with
the Mn(II)-form selective inhibitor 2 (PDB code 1XNZ), they
are very similar because superimposition of the two structures
gives a root-mean-square deviation (rmsd) value of 0.23 A for
the backbone atoms of residues 4—256 (Figure 2B). With overall
similarity of the two structures, the major difference is the

s
S/< \
N
BnO <~ N b BnO 2
COOH
COOMe
BnO BnO

31 32
s
4 HO < N
> Rs
HO o N

12,13

“ Reagents and conditions: (a) methyl dichloroacetate, Na, MeOH, 0 °C, then ethanethioamide, THF, reflux, 43%. (b) LiOH, MeOH. (c) Amine, EDCI,

DMAP, CH,Cly, 63—70%. (d) BCl3, CH,Cl,, =78 °C, 36—50%.
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Scheme 3. Syntheses of 2-Phenylthiazoles and 2-Thiophenes and
3-Phenylthiophenes”

RGOD/B(OH)Z a RGOD/R borc HOD/R
— —
RO RO HO
14a-29a 14-29

“ Reagents and conditions: (a) Pd(PPhs)4, 2 N Na,CO3, RX (X = Br or
I), DMF, 90 °C (R¢ = Bn for 14—16; R¢ = Me for 17—29), 31—90%. (b)
For 14—16, 1 M BCl;, DCM, —78 °C, 32—73%. (c¢) For 17—29, 1 M BBr3,
DCM, —78 °C, 13—90%.

coordination of the two inhibitors to the metal ions. The Mn(II)-
form selective inhibitor 2 coordinates with the metal ions using
its carboxyl oxygens, while the Fe(II)-form selective inhibitor
22 uses two oxygens from the catechol for the coordination. It

Wang et al.

is likely that electronic properties and the geometry of the two
catechol oxygens in 22 specifically satisfy the requirements for
coordination to the Fe(Il) ions, leading to the observed selectivity
for the Fe(II)-form of MetAP.

The large number of compounds in the screening library were
selected for structural diversity and druglike properties. From
these compounds with diverse structures, this screening cam-
paign by chance identified compounds with a catechol moiety
as inhibitors of the Fe(II)-form MetAP. However, this is not
surprising retrospectively because the catechol moiety is known
for its affinity for Fe(I) and Fe(IIl) ions.”> Microbes use
catechol-containing siderophores, such as enterobactin, for iron
transport.> Analysis of the structures of the active (3, 11—29)
and inactive (4—10) compounds confirms the importance of the
catechol moiety in their inhibitory activity. The two phenolic

N
\ S
C

OH

OH

Figure 2. X-ray structure of E. coli MetAP in complex with 22. (A) Stereo view of the ligand 22 at the binding pocket. The ligand and the residues
at the binding site are shown as sticks (carbon yellow for 22 or gray for the protein residues; nitrogen, blue; oxygen, red; sulfur, orange), Mn(II)

ions are shown as green spheres (Mnl and Mn2), and a conserved water molecule is shown as a red sphere. Fops —

Fq difference map (before 22

was modeled in) is shown superimposed on the refined structure as blue meshes contoured at 2.5 o. Interactions with the metal ions are shown as
black dashed lines. (B) Close-up view of 22, in comparison with 2, at the substrate binding pocket. The structure of the Fe(Il)-form selective
inhibitor 22 (carbon yellow) was superimposed with that of the Mn(II)-form selective inhibitor 2 (carbon gray). The pocket is shown as surface
with colors coded by atom types. Mn(II) ions are shown as partially buried green spheres. (C) Chemical structure of 22.
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Table 2. X-ray Data Collection and Refinement Statistics

Cell Parameters

space group P2,

a (A) 38.5

b (A) 59.9

c(A) 549

B (deg) 106.5
X-Ray Data Collection

resolution range A 39.5-2.2

collected reflections 47549

unique reflections 12282

completeness (%) (last shell) 100 (99.7)

redundancy (last shell) 3.9 (3.8)

I/o (1) (last shell) 19.4 (5.4)

Runerge (%) (last shell) 7.0 (21.6)

Refinement Statistics

resolution range (A) 26.9-2.2

R (%) 19.1

Riree (%) 24.4

rmsd bonds (A) 0.007

rmsd angles (deg) 1.065

no. of solvent molecules 139

(BOoverall (A%) 20.4

Benzyme (A%) 20.2

BOMn(II) ions (A2) 19.5

[(BOinhibitor (A%) 32.8

BOwater (A2) 24.7

hydroxyl groups must be in adjacent positions, which is
consistent with observation in the crystal structure that the two
groups directly coordinate with the metal ions.

Inhibition of Growth of E. coli and Bacillus Bacterial
Strains. MetAP is an essential enzyme in bacteria,”’ and MetAP
in E. coli was suggested to be a Fe(II) enzyme.® Conceivably,
the Fe(Il)-form selective MetAP inhibitors will inhibit growth
of bacterial cells. We selected two E. coli strains (Gram-
negative) and two Bacillus strains (Gram-positive) for testing
these MetAP inhibitors for antibacterial activity. While we did
not see any antibacterial activity from the Co(I)- or Mn(II)-
form selective inhibitors, such as 1 and 2, at the highest
concentration tested (1 mM), we observed for the first time
definite inhibition of cell growth at low micromolar concentra-
tions of MetAP inhibitors (Table 1).

Both E. coli AS19%* and D22 strains have genetic mutations
so that their cell membranes are weakened in different ways
for better penetration by small organic molecules. The two
Bacillus strains are Gram-positive and believed to be more
permeable to small molecules, and they are both wild type
strains. Initial inhibitory activity on growth of E. coli D22 seen
by 3 at 5.6 uM was encouraging. However, it inhibited growth
of other three strains only modestly, and other thiazoles 11—14
did not improve the activity on growth inhibition, although they
maintained potency and selectivity for the Fe(II)-form MetAP.
With both inhibition of enzymatic activity on purified proteins
and inhibition of bacterial growth as guidance, a series of
thiophene derivatives were made and tested. Clearly, most of
the thiophene derivatives showed much improved antibacterial
activity, and the activity was seen on all four strains tested.
Several of the thiophene derivatives have much improved
antibacterial activity over the initial lead 3. The thiophene 28
is among the best with ICsg values of 6.1 uM for E. coli AS19,
7.3 uM for E. coli D22, 6.0 uM for B. subtilis, and 5.0 uM for
B. megaterium.

Inhibition between E. coli AS19 and D22 strains showed
bigger variations than that between two Bacillus strains. For
example, 3, 17, and 26 had much better potency on E. coli D22
than on E. coli AS19, and 15, 16, 19, and 23 showed just the
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opposite. This observation may reflect the different mutations
of E. coli AS19 and D22 strains, which render their membranes
with different permeabilities to different inhibitors. The amide
derivatives 12, 13, 15, and 16 all showed reduced cellular
activity. The fact that they all inhibited the Fe(II)-form MetAP
effectively indicates their possible difficulties in penetrating
bacterial cell membranes due to the amide structure.

These bacterial strains provided the platforms to correlate
inhibition of enzymatic activity and inhibition of bacterial cell
growth. To evaluate the potential as an antibacterial therapeutics,
we also tested two of these inhibitors on wild type E. coli strain
ATCC25922, where its membrane is tougher to penetrate. We
observed reduced but still measurable antibacterial activity with
ICsp at 281 uM and 179 uM for 3 and 21, respectively. This
result confirms the potential to develop MetAP inhibitors with
effective inhibition of the Fe(II)-form MetAP as novel antibac-
terial drugs.

Bacterial MetAP enzymes belong to type I MetAP and are
homologous to human type I MetAP in sequence. Although
human type II MetAP was suggested to be a Mn(II) enzyme, '
the native metal for human type I MetAP is undefined. For
therapeutic applications, MetAP inhibitors should block the
activity of bacterial enzymes but spare the human counterparts.
The metalloform-selective inhibition is a feature that could
potentially be utilized to achieve such selectivity.

Conclusion

By high throughput screening, we discovered a novel class
of inhibitors with potency and selectivity for the Fe(Il)-form of
E. coli MetAP. Structural modifications of the initial lead
structure 3 and X-ray structural analysis of MetAP complexed
with inhibitor 22 confirmed the requirement of a catechol moiety
for the inhibitory activity and revealed their binding mode on
the enzyme. Thiazole derivatives showed both excellent potency
and selectivity of the Fe(Il)-form on the purified enzyme and
displayed considerable activity on growth inhibition of bacterial
cells. Thiophene derivatives maintained effective inhibition of
the Fe(Il)-form of E. coli MetAP, and some of them showed
much improved inhibition on growth of all four tested Gram-
positive and Gram-negative bacterial strains. The correlation
between inhibition of the Fe(II)-form MetAP and antibacterial
activity indicates that the Fe(II)-form is likely the physiologically
relevant metalloform of MetAP, and these unique inhibitors have
potential to be developed as new antibiotics with novel
mechanism of action.

Experimental Section

General Methods. All chemicals were reagent-grade or better
and used as purchased. All reactions were performed under an inert
atmosphere of dry argon or nitrogen using distilled dry solvents,
and most reactions were not optimized. Where NMR data are
presented, 'H spectra were obtained on either a Bruker Avance II
500 (500 MHz) or Varian Gemini 2000 (200 MHz), and '*C spectra
were obtained on a Bruker Avance II 500 (125 MHz). Chemical
shifts were reported in ¢ (ppm) using 6 7.26 signal of CDCl; (‘H
NMR), 6 77.23 signal of CDCl; ('*C NMR), 6 3.31 signal of
CD;OD ("H NMR), 6 49.15 signal of CD;0D (**C NMR), or ¢
2.50 signal of DMSO-d, ("H NMR) as the internal standard. High-
resolution MS data were obtained on either a Thermo Finnigan
MAT-95 XP or a Waters/Micromass LCT. LC-MS analyses were
conducted using an Agilent system, consisting of a 1100 series
HPLC connected to a diode array detector and a 1946D mass
spectrometer configured for positive-ion/negative-ion electrospray
ionization. System A: column, Zorbax SB-C18, 4.6 mm x 150 mm,
5 um; flow rate, 1.0 mL/min; UV wavelength, 254 nm; temperature,
ambient; injection volume, 10 uL; A linear gradient using water
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with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent
B); t = 0 min, 30% B, r = 15 min 100% B, t = 18 min, 100% B.
System B: column, Supelco Ascentis C18, 4.6 mm x 150 mm, 5
um; flow rate, 1.0 mL/min; UV wavelength, 254 nm; temperature,
ambient; injection volume, 10 uL; A linear gradient using water
with 0.1% TFA (solvent A) and methanol with 0.1% TFA (solvent
B); t = 0 min, 25% B, t = 12 min 100% B, r = 17 min, 100% B.

The reaction mixture was generally poured into water, and the
separated aqueous phase was then thoroughly extracted with the
specified solvent. After the mixture was washed with 10% aqueous
HCI and/or NaHCO; (if required), water, and brine, the combined
organic phases were dried over anhydrous Na,SO4 or MgSO, and
then filtered and concentrated under reduced pressure to yield the
crude reaction product. Separations by column chromatography
were carried out using Dynamic Adsorbents Silica Flash 60A
(40—63 u). Concentration and evaporation refer to removal of
volatile material under reduced pressure on a Buchi rotavapor.

General Procedures. Procedure A. General Procedures for the
Preparation of 5—10. To a stirred solution of N-(4-(2-chloroacetyl)-
2-nitrophenyl)acetamide (1.283 g, 5 mmol) in EtOH (30 mL) was
added thioactamide (6 mmol) and the mixture refluxed for 2 h.
After cooling of the solvent, the precipitate was collected to yield
7 (1.18 g, 85%). TLC (SiO,, 30% EtOAc/hexane): Ry = 0.32. 'H
NMR (DMSO-ds, 200 MHz) 6 2.10 (s, 3H), 2.75 (s, 3H), 7.72 (d,
J = 8.4 Hz, 1H), 8.14 (s, 1H), 8.24 (dd, J = 8.4 Hz, 2.2 Hz, 1H),
8.46 (E J = 1.8 Hz, 1H), 10.33 (s, 1H). MS (ESI(+)) m/z 278 [M
+ H]".

A solution of 6N HCI (3 mL) was added to a stirred suspension
of 7 (554 mg, 2 mmol) in ethanol (3 mL), and the resulting mixture
was refluxed for 4 h. The solvent was then vacuum-evaporated,
and the resulting aqueous layer was extracted with EtOAc (100
mL). The organic extracts were washed with saturated NaHCO3
solution, brine, dried (MgSO,), and concentrated to dryness. The
residue was purified by column chromagraphy on silica gel, using
a mixture of CH,Cl,:MeOH (100:3) as the eluent, to provide 8 (235
mg, 50%). '"H NMR (DMSO-ds, 200 MHz) 6 2.71 (s, 3H), 5.91
(br, 2H), 7.09 (d, J = 8.8 Hz, 1H), 7.81 (s, 1H), 7.96 (dd, J = 8.8
Hz, 2.2 Hz, 1H), 8.54 (d, J/ = 1.8 Hz, 1H). MS (ESI(+)) m/z 236
M+ H].

A solution of the nitro derivative 8 (200 mg, 0.85 mmol) was
hydrogenated in the presence of 10% Pd/C (30 mg) at room
temperature for 4 h. The mixture was then filtered through a celite
pad, and the filtrate was evaporated to dryness to afford the amine
9 (596 mg, 70%). TLC (SiO2, 5% MeOH/CH,Cl,): Ry = 0.32. 'H
NMR (CD;0D, 500 MHz) 6 2.72 (s, 3H), 6.72 (d, J = 8.0 Hz,
1H), 7.12 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 7.20 (d, J = 2.0 Hz, 1H),
7.28 (s, 1H). MS (ESI(+)) m/z 206 [M + H] ™.

4-(2-Methylthiazol-4-yl)benzene-1,3-diol (4). This compound was
prepared by a procedure analogous to that of compound 7. Yield:
80%; TLC (SiO,, 30% EtOAc/hexane): Ry = 0.33. 'H NMR
(DMSO-ds, 500 MHz) 6 2.72 (s, 3H), 6.31(dd, J = 8.5 Hz, 4.0
Hz, 1H), 6.33 (d, J/ = 4.0 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 7.73
(s,+1H), 9.51 (s, 1H), 10.93 (s, 1H). MS (ESI(+)) m/z 208 [M +
H]™.

3-(2-Methylthiazol-4-yl)phenol (5). This compound was prepared
by a procedure analogous to that of compound 7. Yield: 85%; TLC
(Si0,, 10% EtOAc/hexane): Ry = 0.12. "H NMR (CDCls, 500 MHz)
0 2.77 (s, 3H), 5.69 (s, 1H), 6.81 (m, 1H), 7.26 (m, 2H), 7.38 (m,
2H). MS (ESI(+)) m/z 192 [M + H]™.

4-(3,4-Dimethoxyphenyl)-2-methylthiazole (6). This compound
was prepared by a procedure analogous to that of compound 7.
Yield: 87%; TLC (SiO,, 20% EtOAc/hexane): Ry = 0.15. "H NMR
(CDCls, 500 MHz) 6 2.77 (s, 3H), 3.92 (s, 3H), 3.97 (s, 3H), 6.90
(d, J = 8.5 Hz, 1H), 7.19 (s, 1H), 7.40 (dd, J = 8.0 Hz, 2.0 Hz,
1H), 7.45 (d, J = 2.0 Hz, 1H). MS (ESI(++)) m/z 236 [M + H]".

2-Hydroxy-5-(2-methylthiazol-4-yl)benzamide (10). This com-
pound was prepared by a procedure analogous to that of compound
7. Yield: 90%; TLC (SiO,, 30% EtOAc/hexane): Ry = 0.25. 'H
NMR (DMSO-dg, 200 MHz) 6 2.48 (s, 3H), 6.71 (d, J = 8.4 Hz,
1H), 7.52 (s, 1H), 7.74 (dd, J = 8.4 Hz, 2.2 Hz, 1H), 8.17 (d, J =
2.2 Hz, 1H); MS (ESI(+)) m/z 235 [M + H] .
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4-(2-Aminothiazol-4-yl)benzene-1,2-diol (11). This compound
was prepared by a procedure analogous to that of compound 7.
Yield: 90%; TLC (SiO,, 60% EtOAc/hexane): R; = 0.15. '"H NMR
(CD;0D, 500 MHz) 6 6.78 (s, 1H), 6.86 (d, J = 8.5 Hz, 1H), 6.98
(dd, J = 8.5 Hz, 2.0 Hz, 1 H), 7.05 (d, J = 2.0 Hz, 1H). *C NMR
(CD;0D, 125 MHz) 6 100.64, 114.34, 117.01, 119.26, 121.33,
141.16, 147.33, 148.88, 172.63.

Procedure B. General procedure for the preparation of 12—13.
A solution prepared from Na (40.3 mmol, 1 g) and MeOH (20
mL) was added to a stirred solution of 3,4-bis(benzyloxy)benzal-
dehyde (31mmol, 9.9 g) and methyl dichloroacetate (37.2 mmol,
3.8 mL) in THF (50 mL) at O °C. After stirring for 15 min, the
solution was warmed to room temperature and stirred for 3 h. The
reaction was poured into brine under ice-bath cooling and extracted
with ethyl acetate. The organic layer was dried over anhydrous
sodium sulfate and evaporated under reduced pressure. Methanol
(20 mL), ethanethioamide (35 mmol, 2.66 g) were added to the
residue and refluxed for 3 h. To above reaction mixture, methane-
sulfonic acid (35 mmol, 2.43 mL) was added and the reaction
mixture was continuously refluxed overnight. The mixture was
cooled to room temperature, and the resulting precipitate 31 (8.2
g, 43%) was collected by filtration. MS (ESI(+)) m/z 447 [M +
HJ™.

Lithium hydroxide monohydrate (0.8 mmol, 35 mg) was added
to a stirred solution of 31 (0.39 mmol, 200 mg) in MeOH/H,O
(0.75 mL/0.25 mL) at O °C and stirred for 1 h with gradual warming
to room temperature. TLC monitoring showed complete consump-
tion of starting material. The solvents were removed, and the residue
was partitioned between EtOAc (10 mL) and H,O (5 mL). The
organic phase was separated, and the aqueous phase was acidified
to pH = 2 with aqueous HCI (1 M) and then extracted with EtOAc.
The combined organic phases were then processed in the usual way
to 32 (190 mg). To the mixture of compound 32 (0.3 mmol, 150
mg), DMAP (0.12 mmol, 16 mg), EDC (0.45 mmol, 87 mg), and
4 A molecular sieves in appropriate DCM at room temperature were
added to cyclopropyl amine (0.3 mmol, 38 uL), and the resulting
mixture was stirred for 8 h at room temperature. The reaction
mixture was diluted with EtOAc (50 mL) and H,O (20 mL). The
aqueous phase was extracted with EtOAc. The combined organic
phases were then processed in the usual way and chromatographed
(1/1 petroleum ether/EtOAc) to yield 12a (100 mg, 63%). Then
the intermediate 12a (0.19 mmol, 100 mg) was dissolved in CH,Cl,
at —80 °C, following 1 M BCl; (1 mL) in CH,Cl, added dropwise
with stirring. Stirring continued at —80 °C for 3 h and room
temperature for 10 h. The reaction was terminated by careful
dropwise addition of water at 0 °C, and the mixture was abstracted
by EtOAc. The combined organic layers were washed with water
and brine and dried with anhydrous magnesium sulfate. The
resulting residue was chromatographed on silica gel (2/1 EtOAc/
hexane) to afford 12 (20 mg, 36%). 'H NMR (CD;0D, 200 MHz)
0 0.56 (m, 2H), 0.77 (m, 2H), 2.64 (s, 3H), 2.72 (m, 1H), 6.82
(2H), 6.97 (d, J = 2.2 Hz, 1H). '*C NMR (CD;0OD, 125 MHz)
6.56, 18.58,23.45,116.11, 117.97, 122.69, 122.97, 142.43, 143.66,
146.14, 147.61, 164.95, 166.50. MS (ESI(+)) m/z 291 [M + H]™*;
HRMS (CI) m/z 290.0726 (calcd for C;4H4N,03S 290.0725).

5-(3,4-Dihydroxyphenyl)-N-isopropyl-2-methylthiazole-4-car-
boxamide (13). This compound was obtained from 32 according
to procedure for 12 (two step 31%); TLC (SiO,, 65% EtOAc/
hexane): Ry = 0.43. "H NMR (CD;0D, 500 MHz) 6 1.20 (d, J =
6.5 Hz, 3H), 1.25 (d, J = 7.5 Hz, 3H), 2.68 (s, 3H), 4.10 (m, 1H),
6.79 (d, J = 8.0 Hz, 1H), 6.86 (dd, J = 8.0 Hz, 2.0 Hz, 1 H), 6.98
(d, J = 2.0 Hz, 1H). >*C NMR (CD;0D, 125 MHz) 6 18.75, 22.65,
42.83, 116.32, 118.11, 122.82, 123.19, 143.10, 143.34, 146.35,
147.75, 164.34, 165.14. HRMS (CI) m/z 292.0883 (calcd for
Ci4H6N2O5S 292.0882).

Procedure C. General procedure for the preparation of 14—29.
To a solution of 2-bromothiazole (0.9 mmol, 146 mg), 3.4-
bisbenzyloxyphenyl boronic acid*® (600 mg, 1.78 mmol), and
tetrakis(triphenylphosphine)-palladium (0) (0.09 mmol, 104 mg)
in DMF (15 mL) was added 2 M aqueous Na,CO; (6 mmol, 3
mL). The reaction mixture was stirred at 80 °C for 15 h. The
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reaction was quenched with water (100 mL) and extracted with
EtOAc (300 mL). The combined organic layers were washed with
water and brine and dried with anhydrous magnesium sulfate. The
solvent was removed in vacuo. The resulting residue was chro-
matographed on silica gel (5—50% EtOAc/hexane) to afford
intermediates 14a. Yield 67%. '"H NMR (CDCls, 200 MHz) 0 5.22
(s, 2H), 5.24 (s, 2H), 6.97 (d, J = 8.4 Hz, 1H), 7.31—7.51 (12H),
7.66 (d, J = 1.8 Hz, 1H), 7.80 (d, J = 3.2 Hz, 1H). MS (ESI(+))
mlz 374 [M + H]*.

Then the intermediate 14a (0.5 mmol, 187 mg) was dissolved
in CH,Cl, (3 mL) at —80 °C, following 1 M BCl; in CH,Cl, (3
mL) added dropwise with stirring. Stirring continued at —80 °C
for 3 h and room temperature for 5 h. The reaction was terminated
by careful dropwise addition of water (5 mL) at 0 °C, and the
mixture was abstracted by EtOAc (15 mL). The combined organic
layers were then processed in the usual way and chromatographed
on silica gel (50—100% EtOAc/hexane) to afford 14 (71 mg, 73%).
'"H NMR (CD;0D, 500 MHz) 6 6.98 (d, J = 8.0 Hz, 1H), 7.40 (d,
J =2.0 Hz, 1H), 7.41 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 791 (d, J =
4.0 Hz, 1H), 8.10 (d, J = 3.5 Hz, 1H). '>C NMR (CD;0D, 125
MHz) 6 115.29, 117.57, 119.28, 122.04, 122.39, 135.52, 147.95,
153.16, 173.59; MS (ESI(—)) m/z 192 [M — H] .

2-(3,4-Bis(benzyloxy)phenyl)-N-cyclopropylthiophene-3-carboxa-
mide (15a). This compound was obtained from 3,4-bisbenzylox-
yphenyl boronic acid and 2-bromo-N-cyclopropylthiophene-3-
carboxamide?” according to the procedure described for 14a in 55%.
TLC (SiO,, 50% EtOAc/hexane): Ry = 0.21. '"H NMR (CDCls,
500 MHz) 6 0.22 (m, 2H), 0.68 (m, 2H), 2.68 (m, 1H), 5.17 (s,
2H), 5.24 (s, 2H), 5.51 (brs, 1H), 6.98 (m, 2H), 7.06 (m, 1H), 7.21
(d, J = 5.5 Hz, 1H), 7.33 (m, 2H), 7.38 (m, 4H), 7.41 (d, J = 5.5
Hz, 1H), 7.47 (m, 4H).

N-Cyclopropyl-2-(3,4-dihydroxyphenyl)thiophene-3-carboxam-
ide (15). This compound was obtained from 15a according to the
procedure described for 14 in 32%. TLC (SiO,, 60% EtOAc/
hexane): Ry = 0.32. "H NMR (CD;0D, 500 MHz) 6 0.42 (m, 2H),
0.69 (m, 2H), 2.71 (m, 1H), 6.79 (m, 2H), 6.88 (m, 1H), 7.16 (d,
J =5.5Hz, 1H), 7.29 (d, J = 5.5 Hz, 1H). *C NMR (CD;0D,
125 MHz) 0 6.51, 23.74, 116.60, 117.23, 121.85, 125.04, 125.91,
129.37, 133.67, 146.26, 146.65, 147.44, 170.08. MS (ESI(+)) m/z
276 [M + H]". HRMS (ESI(+)) m/z 276.0696 (calcd for
C14H14NO;5S 276.0694).

5-(3,4-Bis(benzyloxy)phenyl)-N-cyclopropylthiophene-2-carboxa-
mide (16a). This compound was obtained from 3,4-bisbenzylox-
yphenyl boronic acid and 5-bromo-N-cyclopropylthiophene-2-
carboxamide?” according to the procedure described for 14a in 60%.
TLC (SiO,, 25% EtOAc/hexane): Ry = 0.12. '"H NMR (CDCls,
200 MHz) 6 0.69 (m, 2H), 0.79 (m, 2H), 2.63 (m, 1H), 4.88 (s,
2H), 4.99 (s, 2H), 5.82 (s, 1H), 6.72 (m, 1H), 6.82 (m, 2H), 6.69
(m, 2H), 7.10—7.30 (10H). MS (ESI(+)) m/z 456 [M + H]™".

N-Cyclopropyl-5-(3,4-dihydroxyphenyl)thiophene-2-carboxam-
ide (16). This compound was obtained from 16a according to
procedure for 14 in 40%. TLC (SiO,, 50% EtOAc/hexane): Ry =
0.19. '"H NMR (CD;0D, 500 MHz) 6 0.64 (m, 2H), 0.79 (m, 2H),
2.80 (m, 1H), 6.79 (d, J = 8.5 Hz, 1H), 7.01 (dd, J = 8.0 Hz, 2.0
Hz, 1H), 7.08 (d, J = 2.0 Hz, 1H), 7.15 (d, J = 4.0 Hz, 1H), 7.55
(d, J = 4.0 Hz, 1H). '*C NMR (CD;0D, 125 MHz) 6 6.72, 24.01,
114.32, 117.00, 119.15, 123.31, 127.16, 130.84, 137.23, 146.99,
147.62, 151.53, 166.24. MS (ESI(+)) m/z 276 [M + H]*; HRMS
(ESI(—)) m/z 274.0545 (caled for Ci4H;,NOsS 274.0538).

2-(3,4-Dimethoxyphenyl)thiophene (17a). This compound was
obtained from commercial available compound 3,4-dimethoxyphe-
nylboronic acid and 2-bromothiophene according to the procedure
described for 14a in 50%. TLC (SiO,, 5% EtOAc/hexane): Ry =
0.20. 'H NMR (CDCls, 200 MHz) 6 3.91 (s, 3H), 3.94 (s, 3H),
6.88 (d, / = 8.4 Hz, 1H), 7.06 (dd, J = 5.0 Hz, 3.6 Hz, 1H), 7.11
(d, J = 1.8 Hz, 1H), 7.18 (dd, J = 8.4 Hz, 1.8 Hz, 1H), 7.20 (dd,
J =3.6 Hz, 1.0 Hz, 1H), 7.23 (dd, J = 5.0 Hz, 1.0 Hz, 1H). MS
(ESI(+)) m/z 221 [M + H]™.

4-(Thiophen-2-yl)benzene-1,2-diol (17). This compound was
obtained from 17a in presence of BBr; according to the procedure
described for 14 in 57%. TLC (SiO,, 25% EtOAc/hexane): Ry =
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0.30. '"H NMR (CD;0D, 500 MHz) ¢ 6.76 (d, J = 8.5 Hz, 1H),
6.95 (dd, J = 8.0 Hz, 2.5 Hz, 1H), 7.00 (dd, J = 5.0 Hz, 3.5 Hz,
1H), 7.04 (d, J = 2.0 Hz, 1H), 7.15 (dd, J = 3.5 Hz, 1.0 Hz, 1H),
7.22 (dd, J = 5.5 Hz, 1.0 Hz, 1H). '*C NMR (CD;0D, 125 MHz)
0 114.24, 116.86, 118.79, 122.77, 124.39, 128.23, 128.89, 146.18,
146.44, 146.75. MS (ESI(+)) m/z 193 [M + H]™. HRMS (EI) m/z
192.0236 (calcd for C1oHgO,S 192.0245). HPLC purity: system A,
fr 6.29 min (99.12%); system B, g 9.90 min (99.61%).
2-(3,4-Dimethoxyphenyl)-5-methylthiophene (18a). This com-
pound was obtained from commercial available compound 3.4-
dimethoxyphenylboronic acid and 2-iodo-5-methylthiophene ac-
cording to the procedure described for 14a in 64%. TLC (SiO,,
5% EtOAc/hexane): Ry = 0.21. "TH NMR (CDCls, 500 MHz) 6
2.49 (s, 3H), 3.89 (s, 3H), 3.92 (s, 3H), 6.70 (d, J = 3.5 Hz, 1H),
6.85 (d, J = 8.5 Hz, 1H), 6.99 (d, J = 3.5 Hz, 1H), 7.05 (d, J =
2.0 Hz, 1H), 7.10 (dd, J = 8.5 Hz, 2.0 Hz, 1H). MS (ESI(+)) m/z
235 [M + H]™.
4-(5-Methylthiophen-2-yl)benzene-1,2-diol (18). This compound
was obtained from 18a in presence of BBr; according to the
procedure described for 14 in 68%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.31. 'H NMR (CD;0D, 500 MHz) & 2.43 (s, 3H),
6.64 (dd, J = 3.0 Hz, 1.0 Hz, 1H), 6.75 (d, / = 8.0 Hz, 1 H), 6.88
(dd, J = 2.0 Hz, 8.0 Hz, 1H), 6.91 (d, J = 3.5 Hz, 1H), 6.99 (d, J
= 2.0 Hz, 1H). '*C NMR (CD;OD, 125 MHz) ¢ 15.31, 113.85,
116.81, 118.36, 122.51, 127.11, 128.59, 138.98, 143.83, 146.05,
146.65. MS (ESI(+)) m/z 207 [M + H]". HRMS (CI) m/z 206.0400
(caled for C;1H;9O,S 206.0402). HPLC purity: system A, g 7.57
min (95.67%); system B, tg 10.93 min (97.44%).
5-(3,4-Dimethoxyphenyl)thiophene-2-carbonitrile (19a). This
compound was obtained from commercial available compound 3,4-
dimethoxyphenylboronic acid and 5-bromothiophene-2-carbonitrile
according to the procedure described for 14a in 67%. TLC (SiO,,
10% EtOAc/hexane): Ry = 0.20. "H NMR (CDCl;, 200 MHz) 6
3.93 (s, 3H), 3.95 (s, 3H), 6.91 (d, J = 8.4 Hz, 1H), 7.06 (d, J =
1.8 Hz, 1H), 7.17 (d, J = 4.4 Hz, 1H), 7.19 (m, 1H), 7.57 (d, J =
4.4 Hz, 1H). MS (BSI(+)) m/z 246 [M + H]*.
5-(3,4-Dihydroxyphenyl)thiophene-2-carbonitrile (19). This com-
pound was obtained from 19a in presence of BBr; according to
the procedure described for 14 in 68%. TLC (SiO,, 25% EtOAc/
hexane): R = 0.14. '"H NMR (CD;0D, 500 MHz) 6 6.81 (d, J =
8.0 Hz, 1H), 7.04 (dd, J = 8.0 Hz, 2.5 Hz, 1H), 7.09 (d, J = 2.5
Hz, 1H), 7.26 (d, J = 4.0 Hz, 1H), 7.66 (d, J = 4.0 Hz, 1H). *C
NMR (CD;OD, 125 MHz) 6 107.11, 114.47, 115.54, 117.10,
119.60, 123.38, 125.67, 140.31, 147.21, 148.52, 154.34. MS
(ESI(+)) m/z 218 [M + H]". HRMS (CI) m/z 217.0197 (calcd for
C1H/NO,S 217.0197). HPLC purity: system A, tg 6.25 min
(99.30%); system B, tr 7.02 min (99.68%).
2-Chloro-5-(3,4-dimethoxyphenyl)thiophene (20a). This com-
pound was obtained from commercial available compound 3,4-
dimethoxyphenylboronic acid and 2-bromo-5-chlorothiophene ac-
cording to the procedure described for 14a in 70%. TLC (SiO,,
5% EtOAc/hexane): Ry = 0.22. '"H NMR (CDCls, 200 MHz) 0
3.90 (s, 3H), 3.92 (s, 3H), 6.857 (d, J = 4.0 Hz, 1H), 6.860 (d, J
= 8.4 Hz, 1H), 6.95 (d, J = 3.6 Hz, 1H), 6.99 (d, J/ = 1.8 Hz, 1H),
7.0? (dd, J = 8.0 Hz, 2.0 Hz, 1H). MS (ESI(+)) m/z 255 [M +
H]™.
4-(5-Chlorothiophen-2-yl)benzene-1,2-diol (20). This compound
was obtained from 20a in presence of BBr; according to the
procedure described for 14 in 45%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.35. "H NMR (CD;0D, 500 MHz) 6 6.77 (d, J =
8.5 Hz, 1H), 6.86 (d, J = 4.0 Hz, 1H), 6.88 (dd, / = 8.5 Hz, 2.5
Hz, 1H), 6.95 (d, J = 4.0 Hz, 1H), 6.97 (d, J = 2.0 Hz, 1H). '°C
NMR (CD;OD, 125 MHz) 6 113.78, 116.93, 118.50, 122.07,
127.17, 128.36, 132.11, 145.18, 146.91, 146.95. MS (ESI(—)) m/z
225 [M — H] . HRMS (CI) m/z 225.9852 (calcd for C;,H;ClO,S
225.9855). HPLC purity: system A, fg 8.42 min (96.68%); system
B, g 11.90 min (99.60%).
2-(3,4-Dimethoxyphenyl)-3-methylthiophene (21a). This com-
pound was obtained from commercial available compound 3,4-
dimethoxyphenylboronic acid and 2-bromo-3-methylthiophene ac-
cording to the procedure described for 14a in 75%. TLC (SiO,,
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5% EtOAc/hexane): Ry = 0.20. '"H NMR (CDCls, 200 MHz) ¢
2.31 (s, 3H), 3.91 (s, 3H), 3.92 (s, 3H), 6.91 (d, J = 8.0 Hz, 1H),
6.92 (d, J = 5.8 Hz, 1H), 6.97 (d, J = 1.8 Hz, 1H), 7.02 (d, J =
8.0 Hz, 2.2 Hz, 1H), 7.17 (d, J = 5.2 Hz, 1H). MS (ESI(+)) m/z
235 [M + H]".

4-(3-Methylthiophen-2-yl)benzene-1,2-diol (21). This compound
was obtained from 21a in presence of BBr; according to the
procedure described for 14 in 50%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.33. '"H NMR (CD;0D, 500 MHz) 6 2.26 (s, 3H),
6.76 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 6.80 (d, J = 8.5 Hz, 1H), 6.86
(d, J=5.5Hz, 1H), 6.87 (d, J = 2.0 Hz, 1H), 7.15 (d, J = 5.0 Hz,
1H). '*C NMR (CD;OD, 125 MHz) ¢ 15.06, 116.53, 117.36,
121.91, 123.35, 128.12, 131.90, 133.28, 139.46, 146.10, 146.39.
HRMS(CI) m/z 206.0399 (calcd for C;;H;00,S 206.0402). HPLC
purity: system A, fg 7.23 min (99.83%); system B, g 10.59 min
(99.01%).

2-(3,4-Dimethoxyphenyl)-3-ethylthiophene (22a). This compound
was obtained from 3,4-dimethoxyphenylboronic acid and 2-bromo-
3-ethylthiophene®® according to the procedure described for 14a
in 81%. TLC (SiO,, 5% EtOAc/hexane): Ry = 0.21. '"H NMR
(CDCl3, 200 MHz) 0 1.23 (t, J = 7.8 Hz, 3H), 2.68 (q, J = 7.6
Hz, 2H), 3.91 (s, 3H), 3.92 (s, 3H), 6.88—7.02 (4H), 7.20 (d, J =
5.0 Hz, 1H). MS (ESI(+)) m/z 249 [M + H]™.

4-(3-Ethylthiophen-2-yl)benzene-1,2-diol (22). This compound
was obtained from 22a in presence of BBr; according to the
procedure described for 14 in 71%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.33. '"H NMR (CD;0D, 500 MHz) 6 1.18 (t, J =
7.5 Hz, 3H), 2.64 (q, J = 7.5 Hz, 2H), 6.73 (dd, J = 8.0 Hz, 2.5
Hz, 1H), 6.81 (d, J/ = 8.0 Hz, 1H), 6.86 (d, J/ = 2.5 Hz, 1H), 6.93
(d, J =5.0 Hz, 1H), 7.16 (d, J = 5.0 Hz, 1H). '>*C NMR (CD;0D,
125 MHz) 6 16.01, 22.95, 116.50, 117.61, 122.16, 123.82, 127.99,
130.00, 139.09, 140.29, 146.15, 146.31. MS (ESI(—)) m/z 219 [M
— H]™. HRMS(CI) m/z 220.0555 (calcd for Cj,H20,S 220.0558).
HPLC purity: system A, fg 8.71 min (99.72%); system B, #z 11.30
min (99.39%).

2-(3,4-Dimethoxyphenyl)-3-propylthiopene (23a). This com-
pound was obtained from 3,4-dimethoxyphenylboronic acid and
2-bromo-3-propylthiophene®® according to the procedure described
for 14a in 70%. TLC (SiO,, 5% EtOAc/hexane): Ry = 0.22. 'H
NMR (CDCls, 200 MHz) 6 0.92 (t, J = 7.2 Hz, 3H), 1.65 (m,
2H), 2.62 (t, J = 7.8 Hz, 2H), 3.90 (s, 3H), 3.92 (s, 3H), 6.82—7.01
(4H), 7.19 (d, J = 5.4 Hz, 1H). MS (ESI(+)) m/z 263 [M + H] ™.

4-(3-Propylthiophen-2-yl)benzene-1,2-diol (23). This compound
was obtained from 23a in presence of BBr; according to the
procedure described for 14 in 13%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.33. '"H NMR (CD;0D, 500 MHz) 6 0.89 (t, J =
7.5 Hz, 3H), 1.59 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 6.72 (d, J =
8.0 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.85 (s, 1H), 6.91 (d, J =
5.0 Hz, 1H), 7.17 (d, J = 4.5 Hz, 1H). '>’C NMR (CD;0D, 125
MHz) 6 14.39, 25.32, 31.81, 116.47, 117.77, 122.29, 123.69,
128.07, 130.38, 138.77, 139.64, 146.19, 146.33. MS (ESI(+)) m/z
235 [M + H]". HRMS(CI) m/z 234.0705 (calcd for Ci3H; 40,8
234.0715). HPLC purity: system A, fg 9.19 min (99.77%); system
B, g 11.94 min (99.60%).

3-Butyl-2-(3,4-dimethoxyphenyl)thiophene (24a). This compound
was obtained from 3,4-dimethoxyphenylboronic acid and 2-bromo-
3-butylthiophene®® according to the procedure described for 14a
in 72%. TLC (SiO,, 5% EtOAc/Hexane): Ry = 0.19. '"H NMR
(CDCls, 200 MHz) ¢ 0.68 (t, J = 7.4 Hz, 3H), 1.13 (m, 2H), 1.39
(m, 2H), 2.45 (t, J = 7.4 Hz, 2H), 3.70 (s, 3H), 3.71 (s, 3H),
6.68—06.77 (4H), 6.98 (d, J = 5.4 Hz, 1H). MS (ESI(+)) m/z 277
M + H].

4-(3-Butylthiophen-2-yl)benzene-1,2-diol (24). This compound
was obtained from 24a in presence of BBr; according to the
procedure described for 14 in 15%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.33. '"H NMR (CD;0D, 500 MHz) 6 0.87 (t, J =
7.5 Hz, 3H), 1.30 (m, 2H), 1.55 (m, 2H), 2.62 (t, J = 7.0 Hz, 2H),
6.71 (d, J = 8.0 Hz, 1 H), 6.79 (d, J = 8.0 Hz, 1H), 6.83 (d, J =
2.0 Hz, 1H), 6.91 (d, J = 5.0 Hz, 1H), 7.61 (d, J = 3.5 Hz, 1H).
'13C NMR (CD;0D, 125 MHz) 6 14.31, 23.60, 29.38, 34.45, 116.47,
117.78, 122.29, 123.72, 128.06, 130.37, 138.93, 139.53, 146.20,
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146.35. MS (ESI(+)) m/z 249 [M + H]". HRMS(CI) m/z 248.0858
(caled for C14H60,S 248.0871). HPLC purity: system A, fg 10.25
min (99.96%); system B, fg 12.57 min (99.01%).
2-(2-(3,4-Dimethoxyphenyl)thiophen-3-yl)ethanol (25a). This com-
pound was obtained from 3.4-dimethoxyphenylboronic acid and
2-(2-bromothiophen-3-yl)ethanol*® according to the procedure
described for 14a in 50%. TLC (SiO,, 30% EtOAc/hexane): Ry =
0.15. "H NMR (CDCl;, 200 MHz) 6 2.95 (t, J = 6.2 Hz, 3H), 3.84
(t, J= 6.6 Hz, 2H), 3.91 (s, 3H), 3.92 (s, 3H), 6.93 (m, 1H), 7.00(m,
2H), 7.25 (m, 2H).
4-(3-(2-Bromoethyl)thiophen-2-yl)benzene-1,2-diol (25). This
compound was obtained from 25a in presence of BBr; according
to the procedure described for 14 in 38%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.30. 'H NMR (CD;OD, 500 MHz) ¢ 3.17 (t, J =
7.5 Hz, 2H), 3.53 (t, J/ = 7.5 Hz, 2H), 6.74 (dd, J = 8.5 Hz, 2.0
Hz, 1H), 6.81 (d, J = 8.5 Hz, 1H), 6.84 (d, / = 2.0 Hz, 1H), 6.99
(d, J =5.0 Hz, 1H), 7.23 (d, J/ = 5.0 Hz, 1H). '>*C NMR (CD;0D,
125 MHz) 6 32.78, 33.50, 116.65, 117.71, 122.27, 124.32, 127.23,
130.00, 135.43, 141.62, 146.56, 146.64. MS (ESI(+)) m/z 299/
301 [M + H]*. HRMS(CI) m/z 297.9653 (caled for Cj,H;BrO,S
297.9663). HPLC purity: system A, fg 8.54 min (99.33%); system
B, g 11.42 min (98.10%).
3-(3,4-Dimethoxyphenyl)thiophene (26a). This compound was
obtained from commercial available compound 3,4-dimethoxyphe-
nylboronic acid and 3-bromothiophene according to the procedure
described for 14a in 64%. TLC (SiO,, 5% EtOAc/hexane): Ry =
0.20. 'H NMR (CDCls, 200 MHz) 6 3.91 (s, 3H), 3.94 (s, 3H),
6.90 (d, J = 8.4 Hz, I1H), 7.10 (d, J = 1.8 Hz, 1H), 7.15 (dd, J =
8.4+Hz, 1.8 Hz, 1H), 7.32—7.38 (3H). MS (ESI(+)) m/z 221 [M +
H]™.
4-(Thiophen-3-yl)benzene-1,2-diol (26). This compound was
obtained from 26a in presence of BBr; according to the procedure
described for 14 in 57%. TLC (SiO,, 25% EtOAc/hexane): Ry =
0.32. 'H NMR (CD;0D, 500 MHz) ¢ 6.77 (d, J = 8.0 Hz, 1H),
6.97 (dd, J = 8.0 Hz, 2.5 Hz, 1H), 7.06 (d, J = 2.5 Hz, 1H), 7.32
(dd, J = 5.0 Hz, 1.0 Hz, 1H), 7.37 (dd, J = 3.0 Hz, 1 Hz, 1H),
7.39 (dd, J = 5.0 Hz, 3.0 Hz, 1H). '*C NMR (CD;0D, 125 MHz)
0 114.68, 116.79, 119.16, 119.37, 126.86, 127.17, 129.74, 143.87,
145.90, 146.62. MS (ESI(+)) m/z 193 [M + H]*. HRMS (EI) m/z
192.0238 (calcd for C1oHgO,S 192.0245). HPLC purity: system A,
tr 6.07 min (97.24%); system B, g 9.59 min (98.16%).
3-(3,4-Dimethoxyphenyl)-2,5-dimethylthiophene (27a). This com-
pound was obtained from 3,4-dimethylphenylboronic acid and
3-iodo-2,5-dimethylthiophene-2,5-dimethylthiophene®® according to
the procedure described for 14a in 90%. TLC (SiO,, 5% EtOAc/
hexane): Ry = 0.28. "H NMR (CDCl;, 200 MHz) 6 2.43 (s, 3H),
2.44 (s, 3H), 3.90 (s, 3H), 3.91 (s, 3H), 6.68 (1H), 6.89—6.91 (3H).
MS (ESI(+)) m/z 249 [M + H]™.
4-(2,5-Dimethylthiophen-3-yl)benzene-1,2-diol (27). This com-
pound was obtained from 27a in presence of BBr; according to
the procedure described for 14 in 90%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.34. '"H NMR (CD;0D, 500 MHz) & 2.36 (s, 3H),
2.37 (s, 3H), 6.59 (s, 1H), 6.66 (m, 1H), 6.78 (m, 2H). '*C NMR
(CD50D, 125 MHz) ¢ 14.31, 15.15, 116.38, 116.88, 121.37, 127.55,
128.49, 130.53, 136.15, 139.75, 145.26, 146.14. MS (ESI(+)) m/z
221 [M + H]". HRMS(CI) m/z 220.0551 (calcd for Cj,H ;20,8
220.0558). HPLC purity: system A, fg 9.61 min (98.52%); system
B, g 12.31 min (99.55%).
3-(3,4-Bis(benzyloxy)phenyl)-2,5-dichlorothiophene (28a). This
compound was obtained from 3,4-bis(benzyloxy)phenylboronic acid
and 3-bromo-2,5-dichlorothiophene according to the procedure
described for 14a in 68%. TLC (SiO,, 5% EtOAc/hexane): Ry =
0.51. "H NMR (CDCl;, 500 MHz) 6 5.198 (s, 2H), 5.202 (s, 2H),
6.81 (s, 1H), 6.97 (d, J = 8.0 Hz, 1H), 7.01 (dd, J = 8.0 Hz, 2.0
Hz, 1H), 7.12 (d, J = 2.0 Hz, 1H), 7.32 (m, 2H), 7.37 (m, 4H),
7.45 (m, 4H). MS (ESI(+)) m/z 463 [M + Na]™.
4-(2,5-dichlorothiophen-3-yl)benzene-1,2-diol (28). This com-
pound was obtained from 28a in presence of BCl; according to
the procedure described for 14 in 57%. TLC (SiO,, 25% EtOAc/
hexane): Ry = 0.37. "H NMR (CD;0D, 500 MHz) 6 6.81 (d, J =
8.0 Hz, 1H), 6.86 (dd, J/ = 8.0 Hz, 2.0 Hz, 1H), 6.97 (s, 1H), 6.99
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(d, J = 2.0 Hz, 1H). '>*C NMR (CD;0D, 125 MHz) § 116.54,
116.69, 121.15, 121.48, 126.38, 127.03, 129.19, 140.10, 146.43,
146.84. MS (ESI(+)) m/z 259/261 [M — H]". HRMS(CI) m/z
259.9459 (caled for CoHgC,0,S 259.9466). HPLC purity: system
A, tr 9.75 min (99.80%); system B, tr 12.72 min (99.00%).

3-Bromo-4-(3,4-dimethoxyphenyl)-2,5-dimethylthiophene (29a).
This compound was obtained from 3,4-dimethylphenylboronic acid
and 3,4-dibromo-2,5-dimethylthiophene®° according to the proce-
dure described for 14a in 31%. TLC (SiO,, 5% EtOAc/hexane): R¢
= 0.30. '"H NMR (CDCls, 200 MHz) 6 2.31 (s, 3H), 2.40 (s, 3H),
3.89 (s, 3H), 3.92 (s, 3H), 6.82 (m, 2H), 6.93 (d, / = 8.8 Hz, 1H).
MS (ESI(+)) m/z 327/329 [M + H]*.

4-(4-Bromo-2,5-dimethylthiophen-3-yl)benzene-1,2-diol  (29).
This compound was obtained from 29a in presence of BBrj
according to the procedure described for 14 in 40%. TLC (SiO,,
25% EtOAc/hexane): Ry = 0.40. '"H NMR (CD;0D, 500 MHz) ¢
2.26 (s, 3H), 2.34 (s, 3H), 6.53 (d, J = 8.0 Hz, 1H), 6.66 (s, 1H),
6.80 (d, J = 8.0 Hz, 1H). '*C NMR (CD;0D, 125 MHz) 6 14.58,
15.18, 112.26, 116.15, 118.57, 123.08, 128.48, 129.07, 130.92,
132.87, 139.97, 146.00. MS (ESI(+)) m/z 299/301 [M + H]™.
HRMS(CI) m/z 297.9655 (calcd for Cj,H;BrO,S 297.9663). HPLC
purity: system A, fgr 9.56 min (99.30%); system B, 7z 12.29 min
(99.42%).

MetAP Enzymatic Activity Assay. The recombinant E. coli
MetAP was purified from BL21(DE3) cells as apoenzyme.’ Met-
AMC was purchased from Bachem Bioscience (King of Prussia,
PA). Enzyme activity was monitored by following the hydrolysis
of MetAMC (¢ 360 nm, Aep, 460) on a SpectraMax Gemini XPS
plate reader (Molecular Devices, Sunnyvale, CA), carried out on
384-well plates at room temperature. The assay consisted of an 80
uL assay mixture containing 50 mM MOPS (pH 7.0), 200 uM Met-
AMC, 500 nM apoenzyme, metal ions (50 uM FeCl, with 100 uM
ascorbic acid, 10 uM CoCl,, or 20 uM MnCl,), and an inhibitor at
serially diluted concentrations. The ICs values were calculated from
nonlinear curve fitting procedures of percent inhibition as a function
of inhibitor concentrations.

High Throughput Screening. A chemical library of 74976 small
organic molecules used for screening was purchased from Chem-
Bridge and ChemDiv (both at San Diego, CA), and these
compounds were selected from vendors’ much larger compound
collections for structural diversity and druglike properties. Reactive,
unstable, and potentially toxic compounds were eliminated in the
selection process. All compounds have molecular weight between
150 and 480 and calculated LogP (cLogP) below 5. The assay was
performed on 384-well flat-bottom polystyrene microplates on a
SpectraMax Gemini XS microplate fluorescence reader (Molecular
Devices Corp., Sunnyvale, CA). The screening compounds were
distributed on 213 plates at a final compound concentration of 6.25
ug/mL. Each plate had 352 compound wells and 32 positive and
negative control wells. The negative control wells contained no
screening compounds, and the positive control wells contained no
screening compounds and no apoenzyme. The assay mixture (80
uL final volume) contains 50 mM MOPS (pH 7.0), 1.0 uM apo-
MetAP, 200 uM Met-AMC, and 4 uM FeCl,. Screening hits were
ranked according to their potencies (percent inhibition), and the
top ranked 320 hits with a cutoff at 84% inhibition were selected
for confirmation of inhibitory activity by determining their ICs
values using six serially diluted concentrations. Liquid handling
for hit-picking and serial dilutions was carried out on a Biomek
FX liquid handling workstation (Beckman Coulter Inc., Fullerton,
CA) and a Precision 2000 automated microplate pipetting system
(BioTek Instruments Inc., Winooski, VT).

Bacterial Growth Inhibition Assay. Bacillus megaterium, Bacil-
lus subtilis, and E. coli ATCC 25922 were acquired from Fisher
(Pittsburgh, PA). E. coli strain D22>° was obtained from the E.
coli Genetic Stock Center at Yale (http://cgsc.biology.yale.edu/).
E. coli strain AS19 was obtained as a gift from Dr. Liam Good at
Karolinska Institute. Strain AS19 has a severely depleted li-
popolysaccharides (LPS) layer,?* but its exact mutation is unknown.
Bacterial strains (E. coli AS19, E. coli D22, Bacillus megaterium,
and B. subtilis) grown to exponential phase with 0.5 McFarland
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optical density®' was diluted 1000-fold in Mueller Hinton media
containing 100 mM Tris pH 7.5, which were then dispensed in 40
uL volumes into an opaque 384-well plate containing 20 uL of
inhibitor at increasing concentrations, followed by addition of 20
uL of resazurin for a final concentration of 110 uM. Cell growth
was monitored kinetically by fluorescence (Aex 530 nm, Aep, 590)
for 10 h with 5 min intervals at 37 °C. In the case of E. coli AS19,
resazurin was omitted and the signal monitored by absorbance at
600 nm because the absorbance signal was much more stable for
E. coli AS19 than for the other strains tested. Fluorescence or
absorbance values corresponding to 50—85% of total intensity of
an uninhibited sample were averaged and converted to percent
inhibition to obtain ICsy values as described above. MIC values
were calculated as the concentration of compound resulting in 90%
inhibition of cell growth. Assay was performed for E. coli ATCC
25922 in the presence of resazurin as described above, with the
exception that Tris was not included in the culture medium.

Crystallization and Data Collection. Crystals of the enzyme—
inhibitor complex were obtained by hanging-drop vapor-diffusion
method at room temperature. Inhibitor 22 (100 mM in DMSO) was
added to concentrated apoenzyme (10 mg/mL, 0.4 mM) in 50 mM
Tris.HCI (pH 7.8), and the molar ratio of 22 to MetAP was 6:1.
The enzyme/inhibitor mixture was mixed with the reservoir buffer
(100 mM MES, pH 6.5, 2 mM MnCl,, and 17% PEG 20,000) in a
1:1 ratio. Crystals were seen after about 3 days. After one crystal
was picked up from the mother liquor with a fiber loop, the loop
was dipped into a cryo solution containing 23% glycerol plus the
reservoir solution and then immediately frozen in a nitrogen liquid
stream. Diffraction data to 2.2 A were collected over 180° in 0.5°
increments using an in-house Cu Ka radiation source at 100 K.
Raw reflection data were indexed and integrated using MOSFLM*?
and merged and scaled using SCALA in CCP4** with CCP4i
interface.** The crystal belongs to space group P2;. One molecule
is in the asymmetric unit.

Structural Solution and Refinement. The structure was solved
by molecular replacement with the program Phaser.>> The search
model is the coordinates of an unligated E. coli methionine
aminopeptidase (PDB code 2MAT) with metal ions and water
molecules being removed. The structure was refined with REF-
MACS?® with iterative model building using the program Win-
Coot.?” The refinement was monitored using 5% of the reflections
set aside for free R factor analysis throughout the whole refinement
process. After MetAP protein, two Mn atoms and most of water
molecules were modeled, an Fo,s — Fqe electron density difference
map contoured at 2.5 o level (Figure 2) clearly showed the presence
of the inhibitor 22. The inhibitor was then added according to the
density map. The final structure was analyzed using the program
PROCHECK.*® 99.6% of the main-chain angles of the residues
are in the allowed region, and the residue in 0.4% disallowed
regions is Asn-74, which remains the same conformation in other
E. coli MetAP structures. The resulting map showed clear electron
densities for most of the atoms except for a few side chain atoms
on the molecular surface. Comparison of structures and generation
of structural drawings were carried out by using PyMOL.* Statistic
parameters in data collection and structural refinement are shown
in Table 2.
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