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Abstract of the Dissertation
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Doctor of Philosophy
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2011

Resistance to existing antimicrobial agents is a global threat to human health
care, and new drugs with novel mechanisms of action are required in order to keep
pace with the emergence of drug resistant pathogens. The bacterial fatty acid
biosynthesis (FAS-II) and menaquinone pathways represent attractive yet relatively
unexploited targets for new antibiotic development and consequently there is significant
interest in developing potent inhibitors of enzymes in these two pathways. My research
is mainly focused on the mechanism and inhibition of the enoyl-ACP reductases from
the FAS-Il pathway and dihydroxynaphthoyl-CoA synthase from the menaquinone

pathway.

The mechanism and inhibition of the enoyl-ACP reductase from Mycobacterium
tuberculosis (InhA) was studied. A series of compounds with nanomolar affinity for the

enzyme and reduced lipophilicity were identified. In addition, a slow-onset inhibitor of



InhA that has a Ky value of 22 pM and a residence time of 23 min on the enzyme was
identified and characterized. Site-directed mutagenesis and X-ray structural studies
demonstrated that slow onset inhibition of InhA results in ordering of a substrate-binding
loop that covers the entrance to the binding pocket and thereby locks the inhibitor in the
substrate binding cavity and increases its residence time. This is significant since long
drug-target residence time is thought to be an important factor for in vivo drug activity.

Studies of enoyl-ACP reductases have also been extended to Burkholderia
pseudomallei (bpmFabls) and Yersinia pestis (ypFabV). Mechanistic studies were
performed on two Fabl homologues in B. pseudomallei, which demonstrated that only
one (bpmFabl-1) has enoyl-ACP reductase activity. As a prelude to rational inhibitor
development, the sensitivity of bpmFabl to four diphenyl ethers has been evaluated. In
each case the compounds are nanomolar slow onset inhibitors. Reduction in MIC
values is observed for the Burkholderia sp. efflux pump mutant with all diphenyl ethers
suggesting that bpmFabl-1 is a suitable target for drug discovery provided that efflux
can be circumvented. Mechanistic studies are also performed on the enoyl ACP
reductase FabV homologue in Y. pestis. Steady-state kinetics has been used to study
the reaction mechanism of ypFabV. Preliminary inhibition studies indicate that diphenyl
ethers are not promising leads for developing potent FabV inhibitors.

Interestingly, during the study of the Fabl in B. pseudomallei, we found this
organism has a high level of unsaturated fatty acids (UFAs), but lacks fabA and fabB
homologues that normally found in the UFA biosynthesis pathway. We attempted to
identify the putative frans-2, cis-3-enoyl-ACP isomerase (FabM), which is a key enzyme

in alternative UFA biosynthesis pathway. However, the candidate was characterized



and found as a trans-2, cis-3-enoyl-CoA isomerase. Through sequence alignment with
other members of the crotonase superfamily, conserved catalytic residues were
recognized and enzymatic mechanism for this candidate was proposed.

Finally, the mechanism and inhibition of the dihydroxynaphthoyl-CoA synthase
(MenB) from Mycobacterium tuberculosis was studied. In the menaquinone pathway,
MenB catalyzes the formation of a carbon-carbon bond through a Dieckmann
condensation. We compared the mechanism of the M. tuberculosis MenB enzyme with
that of MenB from E. coli. Kinetic data and X-ray crystallography suggest that MenBs
from M. tuberculosis and E. coli utilize the same substrate for catalysis and share the
same reaction mechanism. In addition, we performed an structure activity relationship
study on MenB inhibitors, based on two studied leads: the 2-amino-4-oxo-
phenylbutanoic acids and the benzoxazinones from high throughput screen. The most
potent compound against MenB exhibits excellent inhibition in vitro with the K4 value of
18 nM. These studies will help us to validate MenB as a target for the development of

novel microbial chemotherapeutics.
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Chapter 1 : Fatty acid and Menaquinone biosynthesis pathway as novel target for

drug discovery

The History of Antibiotics.

An antibiotic is a substance or compound that can either kills bacteria or inhibits
their growth. The term antibiotic was first described by Louis Pasteur and Robert Koch
in 1877; they observed that an airborne bacillus could inhibit the growth of Bacillus
anthracis (1). In the late 1880s, after screening hundreds of dyes against various
organisms, Paul Ehrlich discovered a medicinally useful drug, synthetic antibacterial
Salvarsan, to treat syphilis (2). It ushered in both the birth of the antibiotic revolution and
the significance of antibiotic discovery. In 1928, Fleming made an important observation
concerning the antibiosis by penicillin (3). In the meantime, another synthetic antibiotic
Prontosil was developed and manufactured for commercial use by Domagk in 1932 (2).
The discovery and development of this first sulfonamide drug opened the era of
antibiotics. In 1941, Florey and Chain succeeded in purifying penicillin for clinical use.
The purified antibiotic displayed antibacterial activity against a wide range of bacteria. It
also had low toxicity and could be taken without causing adverse effects. The
development of penicillin led to the ‘golden era’ of antibiotic discovery (1945-1960)
during which most of the current clinically used antibiotics were discovered and

characterized (Figure 1.1) (4).
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Figure 1.1: The history of antibiotics development (4).

However, since the early 1960s, the progress of the new antibiotic discovery
significantly slowed down because of complex research and economic reasons (4).
Moreover, natural selection led to the emergence of drug-resistance within a few years
of antibiotics introduction into the market place (5-7). Consequently, there was an
urgent need to launch novel antibacterial agents that can evade current resistance

mechanisms.

One strategy to develop new antibiotics is to identify and exploit new molecular
targets. This strategy is being favored by the wealth of new genome sequence
information (Figure 1.2) (8). Once novel validated targets are discovered, appropriate
high-throughput screen against diverse compound libraries is carried out. The next
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challenge is to optimize and develop these leads toward antibiotics in a medicinal
chemistry structure—activity relationship (SAR) study followed by testing lead

antimicrobial candidates for safety and efficacy in animal infection models and then in

humans.
Compound
m Hriis {—_\ m m lf-:\
RN M g
_ ﬁ I,' e ',I
- - P T ,-'I_.r"lll | '\."-I
V/ A\ AN e S ()
;/’ —d= ':\}—&;_ | | \
A
Hit DMPK
Genomics HTS identification SAR Safety /efficacy

Figure 1.2: Key steps in the genomics-driven antibiotic drug discovery process

(8).
Abbreviation: HTS, high-throughput screen; SAR, structure—activity relationship;
DMPK, drug metabolism and pharmacokinetics.

Our goal is to understand the mechanism of enoyl-ACP reductases from the fatty
acid biosynthesis pathway and dihydroxynaphthoyl-CoA synthase from menaquinone
biosynthesis pathway in pathogenic bacteria. In addition, we attempt to design and

develop potent inhibitors targeting these enzymes.

Fatty Acid Biosynthesis (FAS-Il) Pathway
The cell plasma membrane consists of phospholipid bilayers with embedded
proteins. It separates the interior of cells from the outside environment. It acts as a

permeability barrier for most molecules, and is also involved in a variety of cellular
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processes such as cell signaling. Therefore, the cell membrane is essential for cell
physiology.

The fatty acid biosynthesis pathway is the principal route for the production of the
metabolic precursor for membrane phospholipid acyl chains. In eukaryotes, fatty acid
synthesis is catalyzed by individual domains of a single protein including acyl carrier
protein domain, the type | fatty acid synthesis (FAS-I). In prokaryotes, fatty acid
synthesis is catalyzed by a series of discrete proteins and a separate acyl carrier
protein, the type Il fatty acid synthesis pathway (FAS-II) (Figure 1.3) (9). FAS-I and
FAS-II have different active site organization, so enzymes involved in FAS-Il pathway
are attractive targets for antibiotics. In addition, genetic knockout and knockdown
experiments proved that FAS-II pathway is essential for the viability of bacteria, and that

fatty acid cannot be scavenged from the host by bacteria (8-10).
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Figure 1.3: Fatty acid synthesis pathway in E. coli.

AccABCD is the acetyl-CoA carboxylase; FabH is the malonyl-CoA:ACP transacylase;
FabG is the B-ketoacyl-ACP reductase; FabA and FabZ are the B-hydroxyacyl-ACP
dehydrases; Fabl is the enoyl-ACP reductase; FabH, FabB and FabF are the -
ketoacyl-ACP synthases. The initial condensation reaction is catalyzed by FabH, while
further rounds of elongation are initiated by FabB or FabF.

FAS-Il is composed of two modules: initiation and elongation. The initiation
module is catalyzed by acetyl-CoA carboxylase (AccABCD), a multi-subunit protein
catalyzing the biotin-dependent carboxylation of acetyl-CoA to malonyl-CoA (77). Then,
the malonyl moiety from malonyl-CoA is transferred to the terminal sulfhydryl of acyl
carrier protein (ACP) through a transthioesterification reaction catalyzed by malonyl-
CoA:ACP transacylase (FabD). ACP acts as the transportation machinery to shuttle
substrates among all the enzymes in the subsequent elongation steps (72).

The elongation module is initiated by a condensation reaction between acetyl-
CoA and malonyl-ACP, which is catalyzed by the condensing enzyme [(-ketoacyl-ACP
synthase lll (FabH) (13). The B-ketoacyl-ACP is then reduced at the C3 position to

produce B-hydroxyacyl-ACP by B-ketoacyl-ACP reductase (FabG) with NADPH as a
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cofactor (714, 15). The third step in the elongation cycle is the dehydration of B-
hydroxyacyl-ACP to form trans-2-enoyl-ACP by (B-hydroxyacyl-ACP dehydratase FabZ
or FabA (76, 17). Finally, enoyl-ACP is reduced to acyl-ACP by NADH-dependent
enoyl-ACP reductase (Fabl) to finish the elongation cycle. Fabl catalyzes the reaction
by reducing the C2 and C3 carbon-carbon double bond of the enoyl-ACP substrate to a
single bond using NADH as cofactor and Tyr-Tyr-Lys triad. This elongation cycle repeat
until the specific chain length is reached and then a thioesterase cleaves the fatty acids
for further cell wall synthesis. In the elongation cycles, B-ketoacyl-ACP synthase | and Il
(FabB and FabF) are used to condense malonyl-ACP and acyl-ACP substrates

generated from the previous cycle.

Enoyl-ACP Reductase

The structure and mechanism of enoyl-ACP reductase Fabl in several organisms
has been thoroughly studied, such as in Escherichia coli (18-22), Mycobacterium
tuberculosis (23, 24), Staphylococcus aureus (25) and Francisella tularensis (26). They
belong to short-chain alcohol dehydrogenase/reductase superfamily (SDR) and have a
highly conserved motif: tyrosine and lysine (Tyr-Xs-Lys) (Table 1.1) (27). The normal
enzyme mechanism involves Tyr donating a proton to C2, and NADH donating a
hydride to C3 of the enoyl substrate. The Tyr proton is replenished by a proton relay
system through Lys, the ribose hydroxyls and a chain of four water molecules that
communicate with solvent. The resulting enol then undergoes tautomerization to yield

the final product (Figure 1.4) (28, 29).



Table 1.1: Comparison of the catalytic signatures of enoyl-ACP reductases.

Name Catalytic signature

M. tuberculosis InhA Phe-Xg-Tyr-Xe-Lys

E. coli Fabl Ser-X40-Tyr-Xs-Lys

B. subtilis FabL Ser-X4o-Tyr-Xs-Lys

V. cholera FabV Ser-X4o-Tyr-Xs-Lys
S-ACP

H,NOC._ -~ Tyr 156
| @\o

\
\\\
\
\
W

H H H
solvent «__ 0 <Jo< 0
H O H H

Figure 1.4: The E. coli enoyl-ACP reductase (Fabl) catalytic mechanism (29).

Two other members of the SDR class of enoyl-ACP reductases, FabL (30) and

FabV (37-33) make this enzyme family more diverse. Bacillus subtilis FabL is only 25 %

identical with E. coli Fabl and uses NADPH as cofactor. Vibrio cholerae FabV is 60 %

larger than the typical SDR family member and the active site motif is Tyr-Xs-Lys (32),

which is two more residues than Fabl and FabL (Table 1.1). The mechanism study of
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FabV in Burkholderia mallei suggests that Y235 has hydrogen bond with K244 and/or
K245. This interaction would lower the pK, of Y235 and facilitate the ability of this

residue to stabilize and protonate the enolate intermediate formed during substrate

reduction (Figure 1.5) (317).

H
—N “NH
Tyr 235 =
H H Lys 245
Hooc\(”'ﬁ ot H
O™ \ H
| \ | E H S 3 H
NADH \ L7
O OH ::: 5:HN /O
R H
,,,,, Mk
NV, O ACP
: 0 0
solvent «__ \5 P’O O

/ \
OO'

7 Lys 244

Figure 1.5: The Burkholderia mallei enoyl-ACP reductase (FabV) catalytic

mechanism (31).
Proposed hydrogen bonding network among the three active site residues (Y235, K244,

and K245), the cofactor, and the enoyl-ACP substrate.



Streptococcus pneumoniae FabK, a flavin-containing protein, is the only enoyl
ACP reductase that does not belong to SDR superfamily (34). In this enzyme catalyzed
reaction, NADH is the reductant, however it acts indirectly by reducing the tightly bound

flavin cofactor. Then the reduced flavin catalyzes the double bond reduction.

Inhibitor of Fabl.
FAS-II pathway offers us several unique binding sites by chemotherapeutic
agents. The Fabl enzymes have been shown to be essential for bacterial growth (35,

36). Below, we will summarize the current status of efforts to inhibit this enzyme.

The diazaborines are a class of heterocyclic boron-containing compounds that
inhibit Fabl via the formation of a covalent bond between the boron atom and the 2'-
hydroxyl of the NAD" ribose (Figure 1.6 and 1.7) (78). The drug mr-stacks with the
nicotinamide ring of NAD" and also has van der Waals interactions with the hydrophobic
substrate-binding pocket. The boron atom and its associated hydroxyl group occupy the
space of the enolate in the putative substrate complex, thus the diazaborine-NAD
adduct is a bisubstrate Fabl inhibitor (78, 27). SAR studies have shown that the diaza-
moiety and the boron atom are essential for activity, and the best derivative
benzodiazaborine has MIC value as low as 1.25 yg/mL against E. coli and 8 pg/mL
against M. tuberculosis H37RV (37-39). However, diazaborines have been abandoned
as a medically useful set of compounds, because of their undesirable inhibition of RNA

processing in eukaryotic cells (40).



diazaborines 2-(toluene-4-sulfonyl)-benzodiazaborine

Figure 1.6: Structure of diazaborines and 2-(toluene-4-sulfonyl)-benzodiazaborine.
R1 in diazaborines can be benzene, naphthalene, thiophene, furan or pyrrole.

Y156

Figure 1.7: Structure of the 2-(toluene-4-sulfonyl)-benzodiazaborine-NAD adduct
bound to ecFabl (pdb code: 1dfg).
The diazaborine is in grey, the NAD" is in cyan, Y156 is in magenta.

The anti-mycobacterial properties of isoniazid (INH) have been known for almost
60 years, however the cellular target for this drug remained obscure until 1994 when a

missense mutation within the mycobacterial inhA gene was shown to confer resistance
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to INH (47). The inhibition of INH is dependent on the activation of the mycobacterial
catalase-peroxidase enzyme KatG to form an adduct with NAD" (INH-NAD adduct) (42).
The INH-NAD adduct is a slow onset inhibitor of InhA with an overall K; value of 0.75 nM
(43). Structural studies have revealed that the INH-NAD adduct is a bisubstrate
inhibitor, and slow onset inhibition is coupled to ordering of the substrate binding loop
(Figure 1.8). However, isoniazid resistant strains were isolated almost immediately
after its clinical use. The rapid development of isoniazid resistance is due to mutations

on KatG (44).

INH-NAD

Yol

Figure 1.8: Structure of the INH-NAD adduct bound to InhA (pdb code: 1zid) (23).
The INH-NAD adduct is in cyan, while the substrate binding loop is colored in red.

Triclosan is a slow onset, tight binding inhibitor of Fabl from E. coli, binding with
E-NAD" complex with K; value of 7 pM (Figure 1.9A) (45-47). Triclosan’s phenol ring
makes Tr-stacking interaction with the nicotinamide ring of NAD", and the hydroxyl group
and ether oxygen of triclosan form hydrogen bonds with both the phenolic oxygen of

Try156 and the 2’-hydroxyl of the nicotinamide ribose. Also there are extensive van der
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Waals interactions with the protein. Finally, binding of triclosan to ecFabl leads to the
ordering of the substrate binding loop, that has been proposed to account for the slow

onset step in the formation of enzyme-inhibitor complex (22).

Extensive SAR studies of diphenyl ether scaffold are explored in our group.
Diphenyl ether analogues have subnanomolar affinity for Fabls from S. aureus (saFabl)
(25), F. tularensis (ftuFabl) (26) and M. tuberculosis (InhA) (48-50) (Figure 1.9B),
where the lowest MIC values for these compounds against the respective organisms

are less than 0.1-1 ug/mL (25, 26, 48-50).
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Figure 1.9: Structure of (A) triclosan bound to ecFabl (pdb code: 1qsg) (22) and

(B) PT70 bound to InhA (pdb code: 2x23) (49).
The triclosan and PT70 are in grey, NAD" is in cyan, the substrate binding loop is

colored red.
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Several new chemical classes of Fabl inhibitors have been discovered recently
from high throughput screens (Figure 1.10, Table 1.2). GlaxoSmithKline screened over
300,000 compounds and identified a benzodiazepine derivative (57). Four related series
of inhibitors, imidazoles (52), indoles (63), naphthyridines (61, 54) and aminopyridines
(55) were identified after chemical optimization. Screening also identified indole-
piperazines (56), pyrazole-based compounds (56) and pyrrolidine carboxamide (57).
Structure-based chemical optimization produced compounds with sub-micromolar 1Csg
value. Other Fabl inhibitors incorporate pyridine and pyridone, such as thiopyridines
(58) and 4-pyridone (59). CrystalGenomics Inc. discovered 2-pyridone that has potent

antibacterial activity against several drug-resistant strains of S. aureus (60).

Another chemical class of Fabl inhibitors was discovered during exploiting the
antibacterial effects of various natural products (Figure 1.10, Table 1.2). These studies
demonstrated that (-)gallocatechin gallate (GCG) inhibits both Fabl and FabG (67).
Linoleic acid (62), iridoid-related aglycone (63), luteolin and curcumin (64) have
antimicrobial activity against S. aureus and E. coli, respectively. Natural compounds are

potentially good leads for the development of novel Fabl inhibitors due to low toxicity.
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Table 1.2: Antimicrobial activity of Fabl inhibitors.

Inhibitor Support Bacterium IC50 MIC
for Target (nM) (mg/mL)
imidazoles X-ray?, OER® S. aureus 0.36 8
indoles X-ray, OER S. aureus 0.11 0.5
naphthyridines X-ray, OER, C14° S. aureus 0.05 0.016
aminopyridines X-ray, OER, C14 S. aureus 24 0.5
pyrazole X-ray M. tuberculosis N/A 2.5
pyrrolidine carboxamide X-ray M. tuberculosis 0.85 62.5
thiopyridines UEHY, C14 S. aureus 4 2
2-pyridone N/A® S. aureus N/A 0.5
4-pyridone N/A S. aureus 0.22 0.25
(ecFabl)
GCG C14 S. aureus 5 200
linoleic acid C14 S. aureus 35 56
iridoid-related aglycone N/A 100 N/A
luteolin OER, Kinetics' E. coli Ki=7.1 74
curcumin OER, Kinetics E. coli Ki=15 74

@ X-ray: structure of co-crystal of inhibitor

® OER: over-expression resistance

©C14: inhibition of C12-acetate incorporation into fatty acids
9 UEH: underexpression hypersensitivity assay

®N/A: not available

" Kinetics: determination of inhibition mode and constants
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Menaquinone Biosynthesis Pathway.

Quinones shuttle electrons between membrane-bound protein complexes in the
electron transport chain (65). They include phylloquinone (vitaimin K4), menaquinone
(MK, vitaimin K3) and ubiquinone (Q). The specific quinones also differ in the number of

repeating isoprene units in the side chain of the molecule (Figure 1.11).

<O S aa
~N
o}
R2=\S;MH R2=§MH
3 n

Phylloquinone Menaquinone, n=3-8
(Vitamin Ky) (Vitamin Ky)

Ubiquinone, n=6-10

Figure 1.11: Structures of the phylloquinone (vitamin K;), menaquinone (vitamin
K2) and ubiquinone (Q).

Acid fast bacteria M. tuberculosis utilizes menaquinone as a lipid-soluble electron
carrier in their electron transport system (66), while Gram-negative bacteria, such as E.
coli, utilize ubiquinone under aerobic conditions and menaquinone under anaerobic
conditions (67). In humans, ubiquinone (Q1o) functions as the electron carrier in the
respiratory chain (67). There is no direct evidence for the menaquinone utilization in
electron transportation by humans. However, menaquinone plays an important role in

blood clotting (68). Humans lack the biosynthetic pathway for menaquinone, which must
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obtain from intestinal bacteria, therefore the menaquinone biosynthetic pathway is

proposed to be a potential drug target.

The menaquinone biosynthesis pathway has been studied extensively in E. coli
(69-72) (Figure 1.12). The biosynthesis of menaquinone is initiated from chorismate
and proceeds through a series of menaquinone-specific reactions. Chorismate is initially
converted into isochorismate by MenF, isochorismate synthase, and then into 2-
succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SEPHCHC) by MenD, a thiamin-
dependent enzyme. Then the transformation of SEPHCHC to 2-succinyl-6-hydroxy-2, 4-
cyclohexadiene-1-carboxylate (SHCHC) requires an additional enzyme, YfbB. The
SHCHC is then dehydrated by MenC to yield an aromatic compound, o-
succinylbenzoate (OSB), followed by the attachment of coenzyme A by MenE to yield o-
succinylbenzoyl-CoA (OSB-CoA). The sixth step is the conversion of OSB-CoA to 1,4-
dihydroxy-2-naphthoyl-CoA (DHNA-CoA) by MenB. After the DHNA-CoA is hydrolyzed
to dihydroxynaphthoic acid (DHNA), MenA catalyzes the attachment of the prenyl side
chain with the loss of a carboxyl group. The last step of the pathway is the methylation,
catalyzed by UbiE, an S-adenosylmethionine (SAM)-dependent methyl transferase. The
menaquinone pathway in Bacillus subtilis, Mycobacterium phlei and M. tuberculosis is

thought to mirror the pathway found in E. coli (65, 73, 74).
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Figure 1.12: Menaquinone biosynthetic pathway in E. coli

Menaquinone is an obligatory component of the electron-transfer pathway in
some bacteria. However, a bioinformatics analysis of whole genome sequences has
shown that some bacteria do not have homologues of the men genes, even though they
produce menaquinone, for example Streptomyces coelicolor A3(2) (75-77), Helicobacter
pylori, Campylobacter jejuni and lactobacilli (78-87). Recent studies support the
existence of an alternative biosynthetic pathway in S. coelicolor A3(2), the futalosine

pathway as illustrated in Figure 1.13 (82, 83).
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Figure 1.13: Menaquinone biosynthetic pathway in S. coelicolor A3(2).
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Inhibitors of Menaquinone Biosynthesis Pathway

Genetic experiments demonstrated that menaquinone plays an essential role for
survival of Gram-positive bacteria (65, 66, 84-87). Consequently, it is speculated that
inhibitors of enzymes in menaquinone biosynthesis have the potential to be developed
as novel drugs. This speculation is supported by several reports. Inhibition of MenA
showed significant growth inhibition for drug-resistant Mycobacterium spp. (88). In
addition, several 1,4-benzoxazines were identified via a high-throughput screen against
MenB. Subsequent SAR studies were performed and resulted in the discovery of
compounds with excellent antibacterial activity against M. tuberculosis H37Rv with MIC
value as low as 0.6 pg/mL (89-97). Additionally, oxythiamine derivatives and
succinylphosphonate esters were found to be MenD inhibitors (92, 93). Furthermore, a
series of vinyl sulfonamides were designed based on MenE enzymatic substrate and an
adenylated molecule showed an excellent MenE enzymatic inhibitory activity in both E.

coli and Bacillus anthracis (94, 95) (Figure 1.14, Table 1.3).
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Table 1.3: Inhibitors of menaquinone biosynthesis pathway

Target Inhibitor Support Bacterium inhibition MIC
for (HM) (ng/mL)
Target
MenA aminomethanone H3? M. tuberculosis N/A 1.5
MenB 1,4-benzoxazines N/AP M. tuberculosis 10 0.6
MenD oxythiamine N/A S. aureus 25 240

C

succinylphosphonate  Kinetics M. tuberculosis Ki=0.7 >128

esters

MenE vinyl sulfonamides Kinetics 5 N/A

@ H3: inhibition of H3 farnesyl-prenyl pyrophosphate incorporation,
® N/A; not available,
¢ Kinetics: determination of inhibition mode and constants

However, a recent study by Nakagawa and coworkers found that ubiA
prenyltransferase containing 1 (UBIAD1) encoded a human homologue of E. coli
prenyltransferase menA, and it can cleave the side chain of phyllooquinone to release
menadione and then prenylate with geranylgeranyl pyrophosphate (GGPP) to form MK-

4 (96, 97). Thus, it could argue that UBIADI may convert phyllooquinone in humans to

MK-4, which can be utilized by Gram-positive pathogens.

In addition, although ubiquinone, phyllooquinone and menaquinone in humans
and menaquinone in bacteria have completely different functions, all of them have

similar structures (Figure 1.11). Therefore, drug discovery targeting menaquinone
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biosynthesis requires careful consideration of quinone distribution and selectivity
against the target protein over other essential quinone-dependent proteins in humans

(67).
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Research Project Overview

This project focuses on mechanism of enzymes in fatty acid biosynthesis and
menaquinone pathways, and structure activity relationship studies on Fabl (InhA) and
MenB inhibitors.

The enoyl-ACP reductase catalyzes the reduction of the carbon-carbon double
bond of the enoyl-ACP substrate. In Chapter 2, 3 and 4, mechanistic characterization
and inhibition studies on InhA from M. tuberculosis, Fabls from

Burkholderia pseudomallei and FabV from Yersinia pestis are performed.

Interestingly, during the study of Fabl in B. pseudomallei, we found this organism
has high amount of unsaturated fatty acids (UFAs), but lacks fabA and fabB
homologues in common UFA biosynthesis pathway. In Chapter 5, we will identify and
study the catalytic mechanism of potential trans-2, cis-3 enoyl-ACP isomerase (FabM),

which is a key enzyme in alternative UFA biosynthesis pathway.

Dihydroxynaphthoyl-CoA synthase (MenB) catalyzes the formation of a carbon-
carbon bond through a Dieckmann condensation. In Chapter 6, the study of MenB
focuses on the mechanistic comparison of MenB from M. tuberculosis and MenB from
E. coli. In addition, we will perform the SAR studies of MenB inhibitors, that are based
on the two types of leads (2-amino-4-oxo-phenylbutanoic acids and benzoxazinones)

identified from high throughput screen.
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Chapter2: Slow Onset Inhibition of Enoyl-ACP Reductase (InhA) from

Mycobacterium tuberculosis

This chapter is based on part of work that has been published in:

Synthesis and in vitro antimycobacterial activity of B-ring modified diaryl ether InhA
inhibitors. am Ende, C. W., Knudson, S. E., Liu, N., Childs, J., Sullivan, T. J., Boyne,
M., Xu, H., Gegina, Y., Knudson, D. L., Johnson, F., Peloquin, C. A., Slayden, R. A,,

Tonge, P. J.. Bioorg. Med. Chem. Lett., 2008, 18, 3029-3033

A slow, tight-binding inhibitor of InhA, the enoyl-ACP reductase from Mycobacterium
tuberculosis. Luckner, S. R.*, Liu, N.*, am Ende, C. W., Tonge, P. J., Kisker, C.. J. Biol.

Chem., 2010, 285, 14330-14337

Background

Tuberculosis and Mycobacterium tuberculosis.

Mycobacterium tuberculosis is the causative agent of tuberculosis (TB), an
infectious disease that is spread all over the world. Two billion people, one-third of the
world population, are infected with tuberculosis, and M. tuberculosis is responsible for

8.8 million new infections and 1.6 million deaths each year (98). These numbers make
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TB as one of the leading infectious causes of death, eclipsed only by AIDS. The
emergence of multidrug resistant M. tuberculosis strains, that are resistant against the
current frontline drugs isoniazid and rifampicin, contribute to the spread and worsen the
situation by lengthening the treatment considerably from 6 months to nearly two years
and thereby increasing the cost for therapy by 20-fold. Extensively drug resistant
strains, that are almost untreatable with current chemotherapeutics, threaten both
developing and industrialized countries (99). Novel drugs with activity against drug
resistant strains are therefore urgently needed to restrain the disease that was once

thought to be under control.

Isoniazid Resistance.

One of the most effective and widely used drugs for the treatment of tuberculosis
is isoniazid (INH). INH is a prodrug that has to be activated by KatG, the mycobacterial
catalase-peroxidase, to form together with NAD(H) the INH-NAD adduct (Figure 2.1)
(42). This adduct is a slow onset inhibitor of InhA, the enoyl-ACP reductase of the
mycobacterial FAS-Il pathway (41, 43). In this pathway, very long chain fatty acids are
generated that act as precursors for mycolic acids, which in turn are essential building
blocks of the unusual waxy cell wall of mycobacteria (700). Inhibition of InhA blocks
mycolic acid biosynthesis, thereby impairing the integrity of the cell wall, and eventually
leading to cell death (707). Since the predominant mechanism of resistance against

isoniazid arises from mutations in KatG (42), new compounds that directly target InhA
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and circumvent the activation step, are promising candidates for combating multidrug

resistant strains of M. tuberculosis.

|
ADPR
Isoniazid (INH) INH-NAD adduct

Figure 2.1: Activation of prodrug isoniazid. Isoniazid and cofactor NAD" form INH-
NAD adduct.

Diphenyl Ether Inhibition Activity against InhA Mutant from Isoniazid and Triclosan
Resistant Strains.

To look for new scaffold of good inhibitors of InhA, we get the idea from triclosan.
Triclosan is a slow onset inhibitor of Fabl, the enoyl-ACP reductase of FAS-Il pathway
from many organisms including Escherichia coli and Plasmodium falciparium (18, 22,
45, 56, 102-106). Since InhA and Fabl have 46% sequence identity and share a high
degree of 3D structural homology, it is thought that triclosan can interact with both
enzymes in a similar fashion. It has been shown that triclosan inhibits InhA directly
(707). Although it is a relatively weak inhibitor of mycobacterial InhA with K; value of
0.2 uM (708), it would be a good starting point to use diphenyl ethers as a scaffold to

develop potent InhA inhibitors.

While developing higher binding affinity inhibitors, it is necessary to characterize

diphenyl ethers activity against InhA mutants from triclosan resistant strains. In

29



Mycobacterium smegmatis, three mutants selected for resistance to triclosan have been
reported (709). They have unique mutations M103T, A124V, and M161V, which are
also conserved in M. tuberculosis. Therefore, it is necessary to test whether diphenyl

ethers are active against these mutant InhAs.

Diphenyl Ether Scaffold Optimization.

Significant progress has been made to improve its affinity towards InhA:
Freundlich and coworkers recently reported the development of potent triclosan
derivatives that demonstrated inhibition of InhA in the nanomolar range with MIC values
of 5-10 yg/mL (770). In our lab, a series of alkyl diphenyl ethers have been developed
using structure based drug design that are nanomolar inhibitors of InhA with MIC values
of 1-2 yg/mL against both drug sensitive and drug resistant strains of M. tuberculosis
(50). However, despite their promising in vitro activity, these compounds have limited in
vivo efficacy (777). This is probably due to these compounds’ low solubility. Based on
the observed relationship between lipophilicity and in vivo efficacy (112, 113), especially
as it pertains to antibacterial compounds, it is needed to design diphenyl ether

analogues that have increased polarity.

Slow Onset Inhibition.

Lots of reported compounds have nanomolar binding affinity with InhA (50, 110);
however all of them are rapid reversible inhibitors. This is significant given the
increasing importance attached to compounds that have long residence times on their

targets (see (1714) and references therein), as recently demonstrated by the correlation
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between residence time and in vivo activity for a series of Francisella tularensis Fabl
inhibitors (26). In addition, the highly successful INH-NAD adduct was shown to be a
slow onset inhibitor of InhA (43). The crystal structures of InhA (pdb code 2nv6 (115))
and the Escherichia coli enoyl reductase (ecFabl), (pdb code 1qg6 (47)) support the
hypothesis that slow onset inhibition is coupled to ordering of an active site loop

(residues 195-210 in InhA), which leads to a closure of the substrate binding pocket.

Towards the design of slow onset diphenyl ether, we speculated that there must
be an entropic penalty for loop ordering. Thus, reducing the conformational flexibility of
the lead diphenyl ether might enable ordering of the active site loop thus in turn

resulting in slow onset enzyme inhibition.

Project Goal.

Previous structure-based design studies resulted in the discovery of nanomolar
alkyl substituted diphenyl ether inhibitors of InhA. We will test whether these potent
inhibitors have activity against InhA mutants found in triclosan strains. Then we will
design diphenyl ether analogues which have reduced lipophilicity, increased solubility
and in vivo efficacy. Based on the knowledge that long drug target residence times is an
important factor for in vivo drug activity, we set out to generate a slow onset inhibitor of
InhA using structure-based drug design, to understand the binding of slow onset

inhibitor to InhA and the process of the slow binding inhibition.

31



Materials and Methods

Expression and Purification of InhA.

The plasmid of InhA, the M. tuberculosis enoyl-ACP reductase, was from
previous lab member Dr. Xujie Zhang. InhA was expressed in E. coli strain BL21 (DE3)
pLysS cell. After transformation, a single colony was used to inoculate 10 mL of Luria
Broth (LB) media containing 0.2 mg/mL ampicillin in a 50 mL falcon tube, which was
then incubated overnight at 37 °C. The overnight culture was then used to inoculate 1 L
of LB media containing 0.2 mg/mL ampicillin, which was incubated at 37 °C until the
optical density at 600 nm (O.D. 600) increased to around 0.8. Protein expression was
induced by adding 1 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) and the culture
was then shaken at 25 °C for 16h. Cells were harvested by centrifugation at 5,000 rpm
for 20 min at 4 °C. The cell paste was then resuspended in 30 mL of His binding buffer
(5 mM imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9) and lysed by sonication. Cell
debris was removed by centrifugation at 33,000 rpm for 60 min at 4 °C. InhA was
purified using His affinity chromatography: the supernatant was loaded onto a His-bind
column (1.5 cm x 15 cm) containing 4 mL of His-bind resins (Novagen) that had been
charged with 9 mL of charging buffer (50 mM Ni,SO,4). The column was washed with 60
mL of His-binding buffer and 30 mL of wash buffer (60 mM imidazole, 0.5 M NaCl, 20
mM Tris HCI, pH 7.9). Subsequently, the protein was eluted using a gradient of 20 mL
elute buffer (60 — 500 mM imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9). Fractions
containing InhA were collected and the imidazole removed using a Sephadex G-25
chromotography (1.5 cm x 55 cm) using Piperazine-1,4-bis(2-ethanesulfonic acid)

(PIPES) buffer (30 mM PIPES, 150 mM NacCl, 1.0 mM EDTA, pH 8.0) as storing buffer.
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The purity of the protein was shown be > 95% by 12% SDS-PAGE, which gave an
apparent molecular mass of ~28 kDa. The concentration of InhA was determined by
measuring the absorption at 280 nm using an extinction coefficient of 30,440 M”'cm™
calculated from the primary sequence. The enzyme was concentrated by using

Centricon-30 (Centricon) and stored at -80 °C after flash freezing with liquid Na.

Site-Directed Mutagenesis, Expression and Purification of InhA Mutants.

InhA mutant M161V plasmid was from previous lab member from Dr. Xujie
Zhang. For other InhA mutants, site-directed mutagenesis was performed using the
QuikChange site-directed mutagenesis method with the primers listed in Table 2.1. The
sequence of each mutant plasmid was confirmed by DNA sequencing. The expression
and purification of each InhA mutant followed the same protocol that is described above

for the wild-type InhA protein.
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Table 2.1: Nucleotide primers

Name Sequence

InhA A124V forward 5 CTTGGCCATCGAAGCATACGAATACACCGAGATGTG &
InhA A124V reversed 5 GTCCAAGGGCATCCACATCTCGGTGTATTCGTATG 3
InhA M103T forward 5 GTCGAAGAACGGGTTGATGCCCGTCCCGGTCTG 3
InhA M103T reversed 5 GGGTTCATGCCGCAGACCGGGACGGGCATCAAC ¥
InhA A198S forward 5 CTATCCGGACGCTGTCGATGAGTGCGATC &
InhA A198S reversed 5 GATCGCACTCATCGACAGCGTCCGGATAG 3’
InhA A198K forward G592A

5' CTATCCGGACGCTGAAGATGAGTGCGATC 3

C593A

5' CTATCCGGACGCTGGAGATGAGTGCGATCG 3'

G594A

5' CTATCCGGACGCTGAAAATGAGTGCGATCGTC &'
InhA A198K reversed  G592A

5' GATCGCACTCATCTTCAGCGTCCGGATAG 3'

C593A

5' CGATCGCACTCATCTCCAGCGTCCGGATAG 3'

G594A

5' GACGATCGCACTCATTTTCAGCGTCCGGATAG 3
InhA A198D forward C593A

5' CTATCCGGACGCTGGAGATGAGTGCGATCG 3'

G594T

5' CTATCCGGACGCTGGATATGAGTGCGATCGTC 3'
InhA A198D reversed C593A

5' CGATCGCACTCATCTCCAGCGTCCGGATAG 3'
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G594T
5' GACGATCGCACTCATATCCAGCGTCCGGATAG 3'
InhA A198V forward 5' CTATCCGGACGCTGGTGATGAGTGCGATCG 3'
InhA A198V reversed 5' CGATCGCACTCATCACCAGCGTCCGGATAG 3'
InhA M199S forward  T596G
5 GGACGCTGGCGAGGAGTGCGATCGTC 3
G597T
5 GACGATCGCACTCCTCGCCAGCGTCC ¥
InhA M199S reversed T596G
5 GACGCTGGCGAGTAGTGCGATCGTC ¥
G597T
5 GACGATCGCACTACTCGCCAGCGTC 3’
InhA V203A forward 5" GAGTGCGATCGCGGGCGGTGCGCTC 3
InhA V203A reversed 5' GAGCGCACCGCCCGCGATCGCACTC 3
InhA 1215A forward 5' CCGGCGCCCAGGCGCAGCTGCTCGAG 3
InhA 1215A reversed  5' CTCGAGCAGCTGCGCCTGGGCGCCGG 3

Synthesis of Trans-2-Dodecenoyl-CoA.

Trans-2-dodecenoyl-CoA (DD-CoA) was synthesized from trans-2-dodecenoic
acid by using the mixed anhydride method as described previously (27). A 25 mL of
three-neck round bottom flask was vacuumed and charged with N, three times to make
sure the reaction is N2 environment. 8-10 mL of anhydrous THF, followed by 0.882 mL
(4.08 mmol) trans-2-dodecenoic acid, 0.568 mL (4.08 mmol) triethylamine were added
into flask with syringe, and then 0.39 mL (4.08 mmol) ethyl chloroformate was added

dropwise. The solution was stirred at room temperature overnight. Next day, the mix
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anhydride was separated from salt by filtration and then added dropwise to a CoA
solution in 50mM Na,CO3 (pH 8.0), ethanol and ethyl acetate (1:1:1) mixture while being
stirred at room temperature. The reaction was monitored by detecting the free thiol
concentration in solution with 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB). When no free
thiol was detected, organic solvents were removed by rotary evaporation. And DD-CoA
was purified by HPLC (Shimadzu) using a C-18 semipreparative column.
Chromatography was performed with 20 mM ammonium acetate/1.75% acetonitrile as
buffer A and 95% acetonitrile as buffer B over 60 min at a flow rate of 4 mL/min. Elution
was monitored at 260 nm and 280 nm using a SPD-10A UV-vis detector. Factions
containing DD-CoA were pooled at retention time of 14 min and lyophilized. To remove
all ammonium acetate, the product was dissolved in ddH,O and lyophilized two more

times. ESI-MS ([M - HJ') calcd for [C33Hs3N7017 P3S]: 946.2, found: 946.2.

Synthesis of Diphenyl Ethers.

B-ring modified diphenyl ether InhA inhibitors were synthesized by Christopher
W. am Ende using the procedure described previously for the synthesis of alkyl-

substituted diphenyl ethers (48, 49).

Steady-state Kinetic Assay.

Kinetic assays using DD-CoA and wild-type InhA were performed as described
previously (708). Reactions were initiated by addition of InhA to solutions containing

substrate, inhibitor, and NADH in 30 mM PIPES and 150 mM NaCl, pH 6.8. Initial
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velocities were measured by monitoring the oxidation of NADH to NAD" at 340 nm
(e=6300 M7'cm™) and kinetic parameters (keat and kea/Km) were determined as
previously described (37). ICso values were determined by varying the concentration of
inhibitor in reactions containing 250 uM NADH, 25 yM DD-CoA and 100 nM InhA. When
the assays were performed at 10 nM InhA, the enzyme was stabilized by the addition of
glycerol (8%, v/v) and BSA (0.1 mg/mL). The experimental data were analyzed using
equation 2.1, where | is the inhibitor concentration and y is percent activity.

y = 100%/[1 + (I/ICs0)] (Equation 2.1)

Inhibition constants (Kj) were calculated by determining the kqst and K, (DDCoA) values
at several fixed inhibitor concentrations using the same assay conditions as described
above. The inhibition data were analyzed using the standard equation for uncompetitive
inhibition. For compounds with K values in the low nanomolar range, initial velocities
were determined at a fixed substrate concentration and the data were fit to equation

2.2
VilVo = (Km + S)(Km + S[1 + I/ K]) (Equation 2.2)

where v; and v are the initial velocities in the presence and absence of inhibitor. The
substrate concentration was fixed at 25 yM, and the inhibitor concentration was varied.

Data fitting was performed using Grafit 4.0 (Erithacus Software Ltd.).
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Progress Curve Analysis.

The slow-onset inhibition of InhA by PT70 was monitored by adding the enzyme
(5 nM) to assay mixtures containing glycerol (8%), BSA (0.1 mg/mL), DMSO (2% v/v),
DD-CoA (300 uM), NADH (250 uM), NAD" (200 yM) and inhibitor (0-480 nM). Reactions
were monitored until the progress curve became linear, indicating that the steady-state
had been reached. To ensure that substrate depletion would not significantly affect the
reaction rate, low enzyme concentrations and high substrate concentrations were used.
Progress curves were analyzed as described previously (26, 116). This involved fitting

the data to equation 2.3,
At = Ao - Vst - (Vi - Vs)(1-y)*In{[1-y*exp(-Kobs "1)]/(1-y)} kobs™y) ~ (Equation 2.3)

where y = [E]*(1- vs / v)?/[l], vi and v are the initial velocity and steady-state velocity,
and Kops is the observed rate constant for each progress curve. Values of kqps, viand vs
obtained from equation 2.3 were then fitted to equation 2.4 and equation 2.5, that
describe a two-step inhibition mechanism in which rapid binding of the inhibitor to the

enzyme is followed by a second slow step that results in the final complex.
Kops =k o + K [ITI(K™ +[1]) (Equation 2.4)
v vy =11(1+ 111 K™ (Equation 2.5)

In these equations, vq is the initial velocity in the absence of inhibitor. K%* and K are

the apparent dissociation constants for the initial enzyme-inhibitor complex (E-I) and the

final enzyme-inhibitor complex (E-1*), respectively.
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In addition to monitoring the onset of enzyme inhibition, progress curves were
also used to analyze the recovery of enzyme activity resulting from the slow dissociation
of inhibitor from EI*. InhA (0.5 uM) was preincubated with PT70 (0.3-0.9 uM) and NAD*
(200 uM) at room temperature. After 5 h, 5 yL of incubation mixture was diluted 100-fold
into an assay mixture containing glycerol (8%), BSA (0.1 mg/mL), DMSO (2% v/v), DD-
CoA (300 uM), NADH (250 uM) and NAD" (200 yM). Substrate consumption was
monitored at 340 nm, and the resulting recovery progress curves were analyzed in a

similar fashion as described above (116, 117).

Preincubation Inhibition Assay for Slow Binding Inhibitors.

Preincubation inhibition assays were performed to determine the preference of
PT70 for the different cofactor-bound forms of InhA. These experiments were conducted
as described previously (716). InhA (10 nM) was preincubated in the presence of a fixed
concentration of DMSO (2%), NAD® (10-200 uM), NADH (250 uM) and PT70
(0-1000 nM) for 5 h at 4° C. The mixture was then warmed to room temperature, and
the reaction initiated by the addition of DD-CoA (30 uM). Equation 2.6 was used to

estimate the apparent inhibition constant K7,
v=wv/(1+ [IVK) (Equation 2.6)

where v and v, are the initial velocity in the presence and absence of inhibitor,
respectively, and [l] is the inhibitor concentration. The Ki values obtained at different

NAD" concentrations were then fit to equations 2.7-2.9, which describe the binding of
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the inhibitor to either E-NAD" (equation 2.7), E-NADH (equation 2.8) or both E-NAD"

and E-NADH (equation 2.9).

K’ = Ki(1 + Kunan/[NAD']) (Equation 2.7)
K/ = Ka(1 + [NAD")/ Kunap) (Equation 2.8)
K’ = Ko(1 + [NAD")/ Knynap)/[1 + [NAD']/(KmnapK1/K2) (Equation 2.9)

K1 and K; are inhibition constants for inhibitor binding to E-NAD* and E-NADH forms.

Direct Determination of K.

Having shown that PT70 bound preferentially to the E-NAD" product complex,
the rate of dissociation of PT70 from InhA was monitored using *P-NAD" in order to
provide a direct estimate for kor. These experiments followed a similar protocol to that
described previously (43). InhA was incubated with PT70, NAD* and **P-NAD* (800
Ci/mmol) for 5 hours at room temperature to generate the ternary complex formed by
InhA, NAD™ and PT70. After purification using a Sephadex G-75 spin column, 500 uL of
the complex was diluted into 70 mL of buffer to initiate dissociation of the inhibitor from
the enzyme. Since NAD" only has a weak affinity for the free enzyme (Kg > 2 mM),
dissociation of PT70 from the ternary complex also leads to the release of NAD" and
2P_NAD" from the enzyme. Subsequently, 700 uL of the diluted complex solution was
withdrawn at various time intervals, loaded into a microcon (Satorious 500, 10 kDa), and
centrifuged in a microcentrifuge for 1 min at 13,400 rpm. 450 pL of the filtrate was

collected and the amount of **P-NAD* quantitated using a scintillation counter. A value
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for ko was obtained by fitting the data to equation 2.10, where N; is the radioactive
counts (cpm) at time t, and Np is radioactive counts (cpm) following complete

dissociation of the complex.

Ni= No (1-exp(-Kof t)) (Equation 2.10)

Whole Cell Antibacterial Assay.

Compounds were submitted to Prof. Richard A. Slayden in Department of
Microbiology, Immunology and Pathology, Colorado State University, Fort Collins, CO.
MICq, data were acquired essentially as described previously using the microplate
dilution assay (718, 119). Briefly, bacterial cells were grown to early-mid log phase in
Middlebrook 7H9 liquid medium containing 10% OADC enrichment and 0.05% Tween-
80. 50 uL of bacteria were added to the test wells and compounds were added
individually to a final volume of 100 uL per well in 2 fold serial dilutions. Each drug
dilution series was performed in triplicate. Plates were incubated at 37 °C for 5-7 days
and each well was evaluated for growth or no growth. The MIC was the lowest drug
concentration that inhibited visible bacterial growth in all replicates. If alamarBlue® was
used as a growth indicator, then the MIC was the lowest drug concentration that
maintained a blue color in all replicates. A blue color in the alamarBlue® Assay
indicates no bacterial growth whereas a red color in the assay was indicative of cell

growth (BioSource International, Inc).
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X-Ray Crystallography of InhA with 2-(o-Tolyloxy)-5-hexylphenol.

InhA along with the slow onset inhibitor 2-(o-Tolyloxy)-5-hexylphenol (PT70)
(Figure 2.2) was submitted to Dr. Sylvia R. Luckner and Prof. Caroline Kisker at the
Rudolf Virchow Center for Experimental Biomedicine, Institute for Structural Biology,

University of Wurzburg (Germany). The structure was solved with PT70 bound (49).

OH
ND/O
5

Figure 2.2: Structure of the slow onset inhibitor 2-(o-Tolyloxy)-5-hexylphenol
(PT70).
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Results and Discussion
Characterization of the Inhibition of Triclosan-Resistant Mutants by B ring Diphenyl

Ethers.

Three Mycobacterium smegmatis mutants selected for resistance to triclosan
(709) have different mutations in InhA. Replacement of the mutant chromosomal inhA
genes with wild-type inhA eliminated resistance, suggesting that triclosan resistance is
conferred by the point mutations M161V, M103T and A124V. All of these residues are
located close to the inhibitor and cofactor (Figure 2.3). Our data indicate that these

mutations reduce the affinity of the enzyme for triclosan by 5 to 220—fold (Table 2.2).

Table 2.2: IC5, of selected B ring diphenyl ethers for wild-type and mutant InhA

Ki
InhA triclosan 6PP
Wild-type® 220 + 20 nM 9.4 +£0.5nM
M161V 48 + 6 uM 1.0+ 0.1 uM
M103T 3.6+ 0.3 yM 76 £ 6 nM
A124V 1.2+0.1 uM 29 +3 nM

@The data were taken from (50).

43



M103

M161

Figure 2.3: Active site region of the InhA-NAD"-triclosan crystal structure (pdb
code: 2b35).

Because diphenyl ether scaffold is designed based on triclosan structure, it is
necessary to characterize the inhibition of triclosan-resistant mutants by diphenyl ethers
(50). Our data show that, for each mutant, the K; difference of 6PP (Figure 2.4)
between wild-type and mutant is smaller than that of triclosan. Thus, diphenyl ethers are

more potent than triclosan for triclosan resistant strain.

OH Cl OH
J@O@ ij ’
Cl Cl 5

triclosan 6PP

Figure 2.4: Structure of triclosan and 6PP (5-hexyl-2-phenoxyphenol) (50).
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In vitro Antimycobacterial Activity of B ring Modified Diphenyl Ethers.

Previous structure-based design studies resulted in the discovery of alkyl
substituted diphenyl ether inhibitors of InhA, the enoyl reductase from Mycobacterium
tuberculosis. Compounds such as 5-hexyl-2-phenoxyphenol (6PP) (Figure 2.4) are nM
inhibitors of InhA and inhibit the growth of both sensitive and isoniazid-resistant strains
of M. tuberculosis with MICgy values of 1-2 ug/mL. However, despite their promising in
vitro activity, these compounds have ClogP values of over 5 (50).

In efforts to reduce the lipophilicity of the compounds, and potentially enhance
compound bioavailability, two classes of molecules in which alternations have been
made to the diphenyl ether B ring (48). In one series of compounds we have replaced
the B ring with isosteric heterocycles that incorporate nitrogen atoms within the ring,
thereby causing little steric perturbation to the overall structure of the molecule. The
second series of compounds have nitro, amino, amide, and piperazino functionalities
incorporated at the ortho, meta, or para positions of the B ring. This second series of
compounds was designed not only to improve solubility but also to systematically
identify positions on the B ring which could be substituted without diminishing biological
activity.

The in vitro activities of the potential inhibitors were evaluated using enzyme
inhibition and whole cell antibacterial assays as described previously (Table 2.3-2.4).

Incorporation of aromatic nitrogen heterocycles resulted in a significant reduction
in both enzyme inhibition and antibacterial activity (Table 2.3). The most active
compounds, 3, has MICgy, values of 3.13 pg/mL, similar to that of 6PP, and has ClogP

value of 4.97, compared to 6.47 for the parent compound. In addition it is also worth

45



noting that the pyrazine derivative 5 has a ClogP value that is more than one log lower
than 6PP, but still only shows a 3-fold increase in MICgy compared to the parent
compound 6PP (Table 2.3).

Introduction of either amino or nitro substituents at the ortho and para positions
had only a minimal effect on activity (Table 2.4). In contrast, addition of a bulky
substituent at either the ortho, meta, or para position of the B ring of 6PP also resulted
in a significant reduction in both enzyme inhibition and antibacterial activity (Tables
2.4).The most active compound, 9a, have MICg values of 3.13 ug/mL, similar to that of
6PP, and have ClogP values of 5.24, compared to 6.47 for the parent compound (Table
2.4). In general the MIC values correlated with the ICso values for enzyme inhibition.
Thus ortho and para amino substituents (9a,c) were well tolerated in addition to the
meta nitro substituent (8b). In these three cases the ICs5y values obtained using 100 nM
InhA approached 50% of the enzyme concentration, indicating that these compounds
are tight-binding enzyme inhibitors. Additional 1Csy values were determined using 10
and 50 nM InhA in the enzyme assays. Subsequent linear regression analyses of the
ICso values as a function of enzyme concentration yielded estimates for K; " of 21 + 3
nM (8b), 16 + 12 nM (9a), and 40 + 3 nM (9c). Thus, introduction of a meta nitro (8b) or
an ortho amino (9a) group into the B ring of the parent compound 6PP has only a minor
effect on the affinity of the inhibitor for the enzyme. Compound 9a is of particular
interest because this derivative has an MICg value that is close to the value determined
for 6PP. These data provide important information on the structural flexibility of the

inhibitor binding-site that will be useful in directing the design of additional compounds.
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In conclusion, a series of hexyl diphenyl ethers were synthesized in which the B
ring of compound 6PP has been substituted with a variety of groups, or replaced with
nitrogen-containing aromatic heterocycles. Several of these new compounds possess
MICgo and K; ®" values similar to that of 6PP while having significantly improved ClogP
values. Studies are underway to determine whether the modifications that we have
introduced have resulted in an increase in compound bioavailability and an

improvement in their in vivo antibacterial activity.
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Table 2.3: Inhibition and solubility data for B-ring heterocycles.

Structure ICsp 2 MICgo ClogP® logP
(nM) (ug-mL"")
OH
6PP V@(OO 11+ 1° 21+0.9 6.47 5.76
OH
1 v©0 s 11,500 + 1160 50 4.97 5.06
OH
2 wﬁjo Sy 236 + 31 4.97
OH
3 wﬁjo A~ 160 + 16 3.13 4.97 4.93
/N
OH
4 V@%ﬁ 8200 + 980 1000+0  4.01 4.46
N~
OH
5 O N 650 + 60 6.25 + 0 4.01 476
0
OH
6 V@Oﬂjwe NI 100 5.50
N~
° o OMe
Me
7 75+ 0 450

O Ns > 100,000
gons

#Enzyme concentration is 100 nM.

PClogP values determined using ChemDraw 8.0.

°Enzyme concentration is 1 nM.
No inhibition.
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Table 2.4: Inhibition and solubility data for nitro, amino, amide and piperazine
compounds.

Structure ICsp 2 MICgo ClogP® logP
(nM) (ug-mL")
8a o 182+£20  12.50 6.21 5.50
8b ij LS 12.50 6.21
8c 90 + 10 25.0 + 0 6.21 5.64
9a M 62 + 5° 3.13 524 527
9b wﬁj ™ 1000100 10040 5.24
9c 55 + 6° 12.50 524  4.93
10a ™ o 1550 + 460 >200 + 0 490 528
10b Vﬁj [y~ 5600£770 100 4.90
10c 7 1300 £ 200 50.0 +0 4.90
11a o o 2360 + 200  100.00 4.24
11b Vﬁj Uy o 580£40 133158 4.24
H o
11c 1930+90  >200 + 0 4.24
12a OH o 3220 +550 >200 +0 576  5.60
o o

12b w/(j @H >N 1220£60  >200£0 5.76 5.22
12¢ s 130£34  >200 %0 576  5.15
13a N 1315 £ 256 6.66

OH
ﬁ OOJNJ
13b % 306+46  >100 6.66

2Enzyme concentration is 100 nM.
®ClogP values determined using ChemDraw 8.0.
“Actual ICso may be lower than this value.
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Kinetic Characterization of PT70.

Previous work resulted in the development of a series of alkyl-diphenyl ethers
that are nanomolar inhibitors of InhA, the enoyl-ACP reductase of M. tuberculosis (50).
The best inhibitor of this series, 8PP, is active against drug sensitive and drug resistant
strains of MTB. Although these inhibitors have high affinity for InhA, they are still rapid
reversible inhibitors. Based on previous encouraging results, we rationally designed the
slow onset alkyl-diphenyl ethers that directly targets InhA. We speculated that reducing
the conformational flexibility of the lead diphenyl ether might enable to promote
interactions between the inhibitor and the loop that becomes ordered during slow-onset
inhibition, and ordering of the active site loop would in turn result in slow onset enzyme
inhibition.

Introduction of a methyl group ortho to the diphenyl ether linkage resulted in a
compound, PT70 (Figure 2.2). The inhibition of InhA by PT70 was characterized by
determining the ICsy values using steady state kinetic methods. The ICsy values
obtained using 100nM and 10nM InhA were 50.3+7.0nM and 5.3 10.4nM,
respectively, indicating that PT70 is a tight binding inhibitor. Progress curve analysis
was used to determine if PT70 is also a slow-onset inhibitor of InhA. Reaction
conditions were adjusted so that consumption of DD-CoA occurred at a linear rate for
up to 30 min. Upon addition of the inhibitor, the turnover velocity decreased
exponentially with time, from an initial velocity vi to a steady state velocity vs.
Additionally, with increasing concentrations of PT70, both v; and vs decreased, while kops
increased and the time required to reach vs decreased (Figure 2.5 A). This behaviour is

a classic example of slow-onset
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Figure 2.5: Progress curve analysis for the inhibition of InhA by PT70 and effect
of NAD" on the apparent inhibition constant of PT70.

(A) Progress curves were obtained for inhibitor concentrations ranging from 0 to
480 nM. The solid curves are the best fits of the data to equation 2.3. (B) kqps plotted as
a hyperbolic function of [PT70] using equation 2.4. (C) Progress curves of InhA activity
recovery were obtained for inhibitor concentrations ranging from 0 to 9 nM. The solid
curves are the best fits of the data to equation 2.3 to obtain k.,s which was then plotted
against [PT70] using equation 2.4 to obtain k,. (D) Effect of NAD" on the apparent
inhibition constant of PT70. Fitted curves are shown for equation 2.7 (dashed line; K4=
0.0146 + 0.0009 nM), equation 2.8 (dotted line; Ky= 13.6 £ 5.5 nM), and equation 2.9
(solid line; K4=0.022 £ 0.001 nM, K= 90.6 £ 9.7 nM).

inhibition in which the rapid formation of the initial E-I complex is followed by a second
slow step leading to the formation of the final E-I* complex (Figure 2.6). Fitting the data
to equation 2.3 provided values for vi, vs and Kqps. The hyperbolic dependence of Kops

on the concentration of PT70 was fitted to equation 2.4 allowing the calculation of the
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constants for the conversion of E-I to E-I* (kz and k- in Figure 2.6) and also providing a
value for K#* | the dissociation constant of E-I (Figure 2.5 B). The dependence of vg/vo
on the concentration of PT70 was analyzed using equation 2.5 to give K", the

dissociation constant of the final E-I* complex. The thermodynamic and Kkinetic

constants describing the inhibition of InhA by PT70 are summarized in Table 2.5. PT70

initially binds to InhA with a K*%” value of 62 nM, while the dissociation constant of the
final E-I"* complex K is about 10 times smaller than K#* (7.8 nM). Data analysis

using equations 2.3 and 2.4 also provided a value for k., the rate constant for
conversion of E-I* to E-I. Assuming that k.1>>k, and k_,, then k., will be equal to ke, the
dissociation rate constant for the formation of active enzyme from E-I*. The value of k.,
obtained from progress curve analysis of 0.041 min™' is the same within experimental
error to the values obtained when the recovery of enzyme activity was monitored
(Figure 2.5 C, 0.044 min™"), and when ko was determined directly by following the
dissociation of **P-NAD* from the enzyme-inhibitor ternary complex (0.043 min™"). Thus,
the residence time of PT70 on the enzyme (1/kof) is 24 min, which is about 3-fold
smaller than that of the INH-NAD adduct (Table 2.5). Most diphenyl ethers,
preferentially bind to the E-NAD" product complex of InhA and other Fabl enzymes and
only occasionally prefer the E-NADH form of the enzyme (26, 45, 50, 108, 120, 121).
Preincubation studies were used to examine which form of the enzyme PT70 prefers.
InhA and PT70 were preincubated in the presence of saturating NADH (250 yM) and at
different fixed concentrations of NAD" (10, 30, 50, 100, 200 uM). Assays were initiated
by adding the substrate DD-CoA to obtain the apparent inhibition constant K at each

concentration of NAD". The dependence of K;' on the concentration of NAD" was fit to
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equations 2.7-2.9 using a Kmnap value of 4 mM and a Kpnnapn value of 48 uM. The
dependence of K on the concentration of NAD" was best described by equation 2.9
(Figure 2.5 D), indicating that PT70 binds to both the E-NAD" and E-NADH forms of the
enzyme albeit with a strong (4000-fold) preference for the enzyme-oxidized cofactor
product complex (K; = 0.022 nM, K; = 90.6 nM, Table 2.5). The value of Ky is

significantly smaller than that obtained for K* (7.8 nM), however, the latter was

determined at a fixed concentration of NAD".

k4 ko
E-NAD™ + | E-NAD*-l =———— E-NAD™-|
K_1 Koo

Figure 2.6: Kinetic scheme for the slow onset inhibition of InhA by PT70.
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Table 2.5: Inhibition of InhA by PT70 and the INH-NAD Adduct

Inhibitor k2 k.z t1/2 a Res time a K_1app Kiapp koff b K1 ©

(min™) (min™) (min) (min) (nM) (nM) (min™) (pM)

0.041 +0.003°

PT70 0.46 + 0.003 17 £1 24 +2 62 + 2 78+04 0.043 + 0.006 22+ 1
0.044 + 0.008
',\'l\'/:'[;d 0.13 +0.01 0.016 £ 0.007  43+12  63+27 100 £ 75 50+0.5 0.017 + 0.001

& data taken from (43).
® t12 = 0.693/ko and residence time = 1/koft Where ko = k.1ko/(k.1+kot+k.2). Assuming that
k.1>>k, and k.o, then ko= ko.
° kot determined by monitoring the rate of release of *P-NAD"* from the ternary enzyme-
inhibitor complex.
4K, determined from preincubation experiments.
k. determined by progress curve of enzyme-inhibitor complex formation
"k, determined by progress curve of enzyme activity recovery

The inhibitor, PT70, shows improved affinity for InhA compared to the first
generation compounds reported previously (50, 7110). Like the parent compound 5-
hexyl-2-phenoxyphenol that lacks the methyl group (6PP, Figure 2.4), PT70 binds
preferentially to the E-NAD" product. However, the Ky value of 22 pM for PT70 is ~430-
fold smaller than the K’ value of 9.4 nM for 6PP (50), and thus introduction of the methyl
group has dramatically increased the affinity of the inhibitor for the enzyme complex.
More importantly, this inhibitor now also displays slow onset inhibition, which is
expected to be crucial for its in vivo antibacterial activity. Assuming that ko, for 6PP is
limited by the rate of encounter of enzyme and inhibitor (10° M s™), then the K; value
of 9.4 nM allows ks for 6PP to be estimated at 9.4 s™, giving a residence time of 0.1 s

for 6PP on the enzyme. This value is in stark contrast to the residence time of 24 min

for PT70, a 14,000-fold increase compared to 6PP.
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Although measurements of inhibitor residence time are not normally incorporated
into drug discovery programs, there is growing evidence that residence time is a critical
factor for in vivo drug activity (26, 114, 122, 123). In particular, slow onset inhibitors will
spend longer times bound to their targets compared to rapid reversible inhibitors, and
will remain bound even when free drug concentrations are low. Recent studies with the
Fabl enzyme from F. tularensis highlight the importance of this concept, where it was
seen that residence time was a better predictor of in vivo activity than the

thermodynamic affinity of the inhibitor for the enzyme (26).

Structure of the Ternary InhA<PT70-NAD* Complex.

The binding of PT70 to InhA and the basis for the slow binding step was further
characterized by structural studies. Two structures of the ternary InhANAD'PT70
complex were solved by Dr. Sylvia R. Luckner. The first structure was solved at a
resolution of 2.1 A resolution, and belongs to space group C222; the same space group
as in the ternary InhA complex with 5-octyl-2-phenoxyphenol and NAD* (8PP, PDB
code 2b37(50)). The second structure was obtained at 1.8 A resolution and belongs to
space group P24, which has not been reported for InhA so far (structural data are
summarized in Table 2.6 (Figure 2.7B). The slow onset inhibitor PT70 binds to the
substrate binding site with the two rings of the inhibitor oriented almost 90° to each
other comparable to the rings of the diphenyl ethers 5PP and 8PP described previously
(50). Hydrogen bonds are formed between the inhibitor hydroxyl group and Tyr158 and

a hydrogen bonding network is formed between the 2’-hydroxyl group of NAD" and
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Lys165 (Figure 2.8, red dotted lines). A 11-11 stacking interaction between the B-ring of
PT70 and the nicotinamide ring of NAD" further stabilizes the conformation of the
inhibitor. The alkyl chain of PT70 extends into the hydrophobic environment of the
substrate binding cavity and forms hydrophobic interactions with residues Phe149 and
Tyr158. Most importantly, however, is the substrate binding loop (residues 195-210,
helix a6) of the structures reported here, which is ordered and forms a helix that covers
the entrance to the active site (Figure 2.7B). Hydrophobic interactions are formed
between the phenyl rings of the inhibitor and amino acids Ala198, 1le202, Met199 and
Val203 of the substrate binding loop (Figure 2.8). Ala198 forms hydrophobic
interactions with the B-ring methyl group at a distance of 3.4 A, 1le202 with the B-ring at
a distance of 3.7 A and Met199 interacts with the A-ring at a distance of 3.8 A. Val203
forms hydrophobic interactions with both phenyl rings at a distance of 4 A and with the
acyl chain of PT70 at 3.7 A.

Additionally, the PT70 methyl group forms van der Waals contacts to the
phosphate groups of the NAD" cofactor, resulting in a 1 A shift of the B-ring upward
relative to its position in 8PP. In contrast, when triclosan is bound to InhA the B-ring is
tilted by ~25° towards 1le202 of the substrate binding loop and thereby interferes
sterically with the loop residues, pushing the loop away from the substrate cavity

instead of keeping it in place (Figure 2.8).
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Table 2.6: Crystallographic data and refinement statistics

INnhA*NAD"**PT70 Crystal 1

InhA*NAD"-PT70 Crystal 2

Data collection

Space group C222, P2,

Cell dimensions

a, b, c(A) 89.80, 157.51, 91.23 88.48, 90.27, 89.56
a, B, v(°) 90.00, 90.00, 90.00 90.00, 118.76, 90.00
Resolution (A) 36.16 - 2.10 (2.21-2.10) 78.57 — 1.81 (1.9-1.81)
Rmerge 0.080 (0.300) 0.101 (0.438)
I/ol 16.0 (2.5) 1(1.7)
Completeness (%) 98.1 (89.7) 92.5 (77.8)
Redundancy 4.4 (2.9) 6 (1.4)
Refinement

Resolution (A) 2.10 1.81

No. reflections 38141 112861

Rwork I Riree (%) 17.2/21.6 16.8/20.3

No. atoms

Protein 4063 8033

PT70 42 84

NAD* 88 176

Water 143 682
B-factors

Protein 26.2 10.4

PT70 26.9 7.3

NAD* 19.7 3.9

Water 29.9 16.0
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Root mean square deviations
Bond lengths (A) 0.013 0.015
Bond angles (°) 1.465 1.534

Figure 2.7: Loop ordering upon slow binding inhibition.

(A) One monomer of the ternary InnAsNAD"+8PP complex (pdb code 2b37) is shown in
cartoon representation with the NAD* molecule in cyan and the 8PP molecule in black
and all-bonds representation. The substrate-binding loop is disordered in the 8PP
structure, the loop ends are depicted in red. (B) Monomer of the ternary
INhAsNAD"*PT70 complex using the same colours and orientation as in A. The
substrate binding loop is ordered in this structure and covers the binding pocket (red
cartoon). Secondary structure elements for both molecules were assigned with STRIDE
(124).
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Figure 2.8: Close-up of the binding pocket of InhA with bound NAD* and PT70.
Hydrogen bonds between PT70 (black) and Tyr158 (yellow) as well as the NAD"
molecule (cyan) are indicated as red dotted lines. The important hydrophobic residues
Ala198, Met199 and 1le202 of the substrate binding loop are shown in all bonds
representation (red).
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It is important to note that Freundlich and coworkers recently reported InhA
structures inhibited by triclosan derivatives (770) that have an ordered substrate binding
loop in two of the four structures (pdb codes 3fng and 3fnh). However, it was not
reported, if the compounds are slow binding inhibitors. The possibility that loop ordering
is due to intermolecular contacts in space group 14122, which has not been reported so
far for InhA structures, cannot be excluded. In this space group residues 197-205 of the
substrate binding loop are closely packed with atoms of symmetry related molecules so
that interactions due to crystallographic packing could be the reason for the ordered
substrate binding loop. This contention is also supported by the fact that the co-crystal
structures of InhA with the other inhibitors from this series which crystallized in space
group C2 (pdb codes 3fne and 3fnf) remain disordered in the loop segment. In the case
of our PT70 structures, that crystallized in space groups C2221 and P24, crystal contacts
can be ruled out to be responsible for loop ordering, and instead the hydrophobic
interactions of the residues with the inhibitor itself lead to the formation of the stable
helix of the substrate binding loop. Close inspection of the solvent areas between the
molecules in the crystal packing demonstrate that the closest contact between two of
the loops within the tetramer and the symmetry related molecule is at least ~5 A and no
salt bridges or hydrogen bonds exist between the molecules that directly stabilize the

loop.

The substrate binding loop of the PT70 bound structure adopts a different
conformation compared to other complex structures of InhA with an ordered substrate
binding loop like the substrate bound form (pdb code 1bvr (24)), the triclosan derivative

JPL inhibited form (pdb code 3fng (770)) and the pyrrolidine carboxamide inhibited form
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(pdb code 2h7m (67)). While the loop of the PT70 bound structures is oriented closely
to the substrate binding pocket due by hydrophobic interactions to the inhibitor PT70,
the loops of the other structures are shifted further out of the pocket. In the fatty acid
bound structure, the shift of the substrate binding loop is necessary to widen the binding
pocket and accommodate substrates of different lengths. Nevertheless, the fatty acid
interacts with residues Ala198, 1le202 and Met199 of the substrate binding loop and
thereby the substrate is enclosed inside the pocket. However, due to missing or few
interactions with the ligand or even due to steric interference, the substrate binding
loops of the JPL and the pyrrolidine carboxamide inhibited structures are shifted further
outside relative to the PT70 inhibited structure suggesting that the inhibitor does not get
locked inside the pocket. Significantly, in the structures presented here, the side chain
of 1le202 is turned towards the B-ring of PT70 and thereby facilitates the hydrophobic

interactions and the shift of the substrate binding helix towards closing the active site.

Basis of the PT70 Slow-onset Inhibition

The crystal structures of the ternary InhAsNAD*sPT70 complex reveal how the
inhibitor is bound to the active site. The observed hydrophobic interactions and the
hydrogen bonding network of PT70 are similar to the observed interactions of previously
described triclosan derivatives (50). In addition, however, PT70 generates hydrophobic
interactions to amino acids Ala198, Met199 and 1le202 which are part of the substrate
binding loop (residues 195-210 in InhA). This substrate binding loop is disordered in

InhA structures in the presence of triclosan as well as in the structures with the
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improved 5PP and 8PP triclosan derivatives which, despite their improved ICsy values,
remain rapid reversible inhibitors (50). In contrast, triclosan is a slow onset inhibitor of
E. coli Fabl and the corresponding crystal structure shows that the substrate binding
loop is ordered (47). The substrate binding loop is also ordered in the crystal structure
of InhA inhibited by the slow onset INH-NAD adduct (775). These observations
prompted us to speculate that compounds with the ability to cause loop ordering will be
slow, tight binding inhibitors of InhA (50). The triclosan bound E. coli Fabl structure
clearly reveals that the inhibitor forms hydrophobic interactions with the loop-amino
acids Ala196 and Ala197, which correspond to Ala198 and Met199 in InhA. Additionally,
Rozwarski and coworkers (24) identified in the crystal structure of InhA with a C4 fatty
acyl substrate that hydrophobic amino acids of the loop are important for proper
substrate binding into the cavity. Interestingly, the last few carbon atoms of the fatty acid
interact with the hydrophobic amino acids Ala198, Met199 and lle202. A fatty acid
shorter than 16 carbons might not be accommodated correctly by the enzyme due to

missing interactions with Ala198, Met199 and 1le202.

Site-directed mutagenesis was used to replace the hydrophobic amino acids on
the substrate binding loop, Ala198 and Met199, and to examine the hypothesized
hydrophobic interaction with the PT70 and 6PP inhibitors. Kinetic parameters for wild-
type and mutant enzymes are given in Table 2.7. The A198S and M199S mutations
have relatively little effect on the catalytic parameter (less than 4-fold), with the
exception of ket for A198S which is decreased by 17-fold. In contrast, A198K, A198D

and A198V showed no activity at 3 yM enzyme.
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Table 2.7: Kinetic parameters for wild-type and mutant InhA.

InhA Kcat Km Kcat/Km
(min™) (LM) (M 'min™)
wt 278 + 26 27 +7 103

A198S 16+ 2 7.0+1.0 24+0.3
A198K No activity at 3 yM enzyme
A198D No activity at 3 yM enzyme
A198V No activity at 3 yM enzyme
M199S 84 +8 22+ 2 39+04
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Table 2.8 lists the inhibition constants obtained for PT70 and 6PP binding to the
wild-type and mutant enzymes. Normal rapid reversible inhibition by PT70 is observed
for A198S and M199S. The K; value of PT70 against A198S is 2860-fold larger than K;
value of PT70 against wild-type InhA. The K; value of PT70 against M199S is 2227-fold
larger than K value of PT70 against wild-type InhA. Meanwhile, K; value for 6PP
against A198S is only 18-fold larger than K; value of 6PP against wild-type InhA. K;
value for 6PP against M199S is only 35-fold larger than K; value of 6PP against wild-
type InhA. These data indicate that that Ala198 and M199 have important hydrophobic
interaction with PT70 to have slow onset and tight binding inhibition. These two mutants

restrict the conversion from E-| to E-I* form.

Table 2.8: Inhibition type and constants for PT70 and 6PP binding to wild-type
and mutant InhA enzymes

InhA PT70 6PP
Slow Ki Ki* Slow Ki
(nM) (nM) (nM)
wt Yes 7.8+04 0.022%0.001 No 54405
A198S  No 63 +7 N/A? No 96+8
M199S  No 49+5 N/A No 190+13

aN/A: not available

For M199S, K; values of PT70 is 2230-fold larger than for wild-tpye InhA, while K;
of 6PP is only 35-fold larger than for wild-type InhA. So the hydrophobic interaction

between Met199 and inhibitor is more important for PT70 than 6PP. Although Met199
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does not interact directly with that methyl group, but the mutation Met199S still destroy
the interaction between Met199 and A ring, so both PT70 and 6PP binding affinity
decreases. And lack of this interaction made PT70 lost its slow onset binding inhibition,

further reduced affinity for M199S.

These observations strongly support that the interactions with the three amino
acids (Ala198, Met199, 1le202) are important determinants for loop ordering. An
inhibitor, like PT70, that is able to directly interact with these residues would lead to a
defined loop structure. The ordered substrate binding loop covers the entrance to the
binding pocket and thereby locks the inhibitor into the cavity and increases its residence
time. It is conceivable that the conformational change of the loop poses the slow step

observed in the binding studies.

Mechanism of InhA Slow-onset Inhibition.

All of above study supports the hypothesis that slow onset inhibition is coupled to
ordering of the substrate binding loop, however, the slow-onset mechanism of InhA is
still not clarified. Based on the observation of the X-ray crystal structures, the substrate
binding loop can be defined into three types: closed, open and semi-open
conformation. The open conformations are InhA bound with substrate analogues C16-
NAC (pdb code: 1bvr) and only with cofactor NAD" (pdb code: 2aq8) (Figure 2.9 A).
The closed conformation is InhA bound with slow-onset inhibitor PT70 (pdb code:
2x23) (Figure 2.9 B). Our group member Cheng-Tsung Lai proposed that the

conformational transition from open to closed might relate with the experimental
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observation of slow onset process. During the conformational transition from open to
closed, helix a6 (residue 197 to 210, in green) moves up, whereas helix a7 (residue

211 to 226, in hot pink) moves down.
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Figure 2.9: Substrate binding loop conformation.
(A) open and (B) closed conformation.
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Val203 and lle215 side chains are on the interface of these two a-helixes, so the
steric effect caused by Val203, lle215 side chains and PT70 alky chain may result the

slow conformational transition (Figure 2.10).

Figure 2.10: Steric effect between PT70 and side chains of Val203 and lle215.

Two mutant InhA V203A and [1215A were prepared. Kinetic and Inhibition
parameters are given in Table 2.9-2.10. The V203A and [215A mutations have little
effect on the catalytic parameters (less than 4-fold). In agreement with Cheng-Tsung
Lai's hypothesis, because the mutations remove the steric effect during the

conformational transition, the PT70 inhibition of V203A and 1215A does not exhibit slow
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onset inhibition. In addition, lots of important hydrophobic interactions between the

inhibitor and Val203 and lle215 lead to a reduction in the binding affinity.

Table 2.9: Kinetic parameters for wild-type and mutant InhA.

InhA Keat Km Keat/Km
(min™) (UM) (M 'min”)

wt 278+26  27+7 10+3

V203A 787 13+3 6+ 1

1215A 109+5  13+2 8.4+ 1

Table 2.10: Inhibition type and constants for PT70 and 6PP binding to wild-type
and mutant InhA.

InhA PT70 6PP
Slow Ki K* Slow Ki
(nM) (nM) (nM)
wt Yes 7.8+04 0.022 £ 0.001 No 54+0.5
V203A No 6717 N/A® No 16018
1215A No 102112 N/A® No 177122

aN/A: not available
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Conclusions

In conclusion, a series of hexyl diphenyl ethers were designed in which the B ring
of compound 6PP has been substituted with a variety of groups, or replaced with
nitrogen-containing aromatic heterocycles. Several of these new compounds possess
MICg and K; ®*® values similar to that of 6PP while having significantly improved ClogP
values. These modifications may result in an increase in compound bioavailability and

an improvement in compound in vivo antibacterial activity.

The new characteristics of PT70 facilitate the hydrophobic interactions to the
important loop residues of InhA, resulting in slow tight binding inhibition. Our work
supports the prediction that slow onset inhibition of enoyl-ACP reductase is indeed
coupled to loop ordering. Slow binding and improved residence time are expected to

result in significant improvements in in vivo antibacterial activity.
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Chapter 3 : Mechanism and Inhibition of Fabl Enoyl-ACP Reductases from

Burkholderia pseudomallei (bpmFabl-1 and bpmFabl-2)

This chapter is based on part of work that has been published in:

Mechanism and Inhibition of the Fabl Enoyl-ACP Reductase from Burkholderia
pseudomallei. Liu, N., Cummings, J. E., England, K., Slayden, R. A., Tonge, P. J.. J.

Antimicrob. Chemother., 2011, 66, 564-573

Background

Melioidosis and Burkholderia pseudomallei.

Burkholderia pseudomallei is classified as a category B bioterrorism pathogen by
the US National Institute of Allergy and Infectious Diseases (725, 126). This organism
causes the disease melioidosis, which is primarily found in South-East Asia and
Northern Australia. Although only a few cases of the disease are reported each year, it
is thought that the lack of research and medical facilities in the areas of incidence may
have resulted in an underestimate of the numbers of individuals that are affected (727).

Unfortunately, there is no vaccine to prevent melioidosis. Affected patients need
two treatment phases: For the first phase, intravenous therapy is carried with
ceftazidime or imipenem (or meropenem) as first-line agents, or a beta-lactam/beta-

lactamase inhibitor combination as second-line (amoxicillin-clavulanate) agent for six
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weeks, or at least fourteen days. For the second eradication phase, patients should take
a combination of trimethoprim-sulfamethoxazole and doxycyline with or without
chloramphenicol as oral drug for three to six months. Mortality is still very high, even
with treatment using the first-line agents, while relapse is often observed (728). So the

therapy result is unsatisfactory.

The main reason for inefficient treatment is B. pseudomallei is natural resistance
to a wide range of classical antimicrobial agents, including third-generation
cehalosporins, penicillins, rifamycins, and aminoglycosides. There are several possible
resistance mechanisms. First, B. pseudomallei contains up to six types of independent
secretion systems, such as multidrug resistant efflux pump of the resistance-nodulation-
division (RND) family, which is very widespread among Burkholderia species. Second,
its cell wall lipopolysaccharide (LPS) acts as immunodominant antigen. Third, it can
produce hydrated glycocalyx polysaccharide capsule, which will help form slime. This
capsule plays an important role in forming microcolonies, so can help resist antibiotic
penetration. Of course, these three mechanisms are only parts of the possible

resistance mechanism (7129-137).
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Multidrug Resistant Efflux Pump

Efflux pumps are transport proteins involved in the tranportation of toxic
substrates (including virtually all classes of clinically relevant antibiotics) from within
cells into the external environment (732). These proteins are found in both Gram-
positive and Gram-negative bacteria as well as in eukaryotic organisms (733). Efflux
pumps have been discovered in nearly all clinically relevant Gram-negative bacteria,
and found to be responsible for much of the intrinsic multidrug resistance in Gram-
negative bacteria. Broadly specific efflux systems can accommodate a variety of
unrelated antimicrobial agents, including antibiotics, biocides, dyes, detergents, and
organic solvents (734). In B. pseudomallei, AmrAB-OprA and BpeAB-OprB, efflux
systems of the resistance-nodulationdivision (RND) family, have been reported to be
responsible for the efflux of aminoglycosides and macrolides (735, 17136). Other
members of the RND family which are responsible for the efflux of antimicrobials in
Gram-negative bacteria include AcrAB-TolC of Escherichia coli (137); AcrAB
homologue of Salmonella enteric serovar Typhimurium; MexAB-OprM, MexCD-OprJ,
MexEF-OprN, and MexXY-OprM of Pseudomonas aeruginosa (138); and CeoAB-OpcM

of Burkholderia cepacia (134).

Targeting on Enoyl ACP Reductase

Fatty acid biosynthesis (FAS) is used to synthesize the metabolic precursors for
membrane phospholipids in the cell wall. In eukaryotes, fatty acid biosynthesis is

catalysed by a type | fatty acid synthase (FAS-I), in which the different enzyme activities
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are encoded by domains of a large polypeptide. In contrast, fatty acids are synthesized
in prokaryotes by a type Il pathway (FAS-II) in which each reaction is catalysed by
individually encoded enzymes (29). Due to the essential role that fatty acids play in
bacterial cell survival and the low degree of sequence homology with the mammalian
FAS-I synthase, the FAS-II pathway is thought to be an attractive antibacterial drug
target (718, 120). In particular, the FAS-Il enoyl-acyl carrier protein (ACP) reductase,
which catalyses the final step in the elongation cycle, is thought to be a key regulator of
fatty acid biosynthesis and to be essential for the viability of bacteria (36). Although a
recent report concluded that the FAS-IlI pathway in Streptococcus agalactiae and, by
extension, other Gram-positive bacteria is not essential for growth in the presence of
fatty acids (139), the generality of this conclusion, at least with regard to the important
nosocomial pathogen Staphylococcus aureus, has since been questioned (740).
Importantly, there is no evidence that Gram-negative bacteria, such as B. pseudomallei,
can sequester fatty acids from their environment to counter the impact of FAS-II
inhibition, and an overall goal of our program is to validate the FAS-II pathway in B.
pseudomallei and other pathogenic bacteria as a novel target for drug discovery.

The majority of the FAS-Il enzymes are essential for bacterial viability (747).
Among the enzyme in FAS-II pathway, the enoyl-ACP reductase, which catalyzes the
last reaction in each elongation cycle, has been mostly studied based on the discovery
that antibacterial compounds such as triclosan and isoniazid target this enzyme (702,
107, 142). The Fabl enoyl-ACP reductase from E. coli was first identified (743), and it
was initially considered to be the only reductase in bacteria. Subsequently, drug

resistance in other pathogens led to the discovery of Fabl isoforms: FabK in
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Streptococcus pneumonia, a flavin-dependent enoyl-ACP reductase which is insensitive
to lead Fabl inhibitor triclosan (34); FabL found in Bacillus subtilis (30); and FabV
recently found in Vibrio cholera (32), Pseudomonas aeruginosa (33) and Burkholderia
mallei (31).

It is important to note that more than one enoyl-ACP reductase can be found in
certain bacteria. For example, in Bacillus subtilis, FabL coexists with Fabl (30); in P.
aeruginosa FabV coexists with Fabl (33); in B. pseudomallei FabV coexists with Fabl
(37). However the biological in vivo function for each of the different enoyl-ACP
reductase, and why some bacteria need more than one enoyl-ACP reductase is still
unknown. However, it is possible that all of the present enoyl-ACP reductases have to

be inhibited in order to fully compromise fatty acid biosynthesis.

Project Goals

As an initial step in developing novel antibacterials against B. pseudomallei, we
will study the mechanism of two Fabl enoyl-ACP reductase homologues in the type |l
fatty acid biosynthesis pathway from this organism. Due to the interest in developing
chemotherapeutics against B. pseudomallei, we will study the inhibition of bpmFabl-1 by
triclosan and three other lead diphenyl ethers, and also evaluate the antibacterial

activity of these compounds against B. pseudomallei and B. thailandensis.
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Materials and Methods

Cloning, Expression and Purification of bmaFabl-1 and bmaFabl-2.

Since bpmFabl-1 (BURPS1710b_2636, chromosome 1: 2917100..2917891) and
bpmFabl-2 (BURPS1710b_A2297, chromosome 2: 2788921..2789682) from B.
pseudomallei are 100% identical to bmfabl-1 (BMA1608, chromosome 1:
1671734..1672525) and bmfabl-2 (BMAA1403, chromosome 2: 1510367..1511128)
from Burkholderia mallei, genomic DNA from B. mallei ATCC 23344 (NCBI Reference
Sequence: YP_102617.1) was used for cloning. Amplification was performed using

puReTaq Ready-To-Go PCR Beads (Amersham Biosciences) and following primers

(Integrated DNA Technologies): bmFabl-1 5-
GGAATTCCATATGGGCTTTCTCGACGGTAAAC-3’ (forward) and 5-
CCCAAGCTTTTCCTCGAGGCCGGCCATC-3’ (reverse), bmFabl-2 5-
GGAATTCCATATGCGACTTCAGCACAAGC-3 (forward) and 5-

CCCAAGCTTGCCGACGACGTGATAG-3’ (reverse). Both PCR products were digested
with Ndel and Hindlll, and then inserted into the pET23b plasmid (Novagen) so that a
His-tag was encoded at the C-terminus of the coding sequence for each protein. In
addition, in order to provide a bpmFabl-2 construct with a cleavable N-terminal His-tag,
bmfabl-2 was amplified using the primers 5'-
GGAATTCCATATGCGACTTCAGCACAAGC-3 (forward) and 5-
CGCGGATCCTCAGCCGACGACGTGATAG-3' (reverse), digested with Ndel and
BamHI, and then inserted into the pET15b plasmid. The correct sequences of the
constructed plasmids were confirmed by DNA sequencing (DNA Sequencing Facility,

Health Science Center, Stony Brook University).
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Protein expression was performed using the E. coli strain BL21 (DE3) pLysS
cells. After transformation, a single colony was used to inoculate 10 mL of Luria Broth
(LB) media containing 0.2 mg/mL ampicillin in a 50 mL falcon tube, which was then
incubated overnight at 37 °C. The overnight culture was then used to inoculate 1 L of LB
media containing 0.2 mg/mL ampicillin, which was incubated at 37 °C until the optical
density at 600 nm (O.D. 600) increased to around 1.0. Protein expression was induced
by adding 1 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) and the culture was
then shaken at 25 °C for 16h. Cells were harvested by centrifugation at 5,000 rpom for 20
min at 4 °C. The cell paste was then resuspended in 30 mL of His binding buffer (5 mM
imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9) and lysed by sonication. Cell debris
was removed by centrifugation at 33,000 rpm for 60 min at 4 °C. Fabl was purified using
His affinity chromatography. The supernatant was loaded onto a His-bind column (1.5
cm x 15 cm) containing 4 mL of His-bind resins (Novagen) that had been charged with 9
ml of charge buffer (Ni?*). The column was washed with 60 mL of His-binding buffer and
30 mL of wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9).
Subsequently, the protein was eluted using a gradient of 20 mL elute buffer (500 mM
imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9). Fractions containing bpmFabl-1 or
bpmFabl-2 were collected and the imidazole removed using a Sephadex G-25
chromatography (1.5 cm x 55 cm) using PIPES buffer (30 mM PIPES, 150 mM NacCl,
1.0 mM EDTA, pH 8.0) as eluent. The purity of the protein was shown be > 95% by 12%
SDS-PAGE, which both gave an apparent molecular mass of ~28 kDa. The
concentration of bpmFabl-1 and bpmFabl-2 was determined by measuring the

absorption at 280 nm using an extinction coefficient of 13,490 and 16,170 M'em™
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calculated from the primary sequence. The enzyme was concentrated by using

Centricon-10 (Centricon) and stored at -80 °C after flash freezing with liquid Na.

Circular Dichroism (CD) Spectroscopy.

Circular dichroism (CD) spectra of bpmFabl-1 and bpmFabl-2 (15 yM) were
recorded at RT on an Aviv model 202SF CD spectrometer (Lakewood, NJ) , using a 1-
mm path length, 1-nm bandwidth, 1-nm resolution, 0.5-s response time, and a scan
speed of 50 nm/min. The secondary structure content of each protein was subsequently
estimated using CDNN Deconvolution software (version 2;

Bioinformatik.biochemtech.uni-halle.de/cdnn).

Fluorescence Titration Experiments.

Equilibrium fluorescence titrations were conducted using a Quanto MasterTM-
4/2005 spectrometer (Photon Technologies International). Binding experiments were
performed at 25 °C using the same buffer as that used for kinetic studies. Microliter
aliquots of NADH stock solution (1 mM) were titrated into a 1 mL solution of bpmFabl-1
or bpmFabl-2 (1 uM), and the fluorescence was monitored using 350 nm excitation and
455 nm emission with excitation and emission slit widths of 5.0 and 1.0 nm,
respectively. A control experiment was also conducted in which there was no enzyme in
the cuvette. The dilution of the protein concentration was kept to a minimum (< 1%).
Data were fitted into the following quadratic equation (equation 3.1) using Grafit 4.01

(Erithacus Software Ltd.) to get Ky
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F-F, _ (Kg +[Eg + [NADH] - \/(K g HEG + [NADHJ?)— 4K 4[Elp)
F(max ) - Fy(max) - 2[E],

(Equation 3.1)

Where F and Fo are the fluorescence intensity in the presence and absence of
bpmFabl, F(max) and Fo (max) are the maximum fluorescence intensity in the presence
and absence of bpmFabl, respectively, Ky is the dissociation constant, [E]o is the

enzyme concentration in cuvette, [NADH] is the concentration of added NADH.

Expression and Purification of ftuACP.

The open reading frame (NCBI Reference Sequence YP_170325) which
encodes the putative acyl carrier protein (ACP) in Francisella tularensis SCHUS4 was
amplified by Dr. Hao Lu. The protein product of this ORF is 68% identical and 79%
similar to the ACP from B. mallei ATCC 23344. Expression and purification of fftuACP
followed a similar protocol as for bpmFabl, except the G-25 chromatography buffer is
0.1 M potassium phosphate buffer, pH 8.0. The purified fftuACP was analyzed by 15%
SDS-PAGE and MALDI-TOF mass spectrometry. The concentration of the protein was
determined by measuring the absorption at 280 nm and by using an extinction
coefficient of 2,560 M'cm™ calculated from the primary sequence. Then protein was

stored at 4 °C.
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Preparation of Crotonyl-ACP (Cro-ACP).

Purified ftuACP was concentrated to 900 uM in 3 mL reaction buffer (0.1 M
potassium phosphate buffer, pH 8.0). An equimolar amount of dithiothreitol was added
to the above solution. The reaction mixture was then stirred under nitrogen at 0 °C for
2h to ensure complete reduction of the ACP thiol group. Then 1.5-fold molar excess of
crotonic anhydride was added to the reaction mixture. After stirring for 15 min at 0 °C,
small molecules were removed from the Cro-ACP by chromatography on a Sephadex
G-25 column (1.5 cm x 15 cm) using PIPES buffer (30 mM PIPES, 150 mM NaCl and 1

mM EDTA, pH 8.0) as the eluent.

Preparation of CoA Substrate Analogues.

trans-2-Dodecenoyl-CoA (DD-CoA) (Figure 3.1) was synthesized from trans-2-
dodecenoic acid using the mixed anhydride method as described previously (27).
Briefly, 0.882 mL (4.08 mmol) of acid was dissolved in 10 mL of anhydrous diethy! ether
with 0.568 mL (4.08 mmol) of triethylamine. Following the addition of 0.39mL (4.08
mmol) of ethyl chloroformate, salt crystals formed and the solution was stirred at RT
overnight. The mixed anhydride was then filtered and added dropwise to a solution of
CoA in 50 mM NayCOs (pH 8), ethanol, and ethyl acetate (1:1:1) while being stirred at
RT. The reaction progress was monitored by following the concentration of free thiol in
solution using 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB). When no free thiol was
detected, organic solvents were removed by rotary evaporation, and DD-CoA was
purified by HPLC (Shimadzu) using a C-18 semipreparative column. Chromatography
was performed with 20 mM ammonium acetate/1.75% acetonitrile as buffer A and 95%
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acetonitrile as buffer B over 60 min at a flow rate of 4 mL/min. Elution was monitored at
260 nm and 280 nm using a SPD-10A UV-vis detector. Factions containing DD-CoA
were pooled at retention time of 14 min and lyophilized. To remove all ammonium
acetate, the product was dissolved in ddH,O and lyophilized two more times. ESI-MS
([M - HT) calcd for [C33H53N7047 P3S]: 946.2, found: 946.2.

trans-2-Octenoyl-CoA (Oct-CoA) and trans-2-decenoyl-CoA (Dec-CoA) (Figure
3.1) were synthesized and purified using the same method as described above. The
only difference is that they were synthesized from their corresponding acids, trans-2-
octenoic acid and trans-2-decenoic acid, respectively. The retention time for both of
them is around 14 min. ESI-MS ([M - H]") calcd for Oct-CoA [C29H4sN7017P3S]: 891.2,
found: 890.2. ESI-MS ([M - HJ]) calcd for Dec-CoA [C31H52N7O47 P3S]:919.2, found:

918.2.

Crotonyl-CoA (Cro-CoA) (Figure 3.1) was prepared by coupling crotonic
anhydride with CoA as described previously (744). Crotonic anhydride can be obtained
commercially. Crotonic anhydride was added dropwise to a CoA solution in 50 mM
Na>CO3; (pH 8.0), ethanol and ethyl acetate (1:1:1). The mixture was stirred at RT. Also
the reaction was monitored by detecting free thiol concentration in solution with DTNB.
When no free thio was detected, organic solvents were removed by rotary evaporation.
As above, crotonoyl-CoA was purified by HPLC (Shimadzu) using a C-18
semipreparative column. Chromatography was performed with 20 mM ammonium
acetate/1.75% acetonitrile as buffer A and 95% acetonitrile as buffer B over 60 min at a

flow rate of 4 ml/min. Elution was monitored at 260 nm and 280 nm using a SPD-10A
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UV-vis detector. Fractions containing Cro-CoA were collected at 14 min. ESI MS calcd

for [C25H40N7017 P3S]_ 835.1. Found: 834.0

(0] O
MSCOA WSCOA
Cro-CoA n=4 Oct-CoA
n=6 Dec-CoA
n=8 DD-CoA

Figure 3.1: Structure of Cro-CoA, Oct-CoA, Dec-CoA and DD-CoA.

Steady-state Kinetic Assays.

All kinetic experiments were performed on a Cary 300 Bio (Varian) spectrometer
at 25 °C in 30 mM PIPES buffer pH 6.8 containing 150 mM NaCl and 1.0 mM EDTA.
Initial velocities were measured by monitoring the oxidation of NADH to NAD" at 340 nm
(e = 6,300 M cm™), and kinetic parameters (kca: and kea/Km) Were determined as
previously described (37).

Initial characterization of the enzyme mechanism was performed in reaction
mixtures containing 30 nM bpmFabl-1 and by measuring initial velocities at several fixed
concentrations of NADH (50, 120, 190 and 250 pyM) and by varying the concentration of
Oct-CoA (16-128 uM), or at a fixed concentration of Oct-CoA (16, 32, 64 and 128 uM)
and by varying the concentrations of NADH (50-250 yM). Double reciprocal plots were
then used to differentiate between ping-pong or ternary-complex mechanisms. To

further investigate the binding order of the two substrates, product inhibition studies
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were performed in which the concentration of each substrate (NADH and Oct-CoA) was
varied in the presence of the NAD" product (0, 200 and 2000 uM). Lineweaver-Burk
plots were subsequently used to determine whether enzyme inhibition was competitive,

uncompetitive or noncompetitive.

Progress Curve Analysis.

Progress curve analysis was performed to identify slow onset inhibitors of
bpmFabl-1. Reactions were performed by adding enzyme (5 nM) to assay mixtures
containing glycerol (8%, v/v), BSA (0.1 mg/ml), DMSO (2%, v/v), Oct-CoA (300 puM),
NADH (250 uM), NAD" (200 uM) and inhibitor (0-1000 nM). Reactions were monitored
until the progress curve became linear, indicating that the steady-state had been
reached. In this protocol, the low enzyme concentration and high substrate
concentration ensure that substrate depletion was minimized so that the progress
curves in the absence of inhibitors were approximately linear over a period of 30 min
(47, 145). Because triclosan and the diphenyl ether inhibitors bind to other Fabls in
presence of NAD", 200 uM NAD" was added so that the NAD® concentration was
constant during progress curve data collection. Subsequently the data were fit to the

integrated rate equation (equation 3.2):

[1 -y * exp(=kops * £)]

At=AO_Ust_(vi_vs)*(1_y)*ln{ 1—y

T/(kobs * )/)

(Equation 3.2)
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where A; and Ao are the absorbances at time t and time 0O, vi and vs are the initial
velocity and steady-state velocity from the progress curve, respectively, t is time, y =
[E]*(1- vs/vi)?/[1], and keps is the observed rate constant for each curve. The keps values
were then analyzed using equation 3.3, that describes a two-step inhibition mechanism
in which the initial rapid binding of inhibitor to enzyme is followed by a second slow step
that leads to formation of the final enzyme-inhibitor complex (E-I*) (Figure 3.2A).

Kops = K_p + Ko [1T/(KAP +[1]) (Equation 3.3)

ob
In equation 3.3, k; and k., are the association and dissociation rates for the second
step, respectively, and K%*is the apparent dissociation constant for the initial enzyme-

inhibitor complex (E-I).

Inhibition of bpmFabl-1 by Triclosan and Select Diphenyl Ether Inhibitors.

Preincubation assays were performed to obtain the true inhibition constants and
to determine the preference of slow onset inhibitors for the different cofactor-bound
forms of bpmFabl-1. Enzyme (5 nM) was preincubated in the presence of a fixed
concentration of DMSO (2% v/v), NAD" (10-200 uM), NADH (250 uM) and inhibitors (O-
1000 nM) for 5h at 4 °C. After warming to RT, assays were initiated by the addition of
Oct-CoA (30 uM). Equation 3.4 was used to estimate the apparent inhibition constant

Ky

84



V=vy (1+ 117K (Equation 3.4)

where vy is the rate in the absence of inhibitor and [I] is the inhibitor concentration.

The experiment was repeated at varying concentrations of NAD" (10-200 uM)
and the mechanism of inhibition with respect to NAD" was determined by fitting the data
to following equation 3.5-3.7. K; and K; are defined in Figure 3.2 and represent the

equilibrium constants for inhibitor binding to E-NAD" and E-NADH, respectively.

Inhibitor binds exclusively to the E-NAD™ form

K;'= K, ([NAD*] + Ky yap)/[NAD™] (Equation 3.5)
Inhibitor binds exclusively to the E-NADH form

K;"= K;([INAD*] + Kyunap)/Kmnap (Equation 3.6)

Inhibitor binds to both the E-NAD" form and E-NADH forms

[NaDt]

CUs et

K'= Ky{——=2° (Equation 3.7)
1

[NAD*]
(Km,NADK1/K2)

Where the Ky, nap Value for NAD* was calculated from equation 3.8:

Kmnap = Kinap(1 + [NADH /Ky yapu]) (Equation 3.8)
and Kinap is the dissociation constant of NAD". Equation X presumes that NAD" is a
competitive inhibitor with respect to NADH as was shown by the product inhibition

studies.
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Figure 3.2: Kinetic schemes for the inhibition of bpmFabl-1.
(A) Slow-onset inhibition in which formation of the final E-I* inhibitor complex occurs in
two steps. (B) Kinetic scheme for the interaction of inhibitors with E-NAD" and E-NADH.
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Results and Discussion
Cloning, Overexpression and Purification of bpmFabl-1 and bpmFabl-2.

In order to identify putative Fabl homologues in B. pseudomallei, the sequences
of the Fabl proteins from E. coli (ecFabl) and from F. tularensis (ftuFabl) were used as
the query sequence for a BLAST analysis of proteins encoded in the B. pseudomallei
genome. This analysis revealed that there are two Fabl homologues, one on each of the
chromosomes with bpmFabl-1 encoded on chromosome 1 having 63.9% identity over
252 residues to ecFabl and 61.6% identity over 258 residues to ftuFabl, and bpmFabl-2
encoded on chromosome 2 with 42.4% identity over 252 residues to ecFabl and 40.9%
identity over 252 residues to ftuFabl. In addition, this analysis also revealed 41.4%
identity over 251 residues between bpmFabl-1 and bpmFabl-2 in which active site

residues were conserved between both enzymes (22) (Figure 3.3).
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ecFabl MGFLSGKRILVTGVASKLSIAYGIAQAMHREGAELAFTYQONDKLKGRVEEFAAQLGSDIV 60

ftuFabI MGFLAGKKILITGLLSNKSIAYGIAKAMHREGAELAFTYVG-QFKDRVEKLCAEFNPAAV 59
bpmFablIa MGFLDGKRILLTGLLSNRSIAYGIAKACKREGAELAFTYVGDRFKDRITEFAAEFGSELV 60
bpmFabIb MR-LOHKRGLIIGIANENSIAFGCARVMREQGAELALTYLNEKAEPYVRPLAQRLDSRLV 59
* * *. k. k. Lo o kkdk ok k. sLorkkkdkk o kk - : : s R *
ecFabl LQCDVAEDAS IDTMFAELGKVWPKFDGFVHS IGFAPGDQLDGDYVNAVTREGFKIAHDIS 120
ftuFabI LPCDVISDQEIKDLFVELGKVWDGLDAIVHSIAFAPRDQLEGNFIDCVTREGFSIAHDIS 119
bpmFabIa FPCDVADDAQIDALFASLKTHWDSLDGLVHS IGFAPREAIAGDFLDGLTRENFRIAHDIS 120
bpmFabIb VPCDVREPGRLEDVFARIAQEWGQLDFVLHSIAYAPKEDLHRRVTDCS QAGFAMAMDVS 118
. kkk [ . R . * sk ckkk -kk . . . . Lk ok kk
+ + +
ecFablI SYSFVAMAKACRSMLNP-GSALLTLSYLGAERAIPNYNVMGLAKASLEANVRYMANAMGP 179
ftuFabI AYSFAALAKEGRSMMKNRNASMVALTYIGAEKAMPSYNTMGVAKASLEATVRYTALALGE 179
bpmFabIa AYSFPALAKAALPMLSD-DASLLTLSYLGAERAIPNYNTMGLAKAALEASVRYLAVSLGA 179
bpmFabIb CHSFIRVARLAEPLMTN GGCLLTVTFYGAERAVEDYNLMGPVKAALEGSVRYLAAELGP 177
L i k% ek RN L. trreee kkk ok Jkk kk kkakk kkk ok ek
EcFablI EGVRVNAISAGPIRTLAASGIKDFRKMLAHCEAVTPIRRTVTIEDVGNSAAFLCSDLSAG 239
ftuFabI DGIKVNAVSAGPIKTLAASGISNFKKMLDYNAMVSPLKKNVDIMEVGNTVAFLCSDMATG 239
bpmFabIa KGVRVNAISAGPIKTLAASGIKSFGKILDFVESNSPLKRNVTIEQVGNAGAFLLSDLASG 239
bpmFabIb RRIRVHALSPGPLKTRAASGIDRFDALLERVRERTPGHRLVDIDDVGHVAAFLASDDARA 237
sikokok kk. ok kkkdkk & %k sk .. Kk ok -kk. kkk kk ..
ecFablI ISGEVVHVDGGFSIAA--MNELELK 262
ftuFabI ITGEVVHVDAGYHCVS--MGNVL-- 260
bpmFabIa VTAEVMHVDSGFNAVVGGMAGLEE- 263
bpmFabIb LTGNVEYIDGGYHVVG--=-=———~ 253
T B

Figure 3.3: Sequence alignment of the Fabl enzymes from E. coli, F. tularensis
and B. pseudomallei.

Residues in rectangle contribute to the substrate binding loop. The three active site
residues are highlighted by star. The sequence alignment was performed using Clustal
W (7146), and the figure was made using Jalview (7147).

Following overexpression in E. coli, the two Fabl homologues were purified to
homogeneity using His-tag affinity chromatography, following which the N-terminal His-
tag was removed from bpmFabl-2 using biotinylated thrombin. SDS-PAGE
demonstrated that each protein was > 95% pure and provided apparent molecular mass
of 28 kDa in each case, consistent with the predicted molecular mass of 27,770 Da and

27,823Da for bpmFabl-1 and bpmFabl-2, respectively (Figure 3.4).
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12% SDS-PAGE gel of bpmFabl-1
(28 kDa)

Whole cells
Supernatant

Pellet

Flow through fraction
binding buffer fraction
wash buffer fraction
ladder

Elute buffer fraction
G25 column fraction

CoNOORWN =

1234 5 6 78 9

12% SDS-PAGE gel of bpmFabl-2

(28 kDa)
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-7 10. G25 column fraction-3
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Figure 3.4: 12% SDS-PAGE showing the expression and purification of bpmFabl-1

and bpmFabl-2.

The secondary structure of bpmFabl-1 and bpmFabl-2 were estimated by CD

spectroscopy (Figure 3.5). Data analysis indicated that the a-helical content of

bpmFabl-1 and bpmFabl-2 were 39.2% and 45.0%, respectively, while the B-sheet

contents were 15.8% and 14.9%, respectively.
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Figure 3.5: CD spectra of bpmFabl-1 and bpmFabl-2.
(A) bpmFabl-1, (B) bpmFabl-2. Spectra were recorded at 25 °C in 30 mM PIPES buffer
pH 8.0 containing, 150 mM NaCl and 1.0 mM EDTA.

Catalytic Activity of bomFabl-1 and bpmFabl-2.

While the natural substrates for the Fabl enzymes are fatty acid thioesters of acyl
carrier protein (ACP), all Fabls evaluated to date are able to accept enoyl substrates
based on CoA or other artificial carrier molecules (26, 46, 47, 120, 148). Consequently,
enoyl-CoA substrates are normally used to assay these enzymes since acyl-CoAs are
significantly easier to synthesize and purify compared to the corresponding enoyl-ACPs.
To demonstrate that the recombinant enzyme is also capable of catalyzing the reduction
of ACP substrates, the ACP from F. tularensis SCHU S4 (fftuACP), which is 68%
identical to the putative ACP from B. mallei, was expressed and purified. A chemical
coupling reaction with crotonic anhydride was subsequently used to synthesize Cro-
ACP. The steady-state kinetic parameters for bpmFabl-1 are summarized in Table 3.1,
where it can been seen that bpmFabl-1 is able to catalyze the reduction of Cro-ftuACP

and a variety of the CoA substrates, confirming that gene product of
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BURPS1710b_2636 is an enoyl-ACP reductase. The kea/Km values vary by a factor of
300, from Cro-CoA to DD-CoA, indicating that the enzyme catalyzes the reduction of
long chain fatty acids most efficiently. High concentrations of Dec-CoA and DD-CoA
resulted in substrate inhibition, possibly as a result of binding to the NADH binding site.
Consequently, the observed variation in kea/ K through the enoyl-CoA substrate series
may actually be an underestimate. Due to substrate inhibition observed with the longer
acyl chain substrate, Oct-CoA was used for the progress curve analysis where high
substrate concentrations are required. The increase in Kea/Kn, from Cro-CoA to Cro-ACP
is due primarily to a reduction in K, for the ACP substrate, consistent with the

expectation that ACP is the preferred substrate carrier for this class of enzyme (749).

Table 3.1: Steady-state kinetic parameters for bpmFabl-1

Substrate Keat (MiN?)  Km (MM)  Keat'Km (MM min™)
Cro-CoA 215+8 188+ 15 1.2 +0.1
Cro-ACP 242 +22  27+6 942
Oct-CoA 1700 + 132 160 + 22 11+ 1
Dec-CoA 335+10 5.6%0.7 60 +8
DD-CoA 504+6  1.7+0.1 300 + 17

As expected for an enoyl-ACP reductase, double-reciprocal plots of the kinetic
data displayed intersecting lines to the left of the Y-axis, consistent with a ternary-
complex mechanism (Figure 3.6) (7150, 157) To further determine whether the reaction

proceeded via an ordered Bi Bi mechanism or a random Bi Bi mechanism, product
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inhibition studies were conducted (Figure 3.7) which showed that NAD" is a competitive
inhibitor with respect to NADH, and a mixed-type competitive inhibitor with respect to
Oct-CoA. This inhibition pattern is consistent with an ordered Bi Bi mechanism in which
NADH binds first to the enzyme (7150, 157). Consistent with this result, fluorescence
titration experiments demonstrated that NADH was able to bind to the free enzyme with

a Kq value of 1.02 + 0.02 uM (Figure 3.8).
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Figure 3.6: Two-substrate steady-state kinetics.

Initial velocity patterns: (A) 1/v versus 1/[Oct-CoA] double-reciprocal plot in which
[NADH] was fixed at 50 (o), 120 (A), 190 (o) and 250 pM (<>). (B) 1/v versus 1/[NADH]
double-reciprocal plot in which [Oct-CoA] was fixed at 16 (o), 32 (A), 64 (o) and 128 pM
().
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Figure 3.7: Product inhibition studies to determine the order of substrate binding.
Assays were performed by varying the concentration of one substrate at a fixed
concentration of the second substrate and in the presence of NAD". Initial velocity
patterns: (A) 1/v versus 1/[Oct-CoA] double-reciprocal plot in which [NAD*] was fixed at
0 (o), 200 (A) and 2000 uM(o). (B) 1/v versus 1/[NADH] double-reciprocal plot in which
[NAD"] was fixed at 0 (o), 200 (A) and 2000 uM(o).
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Figure 3.8: Fluorescence titration of bpmFabl-1 with NADH.
The plot shows the change in fluorescence when 1 uM bpmFabl-1 is titrated with

NADH. The solid line is the best fit of the data to the Scatchard equation with K4 = 1.02
+ 0.02 uM.

In contrast bpmFabl-2 was not active with any substrate tested, a result that was
unaffected by removal of the His-tag purification sequence from this protein. Crotonyl-

ACP was also used to evaluate whether the lack of activity detected with bpmFabl-2
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was simply the result of a complete inability to accept CoA-base substrates. However,
bpmFabl-2 was also inactive with crotonyl-ACP.

Currently it is not known why bpmFabl-2 is inactive. However, either the enzyme
is not folded correctly or we have so far not presented the enzyme with the correct
substrate. In order to ascertain whether activity was lost during purification we evaluated
the enoyl-ACP reductase activity of the E. coli cell lysate following overexpression of
bpmFabl-2. However no activity, above that assigned to the endogenous E. coli
enzymes, could be detected. In addition, bpmFabl-2 is soluble suggesting that if the
protein is incorrectly folded it is not grossly so, while CD spectroscopy revealed that
bpmFabl-2 has similar secondary structure content to bpmfFabl-1. Further perusal of
the sequence data reveals a minor change in the alignment of the catalytic residues
between bpmFabl-2 and the other Fabl enzymes. Similar to other Fabl short chain
dehydrogenase reductases (SDRs), bpmFabl-1 has the typical Y-Y-K catalytic triad,
specifically Y146-Y156-K163 (7152). However in bpmFabl-2, the residue equivalent to
Y146 is displaced by one residue to position 147 so that a phenylalanine occupies
position 146. In ecFabl, ftuFabl and bpmFabl-1 the sequence around Y146 is L-S/T-Y-
L-G-A-E-R/K, whereas in bpmFabl-2 it is L-T-F-Y-G-A-E-R. Experiments with ecFabl
have shown that Y146 plays a key role in catalysis (749), and it is plausible that the
position of Y146 in bpmFabl-2 has been altered to accommodate an alternative
substrate. Interestingly, fluorescence titration reveals that bpmFabl-2 binds NADH with
a Ky value of 1.07 £ 0.02 yM. Thus we currently hypothesize that while bpmFabl-2 is a

NAD-dependent enzyme, it does not catalyze the reduction of fatty acid substrates. In
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this regard, we note that the SDR family proteins catalyze the oxidation/reduction of a

wide range of substrates (152).

To provide additional information on the role of bpmFabl-2, the transcriptional
activity of both Fabl homologues was evaluated using RT-PCR. This analysis
demonstrates that bpmFabl-1 is strongly transcribed while the transcriptional level of
bpmfFabl-2 is at least 1000-fold less than that for bomFabl-1 (Figure 3.9). These data
support the importance of bpmFabl-1 in the fatty acid biosynthesis pathway and indicate
that bpmFabl-2, if indeed it is an enoyl-ACP reductase, is not required for fatty acid
biosynthesis under the growth conditions employed. In this regard, it has previously
been observed that chromosome 1 encodes many of the core functions associated with
central metabolism and cell growth of B. pseudomallei, whereas chromosome 2
encodes accessory functions associated with adaptation and survival in atypical
conditions, possibly accounting for the lack of bpmFabl-2 expression observed here
(753). Thus, we cannot rule out the possibility that bpmFabl-2 assumes one or more
important functions under alternative growth conditions, e.g. when the organism

replicates in vivo.
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Figure 3.9: Real-time PCR analysis of bpmFabl-1 and bpmFabl-2.
Data are mean values + SD from independent biological samples. Values were
calculated using total number of targets of bpmFabl-1 or bpmFabl-2 compared to dnaA.

Antimicrobial Activity of the Diphenyl Ether bpmFabl-1 Inhibitors

Triclosan is a potent inhibitor of the Fabl enzymes from organisms such as E. coli
(46, 47), F. tularensis (26) and S. aureus (25). This molecule has been used as a
starting point for developing long residence time diphenyl ether inhibitors of ftuFabl in
addition to the Fabl from M. tuberculosis (mtFabl, InhA) (49, 50) which is relatively
insensitive to triclosan (708). Slow onset inhibition of the Fabl enzymes is coupled to
ordering of a loop of amino acids close to the active site (22, 26, 49, 120), and the long
residence time of the slow onset inhibitors is thought to be critical for in vivo drug activity
(114, 120, 122, 154-156) as demonstrated directly by us for a series of inhibitors of
ftuFabl (26). Consequently, as a prelude to rational inhibitor discovery, we were

interested in assessing the ability of the diphenyl ether class of compounds to inhibit this
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enzyme and to determine the ability of these compounds to inhibit growth of B.
pseudomallei.

Progress curve analysis was used to demonstrate that all four diphenyl ethers
tested were slow onset inhibitors of bpmFabl-1 (26, 157). Representative data are
shown in Figure 3.10 for the inhibition of bpmFabl-1 by triclosan. In these experiments
sufficient substrate is used so that the reaction rate is linear for a significant period of
time (30 min) in the absence of inhibitor, and so that the observation of curvature in the
presence of inhibitor can be used as a diagnostic for slow onset inhibition. In Figure
3.10 A it can be seen that in the presence of triclosan the rate decreased exponentially
with time, from an initial velocity (v;) to a steady-state velocity (vs). In addition, both v;
and v decreased with increasing inhibitor concentration, while kqps increased and the
time required to reach vs decreased (Figure 3.10 A). This behavior is a classic example
of slow-onset inhibition in which the rapid formation of the initial E-I complex is followed
by a second slow step leading to the formation of the final E-I* complex (Figure 3.2 A).
Fitting the data to equation 3.1, provided values for v;, vs and kops. The hyperbolic
dependence of kqps 0N the concentration of inhibitor was then fit to equation 3.2 (Figure
3.10 B), allowing the calculation of the kinetic constants for the interconversion of E-I

and E-I*, and also providing a value for K%*, the dissociation constant of E-I (Table

3.2). Assuming that the rate of dissociation of the inhibitor from the enzyme (ko) can be
approximated by k., the residence time of triclosan on bpmFabl-1 (1/ k) is 35 min,
which is similar to that determined previously for the inhibition of ftuFabl by triclosan

(26) (Table 3.2).
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Table 3.2: Inhibition of ftuFabl and bpmFabl-1 by triclosan

Enzyme inhibitor k;(min") k. (min™) tiz K4 Kq(nM)

pair (min) (nM)

ftuFabl-triclosan® 0.56+0.04 0.025+0.003 28+2 407+48 0.051+0.003
bpmFabl-1- 0.87+0.03 0.020+0.006  35+8 647+50 1.57+0.13

triclosan

& data taken from (26).

Since most diphenyl ethers preferentially bind to the Fabl-NAD" product complex
and only occasionally prefer the Fabl-NADH form of the enzyme (22, 45, 108, 120), we
performed preincubation experiments with the diphenyl ether inhibitors and bpmFabl-
1(26). This enables the dependence of enzyme inhibition on NADH or NAD" to be
evaluated and also provides the true thermodynamic affinity of the inhibitor for E-NAD*
(K1) and E-NADH (K2) (Figure 3.2 B). Following preincubation of bpmFabl-1 with
inhibitor in the presence of saturating NADH and various concentrations of NAD" for 5
h, the reaction was initiated by adding Oct-CoA to obtain the apparent inhibition
constant K/ at each [NAD']. Subsequently, the dependence of K/ on [NAD'] was
examined. For triclosan, the dependence of K/ on [NAD'] was best described by the
equation in which the inhibitor binds to both E-NAD" and E-NADH forms of bpmFabl-1
(Figure 3.10 C), albeit with a ~1,000-fold preference for E-NAD". The K; and K; values
determined using this method were 1.57 nM and 1.10 pM, respectively (Table 3.3). The

three other diphenyl ethers behaved similarly to triclosan (Table 3.3) with representative
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data shown in Figure 3.10 D for PT01. Thus, all four compounds tested are slow onset

inhibitors of bpmFabl-1 with nanomolar affinity for the E-NAD" form of this enzyme.
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Figure 3.10: Progress curve and preincubation analysis for the inhibition of
bpmFabl-1 by triclosan and PTO01.

(A) Progress curves were obtained for triclosan concentrations ranging from 0 -
1000 nM. The solid lines are the best fits of the data to equation 1. (B) kops from
Figure 2.9 A plotted as a hyperbolic function of [triclosan] using equation 2. (C) The
effect of NAD" on the apparent inhibition constant of triclosan. The solid, dashed and
dotted lines are the fits of the data to equations in which the inhibitor binds to both E-
NADH and E-NAD" (solid line), only E-NAD" (dashed line) or only E-NADH (dotted
line) (26). The best fit (solid line) is obtained using Ki' = Ky(1 + [NAD")/ Kmynap)/[1 +
[NAD']/( Kivnap Ki1/K>)], with K4=1.57 + 0.13 nM and K,=1096 + 74 nM. (D) The effect
of NAD" on the apparent inhibition constant of PT01. The solid, dashed and dotted
lines are as described in 6C, and the best fit (solid line) is again obtained with the
equation in which PT01 binds to both E-NAD" and E-NADH with K; = 0.51 + 0.04 nM
and K2=910 £ 101 nM.
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Table 3.3: Antibacterial activity and inhibition of bpmFabl-1 by triclosan and the
diphenyl ethers

B. thailandensis

B.
Kz
Inhibitor K1 (nM) pseudomallei "g2g4 Bt38
(nM)
MIC (ug/mL) — mic MIiC
(ng/mL)  (ug/mL)
.9 157 1096
Triclosan /©/ @\ 30 30 0.2-0.5
o o 013 %74
OH 051 910
PTO1 \/©O© 72 72 0.2-0.5
+0.04 +101
T, 130 361
PT02 M/Ej @ >250 >250 1.2
. +0.10 +14
T 180 428
PTO3 Wﬁj @ >250 >250 33
) +0.20 +20
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The ability of the diphenyl ethers to inhibit bacterial growth was also evaluated.
MIC values against B. pseudomallei varied from 30 and 70 pg/mL for triclosan and
PTO1, respectively, to >250 ug/mL for PT02 and PT03 (Table 3.3). Since efflux is a
major mechanism of drug resistance in Burkholderia spp. (135), we also evaluated
antibacterial activity using a B. thailandensis strain (Bt38) in which the bpeAB-oprB and
amrAB efflux pumps have been disabled (736). Fabl-1 and Fabl-2 in B. pseudomallei
and B. thailandensis are very similar with 98% and 97% identity, respectively, so it is
likely that the Fabl-1 enzyme in B. thailandensis is also very sensitive to the compounds
used in this study. As a control we first determined MIC values for the diphenyl ethers
against a wild-type strain of B. thailandensis (E264), and observed the same values as
those determined for B. pseudomallei, ranged from 30 ug/mL for triclosan and 70 ug/mL
for PTO1, to 250 pg/mL for PT02 and PTO3 (Table 3.3). However, MICs for pump
mutant strain Bt38 were dramatically reduced, with values of 0.2-0.5 pg/mL for triclosan
and PTO01, 1.2 yg/mL for PT02 and 33 pg/mL for PTO3 (Table 3.3), in the range
observed for this class of compounds with other sensitive organisms (25, 26, 50),
suggesting that their antibacterial activity is due to Fabl-1 inhibition in Bt38. Since all
four compounds have similar affinities for bpmFabl-1, it is presently unclear why the
MIC values of PT02 and PTO3 differ from those of triclosan and PTO1 for the three
strains tested. Clearly, all are substrates for the efflux pumps that have been inactivated
in Bt38, since the MIC values are lower for this strain; however, it is plausible that PT02
and, especially, PTO3 are substrates for additional efflux system(s) or detoxification
pathways that are still present in Bt38, or that these compounds have more difficulty in

crossing the cell wall.
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Finally, it is important to comment on the presence of the FabV enoyl-ACP
reductase homologue in B. pseudomallei. In addition to the two Fabl homologues, B.
pseudomallei also contains a homologue of the recently discovered FabV enoyl-ACP
reductase (37, 33). It is currently not clear what role Fabl and FabV play in Burkholderia
spp. However it is possible that both have to be inhibited in order to fully compromise
fatty acid biosynthesis, a view that is supported by recent work on Pseudomonas
aeruginosa PAO1 (33). Like B. pseudomallei, P. aeruginosa also contains both Fabl
(paFabl) and FabV (paFabV) homologues, which are 65% and 74% identical,
respectively, to the corresponding enzymes in B. pseudomallei. Interestingly, Wang,
Cronan and co-workers have demonstrated that deletion of the gene for paFabV leads
to a >2,000-fold increase in sensitivity of P. aeruginosa to triclosan (MIC >2,000 to 1
pMg/mL), supporting their conclusion that triclosan resistance in this organism is due to
the presence of the ‘triclosan-resistant’ FabV enzyme rather than to efflux (33).
However, in the case of Burkholderia spp., experiments with strain Bt38 indicate that
efflux plays an important role in modulating the sensitivity of this organism to triclosan
and the other diphenyl ethers. Additionally, the triclosan MIC value for Bt38 of 0.2-0.5
pug/mL is similar to that of the P. aeruginosa FabV knockout strain, indicating that in
Burkholderia either both enzymes are essential or that this concentration is sufficient to
inhibit both bpmFabl-1 and bpmFabV. In this regard we know that the K; value of
triclosan for bpmFabV is 0.4 uyM (0.12 yg/mL) (37), which is similar to the MIC value for
the efflux pump mutant strain. Thus, even though bpmFabV is ~250-fold less sensitive
to triclosan than bpmFabl-1, the concentration of inhibitor required to prevent bacterial

growth is indeed sufficient to inhibit both enoyl-ACP reductases. Currently we are
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constructing genetic knockouts of the respective genes in B. thailandenis and B.
pseudomallei to provide additional insight into the function of Fabl and FabV in
Burkholderia spp. and to evaluate the mechanism of action of the enoyl-ACP reductase

inhibitors.
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Conclusions

As an initial step in developing novel antibacterials against Burkholderia
pseudomallei, we have characterized the Fabl enoyl-ACP reductase homologues in
FAS-Il pathway from this organism and performed an initial enzyme inhibition study. A
BLAST analysis identified two Fabl enoyl-ACP reductase homologues, bpmFabl-1 and
bpmFabl-2, in the B. pseudomallei genome, which were cloned, overexpressed in E.
coli and purified. Steady-state kinetics was used to determine the reaction mechanism
and the sensitivity of bpmFabl-1 to four diphenyl ethers. The antibacterial activity of the
inhibitors was assessed using a wild-type strain of Burkholderia thailandensis (E264)
and an efflux pump mutant (Bt38). Consistent with its annotation as an enoyl-ACP
reductase, bpmFabl-1 catalysed the NADH-dependent reduction of DD-CoA via a
sequential Bi Bi mechanism. In contrast, bpmFabl-2 was inactive with all substrates
tested and only bpmfabl-1 was transcriptionally active under the growth conditions
employed. The sensitivity of bpmFabl-1 to four diphenyl ethers was evaluated and in
each case the compounds were slow-onset inhibitors with K; values of 0.5-2 nM. In
addition, triclosan and PT01 had MIC values of 30 and 70 ug/mL for B. pseudomallei as
well as a wild-type strain of B. thailandensis (E264), but MIC values of < 1 ug/mL for the
efflux pump mutant Bt38. A reduction in MIC values was also observed for the pump
mutant strain with the other diphenyl ethers. We conclude provided that efflux can be

circumvented, bpmFabl-1 is a suitable target for drug discovery.
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Chapter 4 : Mechanism and Inhibition of the FabV enoyl-ACP Reductase from

Yersinia pestis

Background

Plague

Plague, a widespread zoonotic disease, has had devastating effects on the
human population throughout history. The three major historical plague epidemics—
plague of Justinian, Black Death, and Third Pandemic—have caused millions of death
in the European continent, as well as worldwide after the spread of the disease (158). It
has lodged itself permanently in the world’s list of highly infectious diseases.

The main carrier of this zoonotic disease has been identified to be infected
rodents and the vector of transmission to humans has long been established to be fleas,
ticks and body lice (158, 159). The transmission route through the flea has been
established: after an infected blood meal, an antibacterial mechanism of the flea causes
the containment of the bacteria within its stomach which are eventually regurgitated into
the mammalian blood during the feeding process (7160).

There are three main forms of manifestation of the plague: bubonic, septicemic,
and pneumonic plague. In the most common form, bubonic plague, pathogenic bacteria
spreads through the lymphatics until it reaches alymph node, and stimulates
severe haemorrhagic inflammation that causes the lymph nodes to expand. The
expansion of lymph nodes is the cause of the characteristic "bubo" associated with the

disease (7158). Lymphatics ultimately drain into the bloodstream, so the plague
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pathogenic bacteria may enter the blood and travel to almost any part of the body, and
result in septicemic plague. The pneumonic plague, the extremely deadly form, is
normally spread by aerosolic propagation when airborne droplets were produced by
acts of coughing and sneezing by infected humans (1568). Secondary pneumonic plague
can develop after the initial bubonic manifestation, when the bacteria spread to the

lungs in the human host.

Yersinia pestis

Yersinia pestis is a Gram-negative bacterium which has been identified as the
plague-causing pathogen by both Alexandre Yersin and Shibasaburo Kitasato
independently in 1894 (158). Y. pestis has gained attention as a possible biological
warfare agent (767) and the Centers for Disease Control and Prevention (CDC) has
classified it as a category A bioterrorism pathogen.

Streptomycin has been used to treat plague for about 60 years (762) and still
remains the drug of choice. However, because streptomycin is bacteriolytic, it should be
administered with care to prevent the development of endotoxic shock. Due to its
toxicity, patients are gradually switched to another antibiotics, usually tetracycline (158).
Because antibiotics may provide little immediate relief to patients who are infected with
antibiotic resistant strain, some antibacterial investigations have been carried on the

anti-plague antibody as therapeutics (763).
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FabV, the fourth Enoyl-ACP Reductase

The maijority of the FAS-Il enzymes are essential for bacterial viability (747).
Among the enzymes found in the FAS-II pathway, the enoyl-ACP reductase, which
catalyzes the last reaction in each elongation cycle, has been mostly studied based on
the discovery of antibacterial compounds that target this enzyme (7102, 107, 142). The
Fabl enoyl-ACP reductase from E. coli was first identified (743), and it was initially
considered to be the only reductase in bacteria. Subsequently, drug resistance in other
pathogens led to the discovery of Fabl isoforms: FabK in Streptococcus pneumonia
(34), FabL in Bacillus subtilis (30), and FabV, the most recently discovered class of the
enoyl-ACP reductase, orginially identified in Vibrio cholera by Cronan and co-workers
(32). Recently, FabV was identified in B. mallei, and there was a detailed kinetic

analysis of the enzyme mechanism and inhibition by triclosan (37).

Project Goal

Enoyl-ACP reductase in Y. pestis has not been characterized and remains
relatively unexplored. Based on the protein sequence similarity, we predict that there is
only one enoyl-ACP reductase, and that this enoyl-ACP reductase belongs to the class
of FabV. This project is focused on characterizing the mechanism of FabV in Y. pestis
and identifying potential inhibitors for Y. pestis as well as all other infectious pathogens
containing FabV. The outcome of this project will further enhance our knowledge of the

FAS-II pathway in Y. pestis and lead to the development of antibiotics.
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Materials and Methods

Cloning, Expression, and Purification of ypFabV

A putative fabV gene from Y. pestis CO92 genome was identified using BLAST
sequence alignment with FabV found in Vibrio cholera, and amplified using the following
primers (Integrated DNA Technologies): 5-
CCGCTCGAGATGATTATAAAACCACGTGTA-3 (forward) and 5-
CCGGAATTCTTAACCCTGAATCAAGTTAGG-3’ (reverse). PCR product was digested
with Xhol and EcoRI, and then inserted into the pET15b plasmid (Novagen) so that a
His-tag was encoded at the N-terminus of the coding sequence. The constructed
plasmids were confirmed by the DNA sequencing (DNA Sequencing Facility, Health
Science Center, Stony Brook University).

Protein expression was performed using the E. coli strain BL21 (DE3) pLysS
cells. After transformation, a single colony was used to inoculate 10 mL of Luria Broth
(LB) media containing 0.2 mg/mL ampicillin in a 50 mL falcon tube, which was then
incubated overnight at 37 °C. The overnight culture was used to inoculate 1 L of LB
media containing 0.2 mg/mL ampicillin, which was incubated at 37 °C until the optical
density at 600 nm (O.D. 600) increased to around 1.0. Protein expression was induced
by adding 1 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) and the culture was
then shaken at 25 °C for 16h. Cells were harvested by centrifugation at 5,000 rpom for 20
min at 4 °C. The cell pellet was resuspended in 30 mL of binding buffer (5 mM
imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9) and was lysed by sonication. The cell
lysate was ultracentrifuged at 33,000 rpm for 1 hour at 4 °C to pellet the cell debris and

the supernatant was then loaded onto a His-bind column (1.5 cm x 15 cm) which
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contained around 4 mL of His-bind resin (Novagen) charged with charge buffer (Ni**).
The column was equilibrated with binding buffer before loading. The flow-through from
the supernatant was collected and 60 mL of binding buffer was used to wash the
column. After that, 60 mL of wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris-
HCI, pH 7.9) was used to wash the column. Finally, the ypFabV was eluted by 30 mL of
eluent buffer (1M imidazole, 0.5 M NaCl, 30 mM Tris-HCI, pH 7.9) and collected in
fractions. The presence of ypFabV in the collected fractions was tested with a
spectrophotometer at 280 nm. The fractions with protein were combined and loaded
onto a Sephadex G-25 chromatography (1.5 cm x 55 cm) to remove imidazole using
PIPES buffer (30 mM PIPES, 150 mM NaCl and 1 mM EDTA, pH 8.0) as the eluent.
The protein was >95% pure shown by 12% SDS-PAGE, which gave an apparent
molecular mass of ~43 kDa. The concentration of the protein was measured by
obtaining the absorption at 280 nm using the extinction coefficient () of 46,610 M™'cm™
calculated from the primary sequence. The final concentrated protein was flash frozen

and stored at -80 °C.

Synthesis of Trans-2-dodecenoyl-CoA, Cis-5-trans-2-dienoyl-CoA and Lauryl-CoA

trans-2-Dodecenoyl-CoA (DD-CoA), cis-5-trans-2-dienoyl-CoA and lauryl-CoA
were synthesized from trans-2-decenoic acid, cis-5-trans-2-dienoic acid and lauric acid,
respectively, using the mixed anhydride method (708, 148). ESI-MS ([M - H]') calculated
for DD-CoA [C33Hs3N7047 P3S]: 946.2, found: 946.2. ESI-MS ([M - H]) calculated for
cis-5-trans-2-dienoyl-CoA [Cs3Hs51N;O17 P3S]: 944.7, found: 944.7. ESI-MS ([M - H])
calculated for lauryl-CoA [C33Hs5N7017 P3S]: 948.7, found: 948.7.
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Steady-State Kinetics Analysis

All kinetic experiments were performed on a Cary 300 Bio (Varian) spectrometer
at 25 °C in 30 mM PIPES buffer pH 6.8 containing 150 mM NaCl and 1.0 mM EDTA.
Initial velocities were measured by monitoring the oxidation of NADH to NAD™ at 340 nm
(e = 6,300 M cm™), and kinetic parameters (kcar and kea/Km) were determined as
previously described (37).

Initial characterization of the enzyme mechanism was performed in reaction
mixtures containing 30 nM ypFabV, and measuring initial velocities at several fixed
concentrations of NADH (50, 120, 190 and 250 uM) and by varying the concentration of
DD-CoA (16-128 uM), or at a fixed concentration of DD-CoA (16, 32, 64 and 128 uM)
and by varying the concentration of NADH (50-250 uM). Double reciprocal plots were
then used to differentiate between ping pong or ternary-complex mechanisms. To
further investigate the binding order of the two substrates, product inhibition studies
were performed in which the concentration of each substrate (NADH and DD-CoA) was
varied in the presence of the NAD" product (0, 50 and 100 uM). Lineweaver-Burk plots
were subsequently used to determine whether enzyme inhibition was competitive,

uncompetitive or noncompetitive.

Inhibition by Diphenyl Ether Compounds

Kinetic assays using DD-CoA and ypFabV were performed as described
previously (708). Reactions were initiated by addition of 15 nM ypFabV to solutions

containing 250 uM NADH, 30 uM DD-CoA and 100 uM inhibitor.
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Results and Discussion

Bioinformatic Analysis.

Sequence similarity studies revealed that enoyl-ACP reductase, especially FabV,
is well conserved among several clinically important pathogens, such as Vibrio cholera
(32), Pseudomonas aeruginosa (33), and Burkholderia spp. (31). To identify putative
enoyl-ACP reductase homologues in Y. pestis, the sequences of Fabl from E. coli
(ecFabl), FabL from B. subtilis, FabK from S. pneumoniae, and FabV from V. cholerae
(vcFabV) were used as templates for a BLAST analysis of Y. pestis CO92 genome.
Open reading frame YPO4104 was identified as vcFabV homologue. The putative
ypFabV was found to be 86% homologous to FabV in Vibrio cholera (vcFabV), and has

conserved active site residues (Figure 4.1).
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Figure 4.1: Sequence alignment of enoyl-ACP reductases Fabl from
FabV from V. cholerae, B. mallei, Y. pestis.

Active sites are labeled in red, key residues for inhibitor binding are labeled

25
60
60
60

69

120
120
120

104
180
180
180

159
240
240
240

215
299
299
300

245
359
356
357

E. coli, and

in blue.

Subsequently, the ypFabV was cloned, expressed, and purified, giving a protein

with a molecular mass of ~43 kDa on SDS-PAGE, consistent with the expected

molecular mass of 43346 Da. The enzyme was shown to catalyze the NADH-dependent

reduction of DD-CoA, demonstrating that ypFabV has in vitro enzymatic activity

characteristic of an enoyl-ACP reductase.
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Kinetic Mechanism.

The Michaelis-Menten constants for DD-CoA were then determined by varying
the concentration of DD-COA at a saturating concentration of NADH. The values of Kcat,
Km.ob-coa and keai/Km obtained using this method were 1270 + 140 min™, 17 £ 2 yM, and
34 + 4 uM™" min™", respectively, which is comparable with bmFabV (37).

In order to discriminate between ternary complex mechanism or ping pong
mechanism of substrate binding, a matrix of initial velocities was measured at different
concentrations of DD-CoA and NADH, and the kinetic data were then analyzed using
double-reciprocal plots (Figure 4.2). It was shown that all the lines obtained from the bi
substrate kinetic data intersected each other at a single point in both double reciprocal
plots. This indicated that ypFabV catalyzes substrate reduction through a ternary
complex mechanism, which was also the same for bmFabV/(37). To further determine
whether the reaction proceeded via an ordered Bi Bi mechanism or a random Bi Bi
mechanism, product inhibition studies were conducted (Figure 4.3) which showed that
NAD" is a competitive inhibitor with respect to NADH, and a noncompetitive inhibitor
with respect to DD-CoA. This inhibition pattern is consistent with an ordered Bi Bi

mechanism in which NADH binds first to the enzyme (25, 157).

113



A 1000

800 [
s B
£ 600
£ i [o)
£ 400 }
> i
200 |
0 _/ a1 1 s 1 s 1 3 1 3
02 0 02 04 06 08 10 12 0 0 0.2 0.4

1/[DD-CoA] (pM™) 1/[NADH] (uM™)

Figure 4.2: Two-substrate steady-state kinetics.

Initial velocity patterns: (A) 1/v versus 1/[DD-CoA] double-reciprocal plot in which
[NADH] was fixed at 10 (o), 33 (A), 100 (o) and 250 uM (V). (B) 1/v versus 1/[NADH]
double-reciprocal plot in which [DD-CoA] was fixed at 6 (o), 12 (A) and 24 uM (o).
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Figure 4.3: Product inhibition studies to determine the order of substrate binding.
Assays were performed by varying the concentration of one substrate at a fixed
concentration of the second substrate and in the presence of NAD". Initial velocity
patterns: (A) 1/v versus 1/[DD-CoA] double-reciprocal plot in which [NAD'] was fixed at

0 (o), 50 (e) and 100 uM(o). (B) 1/v versus 1/[NADH] double-reciprocal plot in which
[NAD"] was fixed at 0 (o), 50 () and 100 uM().
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Preference toward Saturated Acyl Chain Substrate and Unsaturated Acyl Chain
Substrate.

From previous study (Table 4.1), the Fabl enzymes from E. coli and F. tularensis,
which are the only enoyl-ACP reductase in the corresponding organisms, can efficiently
catalyze the reduction of both DD-CoA and cis-5-trans-2-dienoyl-CoA. Interestingly, the
ratio of Kca/Km values toward the unsaturated substrate and saturated substrate
correlate with their unsaturated fatty acid (UFA) content in the lipids from the respective
organism. In S. aureus, saFabl has no activity toward cis-5-frans-2-dienoyl-CoA, which
is also consistent with the trace amount of UFAs in its lipids. In B. mallei, bmaFabl can
only poorly catalyze cis-5-trans-2-dienoyl-CoA, so the ratio of kca/Km values toward cis-
5-trans-2-dienoyl-CoA and DD-CoA is only 0.003, which is significantly not consistent
with the UFA percentage of B. mallei. The inefficiency of the bmaFabl toward
unsaturated substrate cis-5-frans-2-dienoyl-CoA, may be because of the presence of
another enoyl-ACP reductase bmaFabV, which can efficiently catalyze the reduction of
unsaturated substrate for UFA biosynthesis with a 90-fold increase in Ke./Ky ratio
compared to bmaFabl. Consequently, we hypothesize that bacteria may control their
UFA/SFA ratio by regulating the enoyl-ACP reductase activity toward different
intermediates in both SFA and UFA biosynthesis pathway.

Y. pestis has large amount of UFA with UFA/SFA ratio of 32%. Interestingly, it
only has one enoyl-ACP reductase (FabV). We would like to explore whether we can
extend above hypothesis to Y. pestis. We synthesized two substrates that mimicked the
intermediates from both the SFA and UFA biosynthesis pathways (Figure 4.4), and

evaluated ypFabV catalysis efficiency for both of the two substrates. Consistent with the
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observance in above bacteria, ypFabV can catalyze both unsaturated and saturated
substrate with similar kea/Kn values (UFA/SFA), correlating with the high UFA

percentage in its lipids.

O O
M S-CoA \/\/\/WJ\ S-CoA
DD-CoA cis-5-trans-2-dienoyl-CoA

Figure 4.4: Structure of DD-CoA and cis-5-trans-2-dienoyl-CoA

Kinetic parameters of ypFabV were measured and are shown in Table 4.1. The
parameters of different enoyl-ACP reductases (ecFabl, ftuFabl, saFabl, bmFabl and
bmFabV) and the percentage of monounsaturated fatty acids from the lipids of

corresponding organism are also listed.
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Table 4.1: Kinetic parameters of enoyl-ACP reductases from different organism
and their UFA content in the lipid

Enzymes DD-CoA cis-5-trans-2- Ratio ° UFA% in

keat/Km (MM's™)  dienoyl-CoA each
Keat/Km (MM 's™) organism ¢

ecFabl 24+6 84+13 0.35 33

ftuFabl 570 = 36 7.6 £0.6 0.013 1.2

saFabl 0.8+0.1° Inactive 0 Trace

bmFabl 300 £ 18 0.92 +0.06° 0.003

bmFabV 497 +19° 85+ 3° 0.17 >

ypFabV 88 88 1 32

@Data measured by Dr. Hua Xu

®Data measured by Dr. Hao Lu

“Ratio= cis-5-trans-2-dienoyl-CoA / DD-CoA ( kcat/Km values)
Percentage of monounsarurated fatty acid obtained from (3, 164-167)

In summary, all of above data demonstrated that to have a high UFA content in
cellular lipids, the enoyl-ACP reductase has to be capable of efficiently reducing the
unsaturated intermediates in the UFA biosynthesis pathway. If there is only one enoyl-
ACP reductase, either Fabl or FabV, the only enoyl-ACP reductase will catalyze both
unsaturated and saturated substrate efficiently. If there are two enoyl-ACP reductases,
both Fabl and FabV, Fabl will serve as the enoyl-ACP reductase in SFA biosynthesis,

while FabV competes with Fabl to divert the intermediates to UFA biosynthesis.
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Inhibition of ypFabV by diphenyl ethers.

Triclosan is a potent inhibitor of Fabl enzyme from a variety of organisms.
Studies with the Fabl enzymes from E. coli (9, 47, 120), F. tularensis (26) and B.
pseudomallei (168) have revealed that triclosan is a slow-onset inhibitor. However, it is
a rapid reversible inhibitor of InhA from M. tuberculosis with a K; value of only 0.2 uyM
(708) compared to K; values of 5 pM, 50 pM and 1.5 nM for ecFabl , ftuFabl and
bpmFabl-1, respectively (26, 46, 168). Rational structure-based drug discovery has
successfully resulted in diphenyl ether-based inhibitors of InhA with improved affinity
(48-50) that are slow-onset inhibitors of the enzyme (49). Because of our success in
modifying diphenyl ethers to high-affinity slow-onset inhibitors of InhA, we would like to
study the inhibition of ypFabV by diphenyl ethers.

Previously, we reported that the electronic and steric properties of A-ring are
essential for the binding affinity of triclosan analogues for InhA (50). To investigate the
electronic effect, we replaced the chlorine atom with a stronger electron withdrawing
group (fluorine) (PT55) and electron donating group (methyl group) (PT53). To
investigate the steric effect, we replaced the chlorine with different lengths of alkyl
groups to generate analogues (PT01-05, PT07). From previous InhA work, introduction
of different function groups on B-ring can affect the binding affinity probably due to
hydrophobic interactions or steric interactions between the substituent and enzyme (48-
50). Therefore, we evaluated the enzyme inhibition activity of PT52 with no substituent,
PT16-18 with amide group, PT70 with methyl group.

Enzyme inhibition data are summarized in Table 4.2. For all the compounds, the

binding affinities were very weak, so we didn’t measure their accurate ICsp values, but
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only measured their enzyme activity at 100 yM inhibitor. In addition, previous research
has shown that triclosan is a slow binding inhibitor of ecFabl with picomolar affinity (47).
However, different from Fabl, the study of ypFabV, same as bmFabV (37), shows
triclosan and diphenyl ethers are rapid reversible inhibitors of FabV. So we conclude
that diphenyl ether is not a good scaffold for ypFabV. In addition, this in vitro inhibition

data is consistent with MIC values of Y. pestis (Table 4.2).
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Table 4.2: Inhibition of triclosan and Its Analogues for ypFabV and bmFabV

ypFabV bmFabV® Y. pestis
/mL
(15 nM) (ng/mL)
# Inhibitor activity % Ki (M) MIC
at 100 uM
PT54 OH Cl 54 % 0.42 £ 0.02
jone!
Cl Cl
Modification of A-ring at 5-position
PT51 OH 94% 128+ 0.5 >40
OC
PT55 OH 64 % 53+0.3 >40
o]
fone
PT53 OH 62 % 3.7+0.1
jons
PT52 60% 1.1+0.1 >40

Jeas
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ypFabV bmFabV?® Y. pestis

/mL
(15 nM) (ng/mL)
# Inhibitor activity % Ki (uM) MIC
at 100 uM
PTO1 OH 72 % 0.28 £ 0.02 >40
0
PT02 OH 56% 0.19 £ 0.01 20-40
O
Mﬁj
PTO03 OH 61 % 0.11 £ 0.01 >40
Noae
4
PT04 OH 70 % 1.6+0.1 >40
Heae
5
PTO05 OH 74 % 6.2+0.2
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ypFabV bmFabV?® Y. pestis

/mL
(15 nM) (ng/mL)

# Inhibitor activity % Ki (uM) MIC

at 100 uM
PTO7 OH 82 % N/A
None
13
Modification of B-ring at ortho-, meta- or para-position
PT70 81 % N/A >40

AT

PT16 O 88 % 3.9+0.5

OH HN)k
Neone
5
on P 100 % No
M/@/Oj@/ NH inhibition at
5

30 uM

PT17

122



ypFabV bmFabV® Y. pestis

/mL

(15 nM) (ng/mL)
# Inhibitor activity % Ki (uM) MIC
at 100 pM
PT18 OH 89% 3.310.4
Heone!
5 NH
O

@ Data is from Dr. Hao Lu

To study the reason for week binding affinity, apo-ypFabV was crystallized by
Maria Hirschbeck in Dr. Caroline Kisker group in Rudolf Virchow Center for
Experimental Biomedicine, Institute for Structural Biology University of Wurzburg, then
compared with ecFabl-NAD"-triclosan structure. In the structure of ternary complex
ecFabl-NAD"-triclosan, there are several important interactions: hydrogen bonds are
formed between the inhibitor A-ring hydroxyl group and Tyr156, and a hydrogen
bonding network is formed between the 2'-hydroxyl group of NAD" and Lys163. A -
stacking interaction between the A-ring of triclosan and the nicotinamide ring of NAD*
further stabilizes the conformation of the inhibitor. The A-ring chlorine of triclosan
extends into the hydrophobic environment of the substrate binding cavity and forms

hydrophobic interactions with residues Tyr146 and Tyr156. A-ring chlorine also forms an
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edge-on T interaction with the aromatic ring of Phe203. Additionally, hydrophobic
interactions are formed between the two phenyl rings of the inhibitor and amino acids
Ala196, 11e200, and Ala197 of the substrate-binding loop. B-ring ortho-Cl forms
hydrophobic interactions with Ala196 at a distance of 3.5 A, B-ring interacts with 11€200
at a distance of 4.0 A. A-ring interacts with Ala197at a distance of 3.9 A. A-ring and B-
ring forms hydrophobic interactions with 11200 at a distance of 3.9 A and 3.5 A,

respectively.

According to the protein sequence alignment, most of the residues which play a
key role in inhibitor binding with ecFabl are conserved in FabV; however, Ala197 and
Phe203 in ecFabl are replaced by Ser and Met, respectively. These amino acid
replacements, from Ala to Ser with polar side chain and from Phe to Met without phenyl
ring, may greatly affect the inhibitor binding. In addition, because of the beta hairpin
loop (Pro142-Ser155) (Figure 4.5B) pointing out of the binding pocket, some of the
hydrophobic interaction partners (1l€92-Ala95) (Figure 4.5A) of the B-ring of the

inhibitors are missing. This might also affect the triclosan binding.
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Interestingly, diphenyl ethers have much lower binding affinity with bmFabV
(Table 4.2), which is 75% identical and 84% similar to ypFabV. To explain ypFabV
resistance, we speculate even their protein sequence is very similar; their crystal
structure may be different, especially at some important residues for inhibitor binding. In
ypFabV, most residues which are not conserved in bmFabV, in light blue (Figure 4.6A),
are far away from the inhibitor binding site. However, Leu139 and Ser141 in ypFabV
(Figure 4.6B), which are replaced by Val and Ala in bmFabV, respectively, are closely
adjacent to NAD" and triclosan binding site. Consequently, we speculate these two
residues, especially Ser141, may leads to unfavorable interaction and weak binding
between ypFabV and diphenyl ethers. In future, we can compare crystal structure of

both ypFabV and bmFabV to further explore it.
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Figure 4.6: apo-ypFabV structure.

(A) apo-ypFabV structure was overlapped with structure of triclosan bound to ecFabl
(1QSG.pdb). Residues which are not conserved in bmFabV are in light blue. (B) Zoom-
in crystal structure of inhibitor binding site.
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Conclusion

In summary, the FabV among various bacteria have shown high conservation of
active site residues. Steady-state kinetics analysis has also demonstrated that ypFabV
catalyzes the reduction of enoyl-ACP substrates through an ordered Bi Bi mechanism in

which NADH binds first to the enzyme.

FabV, as the only enoyl ACP reductase FabV in Y. pestis, will be a good drug
target. However, diphenyl ethers are not promising leads for developing potent FabV

inhibitors. In future, we can identify lead inhibitor from high throughput screening.

Since there is only one enoyl ACP reductase FabV, Y. pestis is a good example
to study the FabV activity in vivo, for example, the possibility of thermal control of lipid
fluidility by changing UFA/SFA ratio, which is regulated by the enoyl-ACP reductase

activity toward saturated and unsaturated substrates.
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Chapter 5 : Identification of putative trans-2, cis-3-decenoyl-CoA isomerase in

Burkholderia mallei

Introduction

Bacterial Unsaturated Fatty Acid (UFA) Biosynthesis

The cell membrane physically separates the intracellular components from the
extracellular environment. It is semi-permeable and able to regulate what enters and
exits the cell, thus facilitating the transport of materials needed for survival. This function
is dependent on the physical state of lipid bilayers in the cell membrane (769). At the
physiological temperature, the bilayers of most organisms are entirely or mostly fluid.
However, at lower temperature, membrane lipid bilayers undergo a reversible change
from fluid (disordered) to nonfluid (ordered) array of fatty acid acyl chains (170, 171).

Unsaturated fatty acids (UFAs) exhibit steric hindrance due to the rigid kink of cis
double bond in the phospholipid acyl chains, thus UFAs cannot pack as tightly as
saturated fatty acids (SFAs) (Figure 5.1) (772). UFAs’ characteristics allow them to
have lower transition temperature than SFAs, which is the temperature at the midpoint
between the fluid and non-fluid states. The membrane lipid fluidity seems to be
controlled by incorporation of more UFAs as the temperature decreases (773). In most
bacteria, the dominant forms of UFAs (C16:1 cis-9 acid, C18:1 cis-9 acid and C18:1 cis-
11 acid) are the straight-chain monounsaturated fatty acids predominately with 16 and

18 carbon chain lengths.
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Figure 5.1: Packing of fatty acid chains in a membrane.

The space-filling model shows the packing of (A) three molecules of stearic acid (C18:0)
and (B) a molecule of oleic acid (C18:1 cis-9) between two molecules of stearic acid.
The highly ordered packing of fatty acid chains is disrupted by the presence of cis
double bond (773).

Eukaryotes (7174) and some bacteria, such as Pseudomonas aeruginosa (175)
and cyanobacteria (776), have completely separate systems for the synthesis of SFAs
and UFAs. UFAs are synthesized from SFAs by fatty acid desaturases (DesA or DesB)
that convert single bonds to double bonds through O,-dependent desaturation reactions
(777). DesA desaturates acyl chains of the membrane bilayer phospholipids, whereas

DesB desaturates acyl chains of CoA substrates (Figure 5.2) (176, 178-183).

W DesA or DesB o
- R ~ e

1/2 O, H,O
C16:0 C16:1 cis-9

Figure 5.2: A generalized desaturase pathway.
For DesA and DesB, the R group would be the 1-acyl-lisophospholipid moiety of a
phospholipid molecule and CoA, respectively.
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An alternative UFA biosynthesis pathway was identified when Knorad Bloch
became interested in how anaerobically growing bacteria synthesize UFAs. Bloch and
his coworkers found both obligate (Clostridia) and facultatively anaerobic bacteria (E.
coli) contain two dominant UFAs: palmitoleic acid (C16:1 cis-9 acid) and cis-vaccenic
acid (C18:1 cis-11 acid) (769). They concluded that there must be an Oz-independent
UFA biosynthesis pathway. The mechanism of this O,-independent UFA biosynthesis
pathway was elucidated with the y-proteobacterium E. coli as the prototype of such
pathways (7170, 184). In this pathway, synthesis of UFA requires three enzymes, FabA,
FabB and FabF (Figure 5.3 A).

FabA is a bifunctional key enzyme in both SFA and UFA biosynthesis pathway. It
catalyzes dehydration and isomerization of B-hydroxydecanoyl-ACP, and produces
trans-2-decenoyl-ACP (the starting point of SFA biosynthesis) and cis-3-decenoyl-ACP
(the starting point of UFA biosynthesis) (9, 185). Cis-3-decenoyl-ACP cannot be
reduced by the trans-2-enoyl-ACP reductase, the subsequent enzyme in SFA
biosynthesis (784, 186). Therefore, it directly enters a condensation reaction catalyzed
by B-ketoacyl synthase in UFA biosynthesis.

B-ketoacyl transferases, FabB and FabF, catalyze the condensation of a wide
range of long-chain acyl-ACPs (787). FabB is responsible for a condensation reaction
that cannot be catalyzed by FabF, namely, elongation of cis-3-decenoyl-ACP, a rate-
limiting step in UFAs synthesis (788). FabF is required to convert the C16 to C18
unsaturated species (789), and plays an essential role in the thermal regulation of fatty

acid composition (790, 191).
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Recently, the flood of sequenced bacterial genomes shows that only a- and y-
proteobacteria have fabA and fabB homologues (9). A bioinformatics analysis of the
genome sequence of Streptococcus pneumonia, a Bacillus shaped bacterium, shows it
does not have homologues of either fabA or fabB, even though it produces significant
amount (35%) of monounsaturated fatty acids. Rock and his coworkers supported the
existence of an alternative O,-independent UFA biosynthesis pathway (786). In this new
pathway, fabM in the FAS-II pathway gene cluster encodes a frans-2, cis-3-decenoyl-
ACP isomerase (FabM) (Figure 5.3B). It carries out the isomerization of trans-2-
decenoyl-ACP to cis-3-decenoyl-ACP, but it is not capable of catalyzing the dehydration
of B-hydroxydecanoyl-ACP.

Interestingly, Zhang and coworkers found that Pseudomonas aeruginosa, a y-
proteobacterium, had one Oz-independent (FabA/ FabB) (7192) and two O-dependent
(DesA and DesB) UFA pathways (775). Therefore, to synthesize the major UFAs (C16:1
cis-9 acid, C18:1 cis-9 acid and C18:1 cis-11 acid), bacteria may utilize more than one

UFA biosynthesis pathway.
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Figure 5.3: Saturated and unsaturated fatty acid biosynthesis pathways in E. coli

and S. pneumoniae.
(A) SFA and UFA biosynthesis pathways in E. coli (29); (B) SFA and UFA biosynthesis
pathways in S. pneumonia (34, 186).
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Putative trans-2, cis-3-Decenoyl-CoA Isomerase (FabM) in B. mallei

Like other B-proteobacteria, B. mallei does not have fabA and fabB homologue in
its genome (786). Yet this organism produces a high amount (32%) of unsaturated fatty
acids. It is interesting to identify the enzyme(s) responsible for UFAs biosynthesis
pathways in B. mallei. By BLAST analysis, Dr. Hao Lu speculated that bmaa0541 might
encode the trans-2, cis-3-decenoyl-CoA isomerase (FabM), which may be in UFA
biosynthesis pathway in B. mallei.

FabM was first identified to be involved in UFA biosynthesis pathway in S.
pneumonia by Rock and his coworkers (786). It is biochemically characterized as trans-
2, cis-3-decenoyl-ACP isomerase (Figure 5.3B). The in vitro reconstituted fatty acid
synthase assay and mass spectrometry analysis indicated that FabM was capable of
isomerizing trans-2-decenoyl-ACP. And a direct assay with substrate analogue, N-
acetylcysteamine thioesters (NAC thioesters), showed that FabM alone is capable of

catalyzing the isomerization of enoyl-thioesters.

Crotonase Superfamily

The bmaa0541 is a member of the crotonase superfamily. This superfamily is
known to catalyze a wide range of reactions (7193). Several enzymes in this family are
well studied, such as enoyl-CoA hydratase (crotonase) (794), methylmalonyl-CoA
decarboxylation (795), 1,4-dihydroxy-2-naphthoyl-CoA synthase (65), 4-chlorobenzoyl-
CoA dehalogenase (196, 197) and A*?-enoyl-CoA isomerase (198, 199) (Figure 5.4).

The wide varieties of chemistry represented by this family are catalyzed by enzymes
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divergent in amino acid sequence but closely related overall structure. In all known
structure of this family crystallized with substrate analogues, the carbonyl oxygen atom
of the thioester on the substrate is bound in an oxyanion hole, which activates the
substrate for the conversion catalyzed by the active-site residues of the respective

enzymes.

(0] H,0 HO, O (0] co O
g - -CO,
R/\)kscm R/\gj\SCoA OOC\HJ\SCOA — SCoA
H
Enoyl-CoA Hydratase (Crotonase) Methylmalonyl-CoA Decarboxylase (MMCD)
o) OH O o o
SCoA cl e o

(0] OH

1,4-Dihydroxy-2-naphthoyl-CoA synthase (MenB) 4-Chlorobenzoyl-CoA Dehalogenase (CBD)
(@) O

R MSCOA —R \/\)J\SCOA

delta®2-enoyl-CoA isomerase (ECI)

Figure 5.4: Reactions catalyzed by members of the crotonase superfamily.
Crotonase superfamily can catalyze various reactions, for example, hydration,
decarboxylation, Dieckmann condensation, dehalogenation and isomerization.

Project Goals

We hypothesized that the bmaa0541 gene encoded the FabM in B. mallei. Its
function and catalytic mechanism will be explored based on previous study on the

crotonase superfamily.
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Materials and Methods

Cloning, Expression, and Purification of the bmaa0541

The bmaa0541 gene was identified from B. mallei genome through BLAST
sequence alignment using the S. pneumoniae FabM as bait. It was amplified from
bmaa0541-pBAD Myc/His C plasmid (made by Dr. Hao Lu) with the following primers
(Integrated DNA Technologies) 5-
GGAATTCCATATGTCCTACCAGACGATTCGCATC-3’ (forward) and 5-
CGCGGATCCTCAGCGTCCTTCGAAGCGAGG-3’ (reverse). The PCR product was
digested with Ndel and BamHI-HF, and then inserted into the pET15b plasmid
(Novagen) so that a His-tag was encoded at the N-terminus of the coding sequence for
the protein. The correct sequence of the constructed plasmid was confirmed by the
DNA sequencing (DNA Sequencing Facility, Health Science Center, Stony Brook
University).

Protein expression was performed using the E. coli strain BL21 (DE3) cell. After
transformation, a single colony was used to inoculate 10 mL of LB media containing 0.2
mg/mL of ampicillin, which was then incubated overnight at 37 °C. The overnight culture
was used to inoculate 1 L of LB media containing 0.2 mg/ml of ampicillin, and incubated
at 37 °C until the optical density at 600 nm (O.D. 600) increased to around 1.0. Protein
expression was induced by the addition of 1.0 mM IPTG and the culture was then
shaken at 25 °C for 16h. Cells were harvested by centrifugation at 5,000 rpm for 20 min
at 4 °C. The cell pellet was resuspended in 30 mL of binding buffer (5 mM imidazole,
0.5 M NaCl, 20 mM Tris-HCI, pH 7.9) and was lysed by 3 passages through a French

Press cell (1,000 psi). The cell lysate was ultracentrifuged at 33,000 rpm for 1 hour at 4
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°C to pellet the cell debris and the supernatant was then loaded onto a His-bind column
(1.5 cm x 15 cm) which contained 4 mL of His-bind resin (Novagen) charged with
charging buffer (50 mM Ni,SO4). The column was equilibrated with binding buffer. Then
60 mL of binding buffer (6 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9) was
used to wash the column. After that, 60 mL of wash buffer (60 mM imidazole, 0.5 M
NaCl, 20 mM Tris-HCI, pH 7.9) was used to wash the column. Finally, the protein was
eluted with 30 mL of eluent buffer (1M imidazole, 0.5 M NaCl, 30 mM Tris-HCI, pH 7.9).
The fractions containing protein were collected and loaded onto a Sephadex G-25
chromatography (1.5 cm x 55 cm) to remove imidazole using PIPES buffer (30 mM
PIPES, 150 mM NaCl and 1 mM EDTA, pH 8.0) as the eluent. The purity of the protein
was shown be >95% by 12% SDS-PAGE, which gave an apparent molecular mass of
~28 kDa. The concentration of the protein was measured by obtaining the Azsp using an
extinction coefficient () of 21,030 M"ecm™ calculated from the primary sequence. The

final concentrated protein was flash frozen and stored at -80 °C.

Cloning, Expression and Purification of the bmaa0541 Mutants

The bmaa0541 mutants D145E and D145N were prepared using Quikchange
site-directed mutagenesis with the following primers (Table 5.1). The procedure for the

expression and purification of mutants was used as described for wild-type bmaa0541.
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Table 5.1: Nucleotide primers

Name Sequence

D145E forward 5 CCTCGTTCCGGAATCCGGCGGCACG 3

D145E reversed 5 CGTGCCGCCGGATTCCGGAACGAGG 3

D145N forward 5 GGCCTCGTTCCGAATTCCGGCGGCACS

D145N reversed &' GTGCCGCCGGAATTCGGAACGAGGCC 3'

Synthesis of trans-2-Decenoyl-CoA and cis-3-Decenoyl-CoA.

Cis-3-decenoic acid was synthesized by Dr. Gopal Reddy in our lab. According to
the modified anhydride method, trans-2-decenoyl-CoA and cis-3-decenoyl-CoA was
synthesized with trans-2-dodecenoic acid and cis-3-decenoic acid, respectively (Figure

5.5) (27). Both ESI-MS ([M - HJ") cald for [Ca1Hs3sN7O+7 P3S]: 918.7, found: 918.7.

@) 0]

/\/\/\/\)Kc,a% \/\/\/:\)J\SCoA

trans-2-decenoyl-CoA cis-3-decenoyl-CoA

Figure 5.5: Structure of trans-2-decenoyl-CoA and cis-3-decenoyl-CoA.
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Preparation of trans-2-Decenoyl-ecACP and cis-3-Decenoyl-ecACP

The protein product of the ORF b1094, which encodes the putative acyl carrier
protein (ACP) in E. coli, is 74% identical to the ACP from B. mallei ATCC 23344. ecACP
was cloned into the pET-23b plasmid (Novagen) and placed in frame with a C-terminal
His-tag sequence by Carla Neckles.

ecACP was expressed in BL21(DE3)plysS cells. Transformed cells were induced
with 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG) at an ODegy of 0.8 and
harvested by centrifugation after shaking for 10 h at 18 °C. The cell pellet was
resuspended in 30 mL of His-binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris
HCI, pH 7.9) and lysed by sonication. Cell debris was removed by centrifugation at
33,000 rpm for 60 min at 4 °C. ecACP was purified using His affinity chromatography:
the supernatant was loaded onto a His-bind column (1.5 cm x 15 cm) containing 4 mL of
His-bind resin (Novagen) that had been charged with 9 mL of charge buffer (50 mM
Ni»SO4). The column was washed with 60 mL of His-binding buffer and 30 mL of wash
buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9). Subsequently, the
protein was eluted using 20 mL elute buffer (500 mM imidazole, 0.5 M NaCl, 20 mM Tris
HCI, pH 7.9). Fractions containing ecACP were collected and the imidazole removed by
dialysis in storage buffer (20 mM Tris HCI, pH 7.0). The concentration of ecACP was
determined by measuring the absorption at 280 nm using an extinction coefficient of
1,280 M'em™ calculated from the primary sequence. The protein was analyzed by
SDS-PAGE which showed a dominant band of 8.6 kDa. The enzyme was concentrated

by using Centricon-3 (Amicon) and stored at -80 °C.
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Subsequently, 25 yM of ecACP was incubated with 75 yM cis-3-decenoyl-CoA or
trans-2-decenoyl-CoA, 1 mM dithiothreitol (DTT) and 1 uM Sfp in 75 mM Tris HCI, 10
mM MgCl,, pH 7.5 buffer for 2h at 37°C. cis-3-decenoyl-ecACP and trans-2-decenoyl-
ecACP were purified by MonoQ 5/50 strong anion exchange column on the AKTA
Purifier. Chromatography was performed with 20 mM Tris HCI, pH 7.0 as buffer A and
20 mM Tris HCI, 800 mM NaCl, pH 7.0 as buffer B over 25 min at a flow rate of 1
mL/min. Factions containing cis-3-decenoyl-ecACP and trans-2-decenoyl-ecACP were
pooled, concentrated, and loaded onto Sephadex G-75 size exclusion chromatography
to separate isoforms and byproducts from the desired product and exchange product to

buffer A.

Enzymatic Activity of the bmaa0541

A solution containing 100 pM of trans-2-decenoyl-CoA or cis-3-decenoyl-CoA or
30 UM of trans-2-decenoyl-ACP or cis-3-decenoyl-ACP in 10 mM potassium phosphate
buffer (pH 7.0) was placed in a cuvette. 600 nM bmaa0541 was added to initiate the
reaction. The isomerase activity was measured using a Cary 300 Bio (Varian)
spectrophotometer to monitor the absorbance changing at 263 nm (¢ = 6,700 M'cm™)

(186).
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Results and Discussion

Putative UFAs Biosynthesis Pathways in B. mallei

Since there are four UFA biosynthesis pathways, which are two desaturases
dependent on molecular O, and the two UFA biosynthesis pathways independent of
molecular O,, and they can potentially coexist as combinations, it is difficult to predict
how many and which UFA biosynthesis pathways B. mallei may utilize. We speculate
that the type of UFA biosynthesis pathway that is present may be related to the growth
condition (with or without O,), and the percentage of UFA that is present.

The availability of bacterial genome sequence allowed us to find the enzyme(s)
homologues responsible for different UFA biosynthesis pathways. Here we used the
sequences of FabA from E. coli, FabM from S. pneumonia and DesA and DesB from P.
aeruginosa as the query sequence for a BLAST analysis of proteins encoded in different
bacterial genomes. In addition, the growth condition and the percentage of UFA were
also summarized in Table 5.2 and Table 5.3.

Unfortunately, we can only conclude that anaerobic bacteria do not have the O,-
dependent UFA biosynthesis pathway. Interestingly, aerobic bacteria, such as P.
aeruginosa and E. coli, can have Oz-independent UFA biosynthesis pathway. Beside
these, we cannot observe any correlation between growth conditions and the UFA
biosynthesis method or correlation between the amount of UFA and the number of UFA
synthesis pathways. Therefore, based on the UFA utilization pattern in other bacteria, it
is hard to predict the pattern in B. mallei.

However, BLAST analysis showed that in B. mallei an ORF (bmaa0541) encodes

an enzyme that is 31% identical and 50% similar to FabM from S. pneumoniae, and an
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ORF (bma2237) encodes an enzyme that is 54% identical and 71% similar to DesA
from P. aeruginosa, suggesting the existence of putative FabM and DesA homologues
in B. mallei (Table 5.3 and Figure 5.6). Therefore, we speculate that B. mallei may
utilize the FabM/FabF Oz-independent pathway as in S. pneumonia, and the DesA O,-

dependent pathway as in P. aeruginosa.
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Table 5.2: UFA synthesis pathway and UFA content in the lipid in different
bacteria

Bacteria® Class® UFA synthesis pathway UFA%' Ref

With O, Without O,

DesA DesB | FabA/B | FabM/F

Aerobic®
P. aeruginosa y° ° ° ° o 45% (200)
C. hominis Y - - o - 44% (201)
B. mallei B' o - - o 32% (202)
B. cereus B® - o o o 17% (203)
F. tularensis Y - - o - 1.2% (204)
B. sphaericus B - - o - trace (205)
E. corrodens B - - o - 50% (201)
E. coli Y - o ° - 33% (165)
E. faecalis B - - ° - 28% (203)
S. enteritidis Y - - o) - 21% (165)
L. monocytogenes B - - o - 21% (165)
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S. aureus B - - o) - trace (165)

Anaerobic®
S. pneumoniae B - - - ° 35% (206)
C. thermocellum c" - - o - trace (207)
Y. pestis y _ ; o ; 32% (167)

@ Bacteria’'s full name: P. aeruginosa: Pseudomonas aeruginosa, C. hominis:
Cardiobacterium hominis, B. mallei: Burkholderia mallei, B. cereus: Bacillus cereus, F.
tularensis: Francisella tularensis, B. sphaericus: Bacillus sphaericus, S. pneumonia:
Streptococcus pneumonia, C. thermocellum: Clostridium thermocellum, E. corrodens:
Eikenella corrodens, E. coli: Escherichia coli, Y. pestis: Yersinia pestis, E. faecalis:
Enterococcus faecalis, S. enteritidis: Salmonella enterica enterica, L. monocytogenes:
Listeria monocytogenes, S. aureus: Staphylococcus aureus

b Bacteria growth condition for UFA% measurement

4 Scientific classification

¢ Kingdom: Bacteria, Phylum: Proteobacteria, Class: y Proteobacteria

fKingdom: Bacteria, Phylum: Proteobacteria, Class: p Proteobacteria

9Kingdom: Bacteria, Phylum: Firmicutes, Class: Bacilli

h Kingdom: Bacteria, Division: Firmicutes, Class: Clostridia

e Existence of this pathway is published

- No homologue is found through BLAST

o Putative homologue is found through BLAST

' Percentage of major straight-chain monounsaturated fatty acids: C16:1 cis-9 acid,
C18:1 cis-9 acid and C18:1 cis-11 acid.
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Table 5.3: Putative UFA biosynthesis genes in B. mallei genome

Bait Putative gene Identity Similarity
in B. mallei
0O,-dependent pathway
P. aeruginosa DesA (PA0286) bma2237 211/389 277/389
(54%) (71%)
DesB (PA4888) ---2 ---2 ---2
Oz-independent pathway
E. coli FabA (b0954) ---2 ---2 ---2
FabB (b2323) bma0534 158/412 2271412
(38%) (55%)
S. pneumoniae  FabM (SPG_0381) bmaa0541 91/252 141/252
(36%) (55%)
FabF (SPG_0388 ) bma0534 177/411 250/411
(43%) (60%)

# no homologue is found through BLAST.
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Figure 5.6: Proposed (A) SFA and (B) UFA biosynthesis pathway in B. mallei.
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In vitro Activity of the Putative trans-2, cis-3-enoyl-ACP Isomerase (FabM)

In several bacteria, including B. mallei, the enzymes involved in fatty acid
biosynthesis are highly specific for ACP substrates, but in many cases these enzymes
can utilize substrate analogues in biochemical assays, such as acyl-CoA and acyl-NAC,
which have similar keo/Kn values (25), (14, 25, 26, 168, 208). These substrate
analogues are significantly easier to synthesize and purify compared to the
corresponding acyl-ACPs. In addition, it was previously shown that FabM from S.
pneumoniae can catalyze the isomerization of the substrate analogue trans-2-decenoyl-
NAC. The conversion of frans-2-decenoyl-NAC to cis-3-decenoyl-NAC can be
monitored by a decrease in absorbance at 263 nm due to the loss of conjugation in the
product (Figure 5.7) (186). Therefore, the activity of the putative FabM in B. mallei was

first evaluated with frans-2-decenoyl-NAC and trans-2-decenoyl-CoA.

O O

H FabM H
C7H15/\)J\S/\/N\[( — /;)ks/\/Nj‘/

CeH13
(@] o

trans-2-decenoyl-NAC cis-3-decenoyl-NAC

Figure 5.7: FabM reaction using CoA substrate analogue (186)

The bmaa0541 gene was amplified and inserted into pBAD Myc/His C plasmid
using the 5’ Ncol and 3’ Hindlll restriction sites with a His-tag at the C-terminus by Dr.
Hao Lu. However, purified protein has no activity with either trans-2-decenoyl-NAC or

cis-3-decenoyl-NAC. It was speculated that the native structure of this protein had been
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disturbed by a large segment attached at the C-terminus from the encoding sequencing

of the pBAD Myc/His C vector (Figure 5.8).

Ncol
|
301 TRALCLGGAGGE RATTRLCC ATG GATCCGAGCT CGRGATCTGC AGCTGGTACC ATATGGGRLT
Met
Hind Il
|
362 TCGRAGCTTE CGTER GRE CRE BRR CTC ATC TCAR GRE GRG GAT CTG BART BGC GCC
Flu Gln Lys Leuy Ile Ser Glu Glu Bsp Leu Bsn Ser Bla

Polyhistidine Region

| |
415 GTC GARC CAT CAT CAT CAT CAT CAT TGA GTTTRARRCGG TCTCCAGCTT GGCTGTTTTG

Val Lsp His His His Eis His Hig »*«

Figure 5.8: Part of the cloning/expression region in pBAD Myc/His C vector.

Therefore, to remove the large amino acids segment, the bmaa0541 gene was
amplified and inserted into pET15b vector so that a His-tag was encoded at the N-
terminus. Following overexpression in E. coli, the bmaa0541 was purified to
homogeneity using His-tag affinity chromatography and size exclusion chromatography.
SDS-PAGE demonstrated that the protein was > 95% pure and provided apparent
molecular mass of 28 kDa, consistent with the predicted molecular mass of 28,400 Da.

Using 100 uM trans-2-decenoyl-CoA and 8 pg protein in the biochemical assay,
we found that the bmaa0541 is able to catalyze trans-2-decenoyl-CoA to cis-3-
decenoyl-CoA with initial velocity of 70 pmol/min. The initial velocity of the reaction is
comparable with that of FabM from S. pneumonia (200 pmol/min) (186). However, the

yield of product is only 1%, since the equilibrium favors the substrate (Figure 5.7). So
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we speculate the low yield is because the formation of expected product cis-3-decenoyl-
CoA is thermodynamically unfavorable. Because the enzymatic reaction is reversible,
we synthesized cis-3-decenoyl-CoA and tested the enzyme activity, in which an
increase of absorbance at 263 nm should be observed during the enzyme reaction. In
agreement with our prediction, the yield is 15%, higher than that of using trans-2-
decenoyl-CoA as substrate analogue. However, the reaction is still not complete. We
speculate it could be caused by substrate inhibition.

To prove that the bmaa0541 is a trans-2, cis-3-decenoyl-ACP isomerase, we
need to test the enzyme activity with ACP substrate. The ACP from E. coli (ecACP),
which is 74% identical to the putative ACP from B. mallei (omACP), was expressed and
purified. An enzymatic coupling reaction with frans-2-decenoyl-CoA or cis-3-decenoyl-
CoA was subsequently used to synthesize trans-2-decenoyl-ecACP and cis-3-decenoyl-
ecACP. Unfortunately, the enzyme was inactive toward both substrates.

One explanation of the above data is that the bmaa0541 ACP binding pocket
cannot tolerate the difference between ecACP and bmACP. However, ACP is a highly
structurally conserved protein, that consists of a 3- or 4-helix bundle (209). bmACP has
78 residues and ecACP has 79 residues, and have 74% sequence identity. Due to the
conserved structure, similar size and amino acid sequence between ecACP and
bmACP, we could negate the possibility that the bmACP binding pocket cannot uptake
ecACP.

An analysis of the putative FAS-Il genes in B. mallei genome shows that only the
bmaa0541 gene locates in chromosome 2 and other genes locate in chromosome 1.

However, in the case of S. pneumoniae, all of the genes required for FAS-II are located
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in a single cluster (186). It suggests that the transcription of the bmaa0541 gene and
other FAS-II genes may be separately regulated. And the bmaa0541 gene may be not
related to FAS-II pathway. Therefore, based on the enzyme activity, we speculate the
bmaa054 is not an ACP-dependent enzyme, but a CoA-dependent enzyme.

The real FabM in B. mallei has not been identified. There are four possibilities.
The first possibility is that the bma1803 or bma1438 located on chromosome 1, which
has 29% and 28% identity with the fabM from S. pneumonia, respectively, are the fabM
in B. mallei. The second possibility is that FabZ from B. mallei can function like the E.
coli FabA enzyme which can catalyze both dehydration and isomerization. The third
possibility is that B. mallei utilizes another mechanism to introduce a double bond into
the growing acyl chain of fatty acids. The fourth one is that B. mallei only utilizes O,-

dependent DesA to introduce double bond in UFA.

Crystal Structure of the bmaa0541.

Recently, X-ray structure of the bmaa0541 was solved by Huei Jiun Li. The
overall fold displays a right hand spiral with a core composed of (3-sheets surrounded by
a-helices (Figure 5.9). Based on the sequence and structure similarity, the bmaa0541 is

a member of crotonase superfamily.
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Figure 5.9: Structure of the bmaa0541.
X-ray structure is solved by Huei Jiun Li in our lab.

Most members in the crotonase superfamily are CoA-dependent enzymes.
Structure and sequence alignment with the crotonase superfamily enzymes revealed
that there are always one or more Arg or Lys residue adjacent to the 4-phosphate of
pantothenic acid and the phosphate of the CoA nucleotide (Figure 5.10 and 5.11). The
hydrogen bond between Arg or Lys and CoA is highly conserved. In addition, in most of
the enzymes, there is a Phe that forms a hydrophobic interaction with the adenine
moiety on CoA.

CurF ECH2 domain from L. majuscula and FabM from S. pneumoniae are the

two crotonase superfamily members shown to accept ACP-linked substrates. The CurF
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ECH2 domain is shown to have higher specificity for ACP-linked substrate. It appears
that the side chain of Y73 blocks the hydrogen bond between R38 in CurF ECH2 and
CoA, so CoA is a poorer substrate of CurF ECH2 (Figure 5.10).

spFabM is another crotonase superfamily member shown to have ACP-linked
substrate as the natural substrate. However, based on the sequence alignment, it
appears that it has very similar substrate binding residues as other CoA-dependent
enzymes, and has no bulky group, such as Phe or Tyr, in the position of Y73 in CurF
ECH2 (Figure 5.11). The X-ray structure of spFabM is not available; therefore we don't
know what strategy spFabM uses to discriminate CoA-linked substrates.

Structural and sequence alignment of the bmaa0541 with crotonase superfamily
enzymes showed that in the bmaa0541, K26, R60 and F252 are in similar position as
other CoA-binding residues in CoA-dependent enzymes (Figure 5.10 and 5.11). In
addition, there is no bulky group, such as Phe or Tyr, blocking the interaction between
Arg and CoA. Therefore, based on the structural alignment, we speculate that the
bmaa0541 could be a CoA-dependent enzyme, which is consistent with our current data

that it selects CoA-linked substrates in the activity assay.
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Figure 5.10: Hydrogen bonding interactions between phosphate groups and
adenine moiety of CoA and proteins in crotonase superfamily.

(A) Crystal structure, (B) Schematic drawing. CoA ligands are in lines, and CoA
binding residues are in stick. Enoyl-CoA hydratase (ECH) (pdb code: 1DUB) is in
green, Methylmalonyl-CoA decarboxylase (MMCD) (pdb code: 1EF8) is in cyan, 4-
Chlorobenzoyl-CoA dehalogenase (CBD) (pdb code: 1JXZ) is in yellow, 1,4-
Dihydroxy-2-naphthoyl-CoA synthase (MenB) from E. coli is in purple, A*? -enoyl-
CoA isomerase (ECI) (pdb code: 1K39) is in orange, the bmaa0541 is in black and
CurF ECH2 (pdb code: 2Q34) is in light grey. Residue followed by a prime indicates
that the residue is from the neighboring subunit.
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MMCD/1EF8 = = = = == —mmmmmmmmmmmmmmmemmm e ee e MSYQYVNVVTINK---VAVIEFNYGRKLNA 27
ecMenB /OSB-NCoA ——————————-MIYPDEAMLYAFVEWHDCSEGFED IRYEKSTDG--IAKTI TINRPQVENE 47
ECI/1K39 = = = =  ——ememmmmmmmmmmemmmmem—ee MSQEIRQNEKISYRIEGP---FFIIHLMNPDNLNA 32
bmaa0541 =0 @ @o——mm——————— MSYQTIRIEIDQAAQ-IATITLDRPDKLNS 29
spFabM = = = =MD FKE ILYNVDNG - - ~-VATLTLNRPEVSNG 27
CurF/2Q34 = smmmmmmmmmmm—mmee- MAELNLNRDLGTSNSEVVQLTELGNG- —WQIMDESSEKS 40
P . . *
ECH/1DUB LCNGLIEEILNQALETFEEDPAVGAIVLTGG —EE A YT B T EMONRTFQDCY SGKFLSH 119
CBD/1JXZ LSVEAMDEVTDALNRAEEDDSVGAVMI TGA-EDA #1834, EIPLDKGVAGVRDHFRIA B85
MMCD/1EF8 LSKVFIDDIMQALSDLNRFEIRCII I.FAPSGSE 1=kl THELPSGGRDPLSYDDPLED 87
ecMenB /OSB-NCoA FRPLTVKEMIQALADARYDDNIGVI ILTGAGD  (AYeHeleyO VRGDYGGYKDDSGVHHIN 107
ECI/1K39 LEGEDYIYLGELLELADENRDVYFTIIQSS -G xGImQGJDTNKYPSETS 91
bmaa0541 FTRDMHRE LQ SALDDVQAAN-ARALVLTGA -G Gyw e IADIDFTPGAMIDLGEV-IE 86
spFabM FNIPICEEILKAIDIAKKDDTVQILLINAN-G (VI3 Eele LVEMORAVDADDVQSLVRIA B6
CurF/2Q34 FSPSIVEGLRHCFSVVAQNQQYKVV ILTGY ~-GNY ¥kl SKEYLIRITR- -~~~ -GEVEVL 94
. - - - * *
ECH/1DUB WDH-==——========= ITRIKKPVIAAVNGYA ECELM-HCDI IYAG-EKAQFGQPEI 165
CBD/1JXZ ALWEQ&IH —————— KIIRVERFVLAAINGVAAcee LGISLASDMAICA-DSAKFVCAWH 138
MMCD/1EF8 ITR------------MIQKFPKPIISMVEG eer ' FEMIMS SDLIIAA-STSTFSMTPV 134
ecMenB /OSB-NCoA VLDFQR---==-=---- QIRTCPKPVVAMVAGYSI eeleHVLHMMCDLTIAA-DNAIFGQTGP 157
ECI/1K39 KWVSNFVARNVYVTDAFIKHSKVLICCLNGFAI &#-AALVALCDIVY SINDKVYLLYPFA 151
bmaa0541 AHFNPLVR-------RLQALPLPVIAAVNGTAA LAFACDLVIAA-KSSSFIQSFV 138
spFabM ELVNKISF-------ALKRLPKFVVMSTDGAVAC V. ANTAVAADFCIAS-DKTRFIQAFV 138
CurF/2Q34 DLSG---=-=====—= LILDCEIPIIAAMQGHSFeee LLLGLYADFVVEFS-QESVYATNFM 142
. . * * . * .
ECH/1DUB LLGTIPGAGGTQRLTRAVGKSLAMEMVLTGDRI SAQDAKQAGLVSK--IFPVETLVEEATL 223
CED/1JXZ TIGI GNETATSYSLARIVGHRRAMEIMLTNH‘LIPEEAKDWGLVSR— -VYFKDEFREVAW 196
MMCD/1EF8 NLGVPRNLVGIHNLTRDAGFHIVEELIFTASPITAQRALAVGILNH- -VVEVEELEDFTL 192
ecMenB /0OSB-NCoA KV@FgIGGWSAS YMARIVGQKKARE IWFLCRQYDAKQALDMGLVNT--VVPLADLEKETV 215
ECI/1K39 NLGLI GTTVSLPLEKFGTNT TYECLMFNEKPFKYDIMCENGFISKENFNMPSSHNAEAFNA 211
bmaa0541 KIGLVPYSGGTWE LPQRVGFARALGLALTGDKLSAEQAERWGLVWR- ~-VVDDAELAGAAA 196
spFabM NVGLAPDAGGLFLLTRAIGITRATQLAMTGEALNAEKALEYGIVYK--VCEPEKLEKITD 196
CurF/2Q34 KYGFTPVGATSLI LREKLGSELAQEMI Y TGENY RGKELAERGI PFP- -VVSRQDVLNYAQ 200
* . * & -
ECH/1DUB QCAEKIANNSK----IIVAMAKESVNAAFEMTLTEGNKLEKKL--FYSTFATDDRREGMS 277
CED/1JXZ EVARELAAAPT----HLOVMAKERFHAGWMQPVEECTEFEIQN--VIASVTHPHFMPCLT 250
MMCD/1EF8 OMAHHISEKAP----LAIAVIKEELEVLGEAHTMNSDEFERIQGMRRAVYDSEDYQEGMN 248
ecMenE /OSB-NCoA RWCREMLQNS P- - --MALRCLKAALNADCDGQAG- LQELAGNA--TMLE{{MTEEGQEGRN 268
ECI/1K39 KVIEEIREKVKGLYLPSCLGMKKILRBNHIDAFNKANSVEVNES--LKYHVDGEPLIG?JER 269
bmaa0541 QLARELAQQPT----RAIAAIKQAMRASLTHTLDQQLDLERDL--QRELGQSYDYAEGVR 250
spFabM RVITRLERGSV----NSYKAIKEMVWQSSFAGWQEYEDLELEL--QKSLAFTNDFKEGVR 250
CurF/2Q34 QLGOQKIAKSPR----LSLVALKQHLSADIKAKFFEAIKKELEI --EQVTFNQ PEIASRIQ 254
. . *

ECH/1DUB [JVE RKANFKDH -~ -~~~ 290

CED/1JXZ LDGHRADRPQVELPAGV 269

MMCD/1EF8 IE:RKPN'FVGH ------ 261

ecMenB /OSB-NCoA :EIQ TROQPDFSKFKRNF-- 285

ECI/1K39 QLGS JORKHRL- - -~~~ 280

bmaa0541 AEIE;R&PRFEGR —————— 263

spFabM A){TE/RRPKFTGK----~~ 263

CurF/2034 QEFGE--~—========= 259

Figure 5.11: Sequence alignment of characterized crotonase superfamily
members.

Residues of the oxyanion hole are in blue. Characterized catalytic residues are in red.
CoA binding residues are in green. The Y73 in CurF is in light blue. The sequence
alignment was performed using Clustal W (746), and the figure was made using Jalview
(147).
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Catalytic Mechanism

In the crotonase superfamily the oxyanion hole residues have been retained for
the stabilization of enolate anion intermediates, while new residues have been selected
to alter the substrate specificity and the catalyzed chemistry (793, 210-212). The
oxyanion hole is composed of two parts in which two amide protons form hydrogen
bonds with oxyanion intermediate. The first part is formed by sequence motif FXXGXD,
with the second-to-last residue in the sequence contributing its amide proton. The
second part is formed by the sequence motif GXG, with the second residue contributing
its amide (Figure 5.11).

Based on our current data, we propose that the bmaa0541 is a frans-2, cis-3-
enoyl-CoA isomerase. Analysis of its sequence suggests one possible active site
residue D145 and two possible oxyanion hole residues, Q66 and A113. To verify the
importance of this proposed catalytic residue, site-directed mutagenesis was performed
to replace D145 in wild type trans-2, cis-3-enoyl-CoA isomerase. D145E and D145N
were prepared. The D145E mutant at 3 yM showed 10-fold smaller initial velocity than
wild type, while D145N mutant at 3 uM showed no activity. These data indicate that
D145 in trans-2, cis-3-enoyl-CoA isomerase is essential for catalysis.

A32-enoyl-CoA isomerase, a member of crotonase superfamily, catalyzes similar
reaction, converting cis-3-enoyl-CoA or trans-3-enoyl-CoA into trans-2-enoyl-CoA. Its
reaction is the reverse of the trans-2, cis-3-enoyl-CoA isomerase-catalyzed reaction.
Therefore, these two enzymes are likely to share similar active site configurations, and
their active-site residues might serve similar catalytic functions. Based on the

mechanism of A>?-enoyl-CoA isomerase (7199), the mechanism of trans-2, cis-3-enoyl-
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CoA isomerase is proposed (Figure 5.12). D145 acts as a base to shift the double bond
by proton abstraction from C4 and subsequent proton donation to C2, while Q66 and
A113 stabilize the enolate intermediate. In X-ray structure, essential residues QG66,

A113 and D145 are positioned consistent with the proposed mechanism (Figure 5.13).

O GIn66 O Ala113
H H
oY hed o o
H S —_— — —
NS-COA /\/\S—COA MS-COA NJ\S-COA
KR R R ) R H
O H
OH o o
O~ “Aspyss 0~ TAs
P14s O)\Aspms O™ “Aspiss

Figure 5.12: Proposed reaction mechanism catalyzed by trans-2, cis-3-decenoyl-
CoA isomerase.
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Figure 5.13: Active site structure of trans-2, cis-3-decenoyl-CoA isomerase.
Active-site residue D145 is labeled in magenta and oxyanion hole residues Q66 and
A113 are labeled in blue. X-ray structure is solved by Huei Jiun Li in our lab.
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Conclusions

Here we report the cloning, expression and purification of the bmaa0541. We
propose the bmaa0541 is a frans-2, cis-3-enoyl-ACP isomerase. However, kinetic data
show that it specifically uptake CoA-linked substrate only, and it does not uptake ACP-
linked substrate. Therefore, we speculate that it is a frans-2, cis-3-enoyl-CoA
isomerase. Crystal structure also showed that it has a similar substrate binding pocket
as CoA-dependent enzymes. Through sequence alignment with other members in
crotonase superfamily, conserved residues of Q66 (oxyanion hole), A113 (oxyanion

hole) and D145 (active site) are predicted to be essential for enzyme catalysis.
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Chapter 6 : Mechanism and Inhibition of the Dihydroxynaphthoyl-CoA Synthase

(MenB) from Mycobacterium tuberculosis

This chapter is based on part of work that has been published in:

Li, X., Liu, N., Zhang, H., Knudson, S. E., Slayden, R. A., Tonge, P. J.. Synthesis and
SAR studies of 1,4-benzoxazine MenB inhibitors: Novel antibacterial agents against

Mycobacterium tuberculosis. Bioorg. Med. Chem. Lett. 2010, 20(21), 6306-6309

Background

Crotonase Superfamily.

MenB catalyzes the ring-closing dehydration of o-succinylbenzoyl-CoA (OSB-
CoA) to form 1,4-dihydroxy-2-napthoyl-CoA (DHNA-CoA), an intermediate in the
menaquinone biosynthetic pathway. According to its structural scaffold of a right-handed
spiral composed of a core of B-sheets surrounded by a-helices, MenB belongs to the
crotonase superfamily.

In the crotonase superfamily, the oxyanion hole is conserved to stabilize a
common enolate anion intermediate (270-213). It is composed of two hydrogen bond
donor. One donor is provided by the sequence motif FXXGXD, with the second-to-last
residue in the sequence contributing its amide proton. The second donor is provided by

the sequence motif GXG (normally GGG), with the second residue contributing its
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amide (Figure 6.1). In contrast, the catalytic residues of crotonase superfamily are
diverse to catalyze the various reactions, including hydration (214-216), double bond
isomerization (277), Dieckmann condensation (65), reverse Dieckmann condensation

(218), decarboxylation (795) and dehalogenation (7196).
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mtMenB MVAPAGEQGRSSTALSDNPFDAKAWRLVDGFDDLTDITYHRHVD--DATVRVAFNRPEVR 58

ecMenB @ 0=0’§#—=————————=—= MIYPDEAMLYAPVEWHDCSEGFEDIRYEKST---DGIAKITINRPQVR 45
saMenB = | mmmmemmemmm e e MTNROQWETLRE-YDEIKYEFY----EGIAKVTINRPEVR 34
Badl = = = e ] MOFEDLIYEIR----NGVAWIIINRPDKM 25
ECI --—---MALAAARRVLLQAGSRLGRRGAVDGARRFSNKRVLVEKEGEAGIAVMKFKNPP-V 54
crotonase = —-—mmmmmmmmemmmm e —— e ANFQYIITEKKGKN-SSVGLIQLNRPKAL 28
CBAD = mmmmmmm e MYEAIGHRVE----DGVAEITIKLPRHR 24
- e %
mtMenB NAFRPHTVDELYRVLDHARMSPDVGVVLLTGNGPS PKDGGWAIYe:{eelnORTRG-RSGYQY 117
ecMenB NAFRPLTVKEMIQALADARYDDNIGVIILTG- - ~-~-AGDKAIZe{e/eh OKVRGDYGGYKD 99

saMenB NAFTPKTVAEMIDAF SRARDDONVSVIVLTG- - -- --EGDLAIJe: el OKKRG-HGGYVG 87
BadI NAFRGTTCDELIKALYKAGYDKDVGAIVLAG- -----AGDRAIJ&NeeOSTHD--GNYDG 77

ECI NSLSLEFLTEFVISLEKLENDKS IRGVILTS------ ERPGI)INeANIMEMYGRNPAHY 108
crotonase NALCNGLIEEINQALETFEEDPAVGAIVLTG-----—- GEKAJF:V-\e"\ TKEMONRTFQDC 81

CBAD NALSVKAMOEVTDALNRAEEDDSVGAVMITG- ~ —~ ~= - AEDAJ@ NSRBI RET PLDKGVAG 77

* - . * . . PR * %
mtMenB ASGDTADTVDVARAGRLHILEVQRLIRFMPKVVICLVNGH. SLHVVCDLTIASR- 176
ecMenB DS --====----GVHHLNVLDFQRQIRTCPKPVVAMVAGY SI el e HVLHMMCDLT IAA -~ 147
saMenB ED----------QIPRLNVLDLQRLIRI IPKPVIAMVKGYA! LNVVCDLTIAA-- 135
BadI RG--———==———~ TVGLPMEELHTATRDVPKPVIARVQGYAT LATICDLTICS-- 124
ECI AEY-----——--——- WKAVQELWLRLYLSNLTLISATNGASP:\e€CLMALTCDYRIMADN 156
crotonase ¥SG-—mmmmmmmm KFLSHWDHITRIKKPVIAAVNGYALEEeCILAMMCDIIYAG-- 125
CBAD VRDHFR- ~= - ==~ IAALWWIQMI HKIIRVKRPVLAAINGV. LGISLASDMAICA-- 128
. . - k- *% - *

mtMenB EYARFKQTDADVGEFGGYGSAY LARQVGOKFARE IFFLGRTY TAEQMHQMGAVNAVAEH 236
ecMenB DNAIFGQTGPKVGEF» GGWGASYMARI VGQKKARE INFLCRQYDAKQAIDMGLVNTVVPL 207

saMenB DNAIFGQTGPKVG GYGSGYLARIVGHKKARE IWYLCRQYNAQEATLDMGLVNTVVPL 195
BadI EKATFGQVGPKMGE VL PGYGTAFLARVVGEKKARE IWYMCKRY SGKEAEAMGLANLCVPH 184
ECI SKYTIGLNESLLGIVAPFWLKDNYVNT IGHRAAERALQLGTLFPPAEALKVGLVDEVVPE 216
crotonase EKAQFGQPYILLGTI PGAGGTQRLTRAVGKSLAMEMVLTGDRI SAQDAKQAGLVSKIFPV 185
CRAD DSAKFVCAJHTIGIGNDTATSYSLARIVGMRRAMEIMLTNRTLYPEEAKDWGLVSRVYPK 188
- % - * - *
mtMenB AELETVGIQWAAE INAKS PQAQRMLKFAFNLLDDG-LVGQQLFAGEAT EAVEG 295
ecMenB ADIEKETVRWCREMLONS PMALRCLKAATLNADCDG-QAGLQELAGNATML TEEGQEG 266
saMenB DKVEDETVQWCKE IMKHS PTALRFLKAAMNAD TDG-LAGLQQOMAGDATLLY){TTDEAKEG 254
BadI DELDAEVQKWGEELCERSPTALATIAKRSFNMDTAH-QAGIAGMGMYALKLY){DTDESREG 243
ECI DQVHSKARSVMAKWEF TIPDHSRQLTKSMMRKATADNLIKQREADIONFTSFISRDSIQKS 276
crotonase ETLVEEAIQCAEKIANNSKIIVAMAKE SVNAAFEMTLTEGNKLEKKLFYSTFATDDRREG 245
CRAD DEFREVAWKVARELAAAPTHLQVMAKERFHAGWMOPVEECTEFEIQNVIASVTHPHFMPC 248
. *
mtMenB RDAFLQKRPPDWSPFPRYF-- 314
ecMenB RNAFNQKRQPDFSKFKRNP-- 285
saMenB RDAFKEKRD PDFDQFPKFP-- 273
BadI VKALQEKRKPEFRKYIK---- 260
ECI LHVYLEKLKQKKG——------ 289
crotonase MSAFVEKRKANFKDH-----— 260

CBAD LTRFLDGHRADRPQVELPAGV 269

Figure 6.1: Sequence alignment of crotonase superfamily members.

Residues of the oxyanion hole are in blue, characterized catalytic residues are in red.
Badl: 2-Ketocyclohexanecarboxyl-CoA hydrolase (2719), ECI: A3,2-enoyl-CoA
isomerase (7199), crotonase: Enoyl-CoA Hydratase (2716), CBAD: 4-Chlorobenzoyl-CoA
Dehalogenase (196).
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Mechanism of MenB Catalyzed Reaction.

MenB catalyzes the formation of a carbon-carbon bond through a Dieckmann
condensation (220, 221) (Figure 6.2). Previous X-ray structure and kinetics study led to
the proposed reaction mechanism (65) shown in Figure 6.3. In the reaction, the
aliphatic OSB carboxylate is activated by the formation of a CoA thioester that results in
an acidification of the a-protons. Subsequently, the thioester is deprotonated to form an
enolate intermediate and a (B-keto ester is generated through the nucleophilic attack of
the enolate anion on the phenyl carboxylate. The enzyme catalyzes the reaction by
stabilizing the enolate anion (65). The driving force of this ring closure reaction may be

supplied by the aromatization process.

(@] OH O
O O MenB SCoA
Yy
SCoA Hzo
O OH
OSB-CoA DHNA-CoA

Figure 6.2: Reaction catalyzed by MenB.
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S$190

Figure 6.3: Proposed mechanism of reaction catalyzed by MenB (mtMenB
numbering) (65).

Sequence alignment (Figure 6.1) of MenB analogues for several bacterial
species shows that all of them have conserved active site residues S190, D192 and
Y287 (mtMenB numbering). However, in M. tuberculosis there is one more interesting
residue D185 close to active site. In addition, OSB-CoA is unstable, and easily
decomposes to spirodilactone with lactone as intermediate (Figure 6.4). Therefore, Dr.
Huaning Zhang proposed an alternative mechanism for mtMenB, with D185 and the
lactone of OSB-CoA involved (Figure 6.5). mtMenB utilizes the lactone OSB-CoA as a
substrate in which the phenyl carboxylate is activated. The catalytic residue D185

functions as a base and facilitates the water to abstract the pro-2R proton.
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C O O o Non-enzymatic o
I . B ——————
SCoA o SCoA -CoA 0
o o
0]
OSB-CoA Lactone OSB-CoA Spirodilactone

Figure 6.4: The degradation of OSB-CoA to spirodilactone.

SCoA

OSB-CoA Lactone OSB-CoA
OH O
OO SCoA mtMenB
L
Hr
OH
DHNA-CoA

Figure 6.5: Alternative mechanism of the mtMenB catalyzed reaction.
Proposed by Dr. Huaning Zhang.
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High throughput screen of potent inhibitors of mtMenB

There is debate on whether menB is an essential gene. It has been claimed that
expression of MenB is closely related to the production of menaquinone, therefore this
enzyme is a potential drug target. In addition, a menB mutant in B. subtilis can only be
complemented by DHNA supplementation for normal growth requirement (222, 223).
Furthermore, under Oy limiting condition, menB gene is over expressed to produce
more menaquinone as a mechanism of survival (224). However, some claimed that by
using the transposon site hybridization method menB is identified as a non-essential
gene for optimal growth of Mycobacterium leprae, a close relative of M. tuberculosis
(87). We support the hypothesis that MenB is a key enzyme required for the
menaquinone synthesis, and therefore MenB is a putative drug target.

In order to provide a foundation for discovery of MenB inhibitors, around 105,091
small drug-like molecules from the library of Known Bioactives (Pilot screening) and
Commercial Compounds at the ICCB-Longwood Screening Facility at Harvard Medical
School were screened by Dr. Huaning Zhang and Xiaokai Li. Following the primary
screen, only 455 hits had at least 30% enzyme inhibition. Within the small pool of
positive hits, two compounds (1548L21 and 1486C16) were identified as promising
scaffolds. 1548L21 (Table 6.1) has the backbone of OSB moiety of MenB substrate. In
contrast, 1486C16 (Table 6.1) is reminiscent of the product DHNA-CoA. Since MenB’s
substrate OSB-CoA is not stable, the ecMenE/mtMenB coupled assay (Figure 6.6) was
used for screening. The ability of each compound to inhibit MenE was also evaluated by
directly monitoring the formation of pyrophosphate (PPi) by MenE and the

ecMenE/mtMenB coupled assay using 50 nM MenE. However, no inhibition against
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MenE was observed at 50 uM inhibitor, suggesting that this compound class primarily
targets MenB in the coupled assay. Subsequent SAR studies have primarily focused on

the structure of “substrate-like” 2-amino-4-oxo-phenylbutanoic acids and “product-like

benzoxazinones (Figure 6.7).

0 0 OH O
O O Meng o 0 MenB OO SCoA
OH CoA, ATP SCoA_E
0 o) OH
0SB OSB-CoA DHNA-CoA

Figure 6.6: Reaction catalyzed by MenE and MenB

166



Table 6.1: Inhibition data of selective strong hits at 12 yM inhibitor

ID No. Structure Activity (%)
1548121 F o 64.7
OH
O HN
1486C16 o} 79.4
N

Figure 6.7: Structure of 2-amino-4-oxo-phenylbutanoic acids and benzoxazinones

Xiaokai Li designed and synthesized analogues of 1548L21 (Table 6.2), which
contain the OSB moiety with the different substitutions on the aromatic ring. Their
inhibition ability was evaluated by ecMenE/mtMenB coupled assay. However, although
several compounds showed promising in vitro activity in both enzyme inhibition and

antimicrobial activity assays, there was a poor correlation between these assays.
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Project Goals.

In this chapter, we will focus on the MenB reaction by comparing the mechanism
of the M. tuberculosis MenB enzyme with the E. coli MenB enzyme. The outcome of this
project will further enhance our knowledge on the functional role of D185 for catalysis.

Due to the interest in developing chemotherapeutics against M. tuberculosis, we
will discuss our efforts to explain the poor SAR of analogues of 1548L21. In addition, we
will discuss the activity of a series of inhibitors that mimic the substrate OSB-CoA or

product DHNA-CoA.
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Table 6.2: In vitro activity of 2-amino-4-oxo-phenylbutanoic acids.

X
RW
= OH

O HN
Compound R IC50 MIC
(UM) (ng/mL)
1 H 112.1£10.6 6.25
2 4-F 13.210.75 12.5
3 4-Cl 8.5410.80 50.0
4 4-Br 105.4+15.0 12.5
5 4-NO, >150 100
6 4-OMe >150 12.5
7 2-F 8.70+0.80 25.0
8 2-Cl 8.5010.80 50.0
9 2-Br 0.60+0.07 12.5
10 2-| 0.63+0.03 6.25
11 2-NO, 2.10£0.22 12.5
12 2-CF; 2.10£0.19 25.0
13 2-OMe >150 12.5
14 3-Cl >150 12.5
15 3-NO; >150 100
16 2,4-diF 1.40+0.18 6.25
17 2-Cl, 4-F 1.10+0.08 12.5
18 2-Br, 4-F 0.43+0.32 12.5
19 2-CF3, 4-F 0.82+0.09 12.5
20 2,4-diCl 0.26+0.02 25.0
21 2,6-diCl 7.11£0.11 1.56
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Materials and Methods

Expression and purification of mtMenB and ecMenB.

The menb gene Rv0548c (945 bp) from M. tuberculosis was cloned into the pET-
15b plasmid (Novagen) and placed in frame with an N-terminal His-tag sequence by Dr.
Yuguo Feng (65). MenB from M. tuberculosis, was expressed in E. coli CodonPlus cells.
Transformed cells were induced with 1 mM IPTG at an ODggo of 0.8 and harvested by
centrifugation after shaking for 12 h at 25 °C. The cell pellet was resuspended in 30 mL
of His-binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9) and lysed
by 3 passages through a French Press cell (1,000 psi). Cell debris was removed by
centrifugation at 33,000 rpm for 60 min at 4 °C. The supernatant was applied onto a
His-bind column (1.5 cm x 15 cm), which contained 4 mL of His-bind resin (Novagen)
charged with charging buffer (50 mM Ni,SO4). The column was equilibrated with binding
buffer. Then 60 mL of binding buffer (56 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH
7.9) was used to wash the column. After that, 60 mL of wash buffer (60 mM imidazole,
0.5 M NaCl, 20 mM Tris-HCI, pH 7.9) was used to wash the column. Finally, mtMenB
was eluted using a gradient of 60-500 mM imidazole in 0.5 M NaCl, 20 mM Tris-HCI, pH
7.9. Fractions containing mtMenB were collected and the imidazole removed by G-25
chromatography (1.5 cm x 55 cm) using 20 mM NaH;PQOg4, 0.1 M NaCl at pH 7.0, as the
eluent. The concentration of mtMenB was determined by measuring the absorption at
280 nm using an extinction coefficient of 41,370 M'ecm™ calculated from the primary
sequence. The protein was analyzed by SDS-PAGE which showed a dominant band of
37 kDa. The enzyme was concentrated by using Centricon-30 (Amicon) and stored at -

80 °C.
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The menb gene b2262 (858 bp) from E. coli was cloned into the pET-15b
plasmid (Novagen) and placed in frame with an N-terminal His-tag sequence by Dr.
Yuguo Feng. Protein expression was performed using BL21 (DE3) cells. Expression
and purification followed the same protocol as described above for mtMenB. However,
ecMenB is not stable with a His-tag sequence; therefore, N-terminal His-tag was
cleaved by biotinylated thrombin overnight at RT after purification. The concentration of
MenB was determined by measuring the absorption at 280 nm using an extinction
coefficient of 36,040 M'cm™ calculated from the primary sequence. The protein was
analyzed by SDS-PAGE which showed a dominant band of 31 kDa. The enzyme was

concentrated by using Centricon-30 (Amicon) and stored at -80 °C.

Site-Directed Mutagenesis, Expression and Purification of MenB Mutants.

mtMenB mutants D185N, S190A, D192N and Y287F were from previous work
(65). For other mutants, site-directed mutagenesis was performed using the
QuikChange mutagenesis kit from Stratagene using the primers listed in Table 6.3. The
sequence of each mutant plasmid was confirmed by ABI DNA sequencing, and the
expression and purification of each MenB mutant followed the same protocol that is

described above for the wild-type MenB protein.
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Table 6.3: Nucleotide primers

Name

Sequence

mtMenB

D185G forward

D185G reversed

D185E forward

D185E reversed

5 CGCTTCAAGCAGACCGGGGCCGACGTCGGCAGC 3’

5 GCTGCCGACGTCGGCCCCGGTCTGCTTGAAGCG 3

5' CTTCAAGCAGACCGAGGCCGACGTCGGCAG 3

5' CTGCCGACGTCGGCCTCGGTCTGCTTGAAG 3'

ecMenB

G156D forward

G156D reversed

P157A forward

P157A reversed

K158D forwad

K158D reversed

5 GCCATCTTCGGTCAGACTGACCCGAAAGTCGGT 3

5 GGAGGAACCGACTTTCGGGTCAGTCTGACCGAA 3

5' GGTCAGACTGACGCGAAAGTCGGTTC 3'

5' GAACCGACTTTCGCGTCAGTCTGACC 3'

A472G

5' GTCAGACTGACGCGGAAGTCGGTTCCTTC 3'

A474T

5' GTCAGACTGACGCGGAAGTCGGTTCCTTC 3'

A472G

5' GAAGGAACCGACTTCCGCGTCAGTCTGAC 3

A474T

5' GAAGGAACCGACTTCCGCGTCAGTCTGAC 3
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Expression and purification of ecMenE

ecMenE, the mene gene b2260 (1356 bp)from E. coli, was previously amplified
by PCR from genomic DNA, cloned into the pET-15b plasmid (Novagen) and placed in
frame with an N-terminal His-tag sequence by Dr. Yuguo Feng. Protein expression was
performed using E. coli BL21 (DE3) cells. Transformed cells were grown in 800 mL of
LB media containing 0.2 mg/mL ampicillin and induction was achieved using 1 mM
IPTG overnight at 25 °C. Cells were harvested by centrifugation at 5,000 rpm for 20 min
at 4 °C, resuspended in 30 mL of His-binding buffer (5 mM imidazole, 0.5 M NaCl, 20
mM Tris HCI, pH 7.9) and lysed by 3 passages through a French Press cell (1,000 psi).
Cell debris was removed by centrifugation at 33,000 rpm for 60 min at 4 °C. MenB was
purified using His affinity chromatography: the supernatant was loaded to a column
containing 3 mL of His-bind resin (Novagen), charged with 9 mL of charge buffer (50
mM NixSO4). The column was washed with 20 mL of His-binding buffer and 20 mL of
wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris HCI, pH 7.9). ecMenE was
eluted using a gradient of 20 mL elute buffer (0.5 M imidazole, 0.5 M NaCl, 20 mM Tris
HCI, pH 7.9). Fractions containing ecMenE were collected and the imidazole removed
by chromatography on G-25 resin using 20 mM NaH;POQO,4, 0.1 M NaCl at pH 7.0, as
storing buffer. The concentration of ecMenE was determined by measuring the
absorption at 280 nm using an extinction coefficient of 104,770 M'em™ calculated from
the primary sequence. The enzyme was concentrated by using Centricon-30 (Amicon)

and stored at -80 °C.
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Coupled kinetic assay of MenB reaction.

OSB-CoA, the substrate for MenB, is unstable and rapidly decomposes to
spirodilactone. Therefore, we used a coupled assay with ecMenE to assay the MenB
reaction. ecMenE is the preceding enzyme in the menaquinone biosynthesis pathway
that synthesizes OSB-CoA in situ (Figure 6.6). Coupled reaction was performed in 20
mM NaH,PO,4, 150 mM NaCl, 1 mM MgCl, at pH 7.0, and an excess of ecMenE.
Formation of DHNA-CoA was monitored on a CARY-300 spectrophotometer at 25 °C by
following the increase in absorption at 392 nm using an extinction coefficient of 4, 000
M'em™.

ICs0 values were calculated by fitting the initial velocity data (v;) obtained at

different inhibitor concentrations ([l]) to equation 6.1 using Grafit 4.0.

y = 100%/[1 + (I/ICs0)] (Equation 6.1)

Inhibition of mtMenB by 27 and 23.

For 27, inhibition mechanism was characterized by measuring initial velocities at
a fixed concentration of 120 uM ATP, 120 uM CoA, 2 uM ecMenE and 150 nM mtMenB
and at various concentrations of OSB (7.5-90 yM) and 7 (0, 380, 570 and 1275 nM).
Data was analyzed in Lineweaver Burk plot. The dissociate constant (K; and Kj') was

analyzed using Equation 6.2, which described noncompetitive inhibition.

i= S () (14 %) + @ @+5h (Equation 6.2)

v Vmax \[S]
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where [S] is the concentration of OSB, [I] is the concentration of inhibitor added, K, is
the Michaelis-Menten constant for OSB, Vnax is the maximum velocity, Ki and K" are the
inhibition constants.

Inhibition mechanism and dissociate constants of 27 were also characterized by
measuring initial velocities at various concentrations of 27 (0-4350 nM) and OSB (7.5-
90 uM) in reaction mixtures containing 120 uM ATP, 120 uM CoA, 2 yM ecMenE and
150 nM mtMenB. Values of K" and [E] obtained from Equation 6.3 were then fitted to
Equation 6.4-6.6, which describe noncompetitive, competitive and uncompetitive,

respectively.

. [E1+[1+KPP)— | ([E]+11+KPP)* ~4[E[1] )
o1 ! ) ‘/( ) (Equation 6.3)

Vo Z[E]

where v; and vq are the initial velocities in the presence and absence of inhibitor, K" is

the apparent dissociation constant.

KPP = K; (1 + %) +>[E] (Equation 6.4)
anp _ g Km\ , 1 .

K™ =K (1 + [S]) +5 [E] (Equation 6.5)

KPP = m__ 2 [E] (Equation 6.6)

() s 2

For 23, inhibition mechanism was characterized by measuring initial velocities at
various concentrations of 23 (0-4350 nM) and OSB (7.5-90 pM) in reaction mixtures
containing 120 uM ATP, 120 uM CoA, 2 uM ecMenE and 150 nM mtMenB. Values of

K" and [E] obtained from Equation 6.3 were then fitted to Equation 6.4-6.6.

175



Preincubation assay.

The preincubation of ecMenE, ATP, CoA and OSB was performed in 20 mM
NaH,PO4, 150 mM NaCl, 1 mM MgCl, at pH 7.0 and an excess of ecMenE for 3 min to
allow complete conversion of OSB to OSB-CoA. The MenB reaction was initiated by the
addition of MenB. Formation of DHNA-CoA was monitored on a CARY-300
spectrophotometer at 25 °C by following the increase in absorption at 392 nm using an

extinction coefficient of 4, 000 M'cm™.

Pyrophosphate release assay.

Pyrophosphate (PPi) was produced in the reaction catalyzed by MenE. The
concentration of PPi was measured by PPi release assay according to the following
coupled reactions. Two moles of NADH were oxidized to NAD® per mole of
pyrophosphate consumed. The reaction was monitored on a CARY-300

spectrophotometer at 25 °C at 340 nm using an extinction coefficient of 6, 220 M™'cm™.

Fructose-6-phosphate

PP; + D-Fructose-6-phosphate kinase

D-Fructose-1,6-diphosphate + P;

D-Fructose-1,6-diphosphate M» D-Glyceraldehyde-3-phosphate + Dihydroxyacetone phosphate
Triosephosphate

isomerase
D-Glyceraldehyde-3-phosphate —————  Dihydroxyacetone phosphate

Glycerophosphate

dehydrogenase
2 Dihydroxyacetone phosphate + 2 NADH + 2 H* i. 2 glycerol-3-phosphate + 2 NAD*
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Synthesis of o-(3-carboxypropyl)-benzoyl CoA (OCPB-C0oA).

OCPB-CoA was synthesized by incubating 13 yM ATP, 13 uM CoA, 13 uM
OCPB and 6.5 pM ecMenE in 10 mL phosphate buffer (20 mM NaH;POg4, 0.1 M NacCl, 1
mM MgCl, at pH 7.0) for 3 h at RT. The reaction mixture was then purified by semi-
preparative HPLC (Vydac C18 column, 10 um particle, 10 mm i.d., 250 mm length) with
a linear gradient (0-40% acetonitrile in 20 mM ammonia acetate in 40 min). OCPB-CoA
was collected, frozen and lyophilized. ESI-MS [M—H_]: calculated 956.18

(C32H45N7019P38_); found 956.2.

Determination of M. tuberculosis antimicrobial activity.

The MIC is the lowest concentration of compound that inhibit visible growth of M.
tuberculosis H37Rv. Data were acquired by Susan E. Knudson in the Department of

Bioagricultural Sciences and Pest Management at Colorado State University.
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Results and Discussion

Role of D185 in mtMenB and G156 in ecMenB

Based on previous study, Dr. Huaning Zhang proposed a new reaction
mechanism for mtMenB, in which D185 functions as a base to abstract the a-proton on
the substrate lactone of OSB-CoA. Then carbon-carbon bond is formed through
nucleophilic attack (Figure 6.5).

The catalytic residue D185 in mtMenB is replaced by G156 in ecMenB
homologue. Site-directed mutagenesis was used to replace D185 and to examine its
role in the overall reaction. mtMenB mutants D185G, D185N, and D185E were
expressed and purified. The kinetic parameters are given in Table 6.4. The D185N and
D185G mutants showed no activity, while the D185E mutant has a 60-fold reduced
keat/Km value compared with wild type mtMenB. The replacement of this residue with a
glycine or asparagine causes a complete loss of activity, while even subtle change such
as the replacement of D185 with a glutamate causes a dramatic decrease in activity.
The ecMenB mutant G156D was also prepared, and this mutant also demonstrates no
activity. These data clearly indicate that interestingly although D185 and G156 have
very different side chain, both of them play a critical role in their reactions, respectively.

There are two possibilities: (1) D185 and G156 may play important catalytic role,
so mtMenB and ecMenB utilize different mechanism as Dr. Huaning Zhang proposed,
(2) D185 and G156 may play important structural role in guiding the active site residue

organization or the substrate OSB-CoA’s correct binding pose.
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Table 6.4: Kinetic parameters of mtMenB and ecMenB mutants.

Kcat Km Kcat /Km
(min™) (HM) (min' pM7)
mtMenB
wt 26.2+0.5 15.0+ 1.1 1.75+0.03
D185E 0.14 £ 0.01 48+0.3 0.029 £ 0.004
D185N, D185G No activity at 3 yM enzyme
ecMenB
wi 1.40 £ 0.06 26.6 £4.6 0.05 + 0.002
G156D No activity at 3 yM enzyme

First, we investigate whether mtMenB and ecMenB utilize different mechanisms
as Dr. Huaning Zhang proposed. In order to explore the possibility that the OSB-CoA
lactone is the substrate for mtMenB and OSB-CoA is the substrate for ecMenB,
preincubation assay was performed with 4 yM ecMenE for 3 min at 25 °C. PPi release
assay showed that under this condition all of the OSB was converted to OSB-CoA in 3
min. Since OSB-CoA is not stable and will be converted to spirodilactone with a half-life
of 15 min at 30 °C and more than 2 hours at 0 °C (220), we assume that more than 90%
of the substrate do not convert to spirodilactone and are in the equilibrium between
OSB-CoA and lactone OSB-CoA during the 3 min incubation. The values of kcat/Kn
values without preincubation, were 1.75 min™ uM™ and 0.05 min™ uM™", for mtMenB and
ecMenB, respectively. The values of kea/Km values with preincubation were 1.77 min™

uM™ and 0.05 min” pM™ (Table 6.5). So for both mtMenB and ecMenB, their Keat /Km
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values with and without preincubation are almost same within experimental error,
indicating that both MenBs catalyze the reaction through same mechanism with
preference of OSB-CoA as the substrate. It is worth to pointing out here we assume that
after 3 min incubation more than 90% of the substrate are in the equilibrium between
OSB-CoA and lactone OSB-CoA. In future we would like to prove lactone of OSB-CoA

formation and the equilibrium between OSB-CoA and lactone of OSB-CoA by NMR

spectroscopy.

Table 6.5: Kinetic parameter of MenB reaction with/without preincubation.

Kcat Km Kcat /Km
(min™) (HM) (min' pM)
mtMenB
No incubation 26.2+0.5 15.0+ 1.1 1.75+0.03
Pre-incubation 32.3+1.3 18.2+2.2 1.77 £ 0.07
ecMenB
No incubation 1.4 +0.06 26.6 +4.6 0.05 + 0.002
Pre-incubation 1.4+0.1 31.1+5.3 0.05 + 0.002

The major difference between the two catalytic mechanisms is that the keto
carbonyl group of OSB-CoA may or may not be involved in the catalysis (Figure 6.3
and 6.5) (65). To investigate the two mechanisms, a substrate analogue OCPB-CoA
was synthesized (Figure 6.8). OCPB-CoA has similar structures to the OSB-CoA, but

lacks the keto carbonyl group. Therefore, if MenB is using the mechanism with keto
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carbonyl group involved, a reaction cannot happen with OCPB-CoA as substrate.

OH O
SCoA

Figure 6.8: Structure of OCPB-CoA

OCPB-CoA (120 yM) was incubated with mtMenB or ecMenB. The formation of a
new peak at 372 nm was observed for both MenBs. In order to confirm the structure of
the product, reaction mixture was purified by HPLC. Product has the molecular mass of
938.92 by MS/MS (Figure 6.9) (OCPB-CoA has the molecular mass of 957.21). These
molecular masss led to the proposed reaction with 1-hydroxy-2-napthoyl-CoA (HN-CoA)
as the product, shown in Figure 6.10. This product formation supports the published

MenB mechanism (65).
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Figure 6.9: Analysis of OCPB-CoA product by ion trap mass spectrometry.

(A) Mass Spectrum of sample OCPB-CoA reaction product, (B) MS/MS spectrum of
m/z 938, (C) MS® of m/z 766.
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) o O
SCoA

OCPB-CoA HN-CoA

Figure 6.10: Proposed reaction of OCPB-CoA.

However, even OCPB-CoA can be catalyzed by both MenBs, the kq.: /K values
significantly decrease by 12500-fold and 160-fold for mtMenB and ecMenB, respectively
(Table 6.6). Therefore, we cannot conclude whether OCPB-CoA is the substrate of
enzyme reaction, or whether the keto carbonyl group is important for the enzyme

catalysis.

Table 6.6: Kinetic parameter of MenB reaction with OSB-CoA and OCPB-CoA as
the substrate.

Kear (min™) Km (MM) Keat /Km (min™ uM™)
mtMenB (D185)
OSB-CoA 26.2+0.5 15.0 + 1.1 1.75 + 0.03
OCPB-CoA 0.015 + 0.002 106 + 31 0.00014 + 0.00004
ecMenB (G156)
OSB-CoA 1.40 + 0.06 26.6 + 4.6 0.05 + 0.002
OCPB-CoA 0.018+0.003 63 +30 0.0003 + 0.0001
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In order to further characterize the product, higher concentration of OCPB-CoA
was incubated with MenBs to obtain more product. Unfortunately, reaction was not
complete and stopped with 10% vyield. Our speculation is that reaction product (HN-

CoA) inhibits the enzyme's activity.

We performed enzyme inhibition assay with the limited amount of purified
product. In agreement with above prediction, ICsy value of the product is 200 nM when
mtMenB concentration was 150 nM. The OCPB-CoA’s resemblance of the product
DHNA-CoA may account for the tight binding affinity (Figure 6.11). Therefore, this

scaffold is a promising foundation for the development of MenB inhibitor.

O (0] O (0]
SCoA _Mimics wSCOA
(@)
DHNA-CoA HN-CoA

Figure 6.11: HN-CoA mimics structure of MenB product DHNA-CoA.

The current experimental data suggest that the catalytic mechanism of mtMenB
and ecMenB are the same, and the D185 in mtMenB does not play a catalytic role.
Therefore, we are interested in exploring the structural role of D185 in mtMenB, and the
reason that mutation D185G in mtMenB and G156D in ecMenB are fatal to MenB
activity, respectively.

According to the X-ray structure of mtMenB+AcAc-CoA, D185 is on the a-helix
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adjacent to the catalytic residue D192 (Figure 6.12A). It is likely that the mutation of
D185G and G156D may affect the a-helix structure and the correct position of D192. So
mutagenesis is performed to replace the intervening 8-residue sequence between
catalytic residues D185 and D192 (mtMenB numbering) into ecMenB (Figure 6.12B).
Site-directed mutagenesis is performed sequentially as described above to produce the
triple mutant G156D/P157A/K158D ecMenB. Kinetic assays show that this mutant still
demonstrates no activity. The double mutant G156D/P157A also lack activity. While
these results confirm the importance of these residues in ecMenB catalysis,
experiments and further mutagenesis in the surrounding shell in an attempt to restore

activity will give insight into the mechanisms of ecMenB vs. mtMenB.
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AcAc-CoA

ecMenB IFGQ’I‘EPKVGS SGGWGASYMARIVGQKKAREIWFLCRQYDAKQALDMGLVNTVVPLADL 210
mtuMenB RFKQTADVGSFYGGYGSAY LARQVGOKFAREI FFLGRTYTAEQMHOMGAVNAVAEHAEL 239
g ok hkdkdkkdk ks -k hkkk ok okk Kk ok kodk -k hk ok kook

Figure 6.12: X-ray structure of mtMenB*AcAc-CoA and sequence alignment of
ecMenB and mtMenB.

(A) X-ray structure of mtMenB+AcAc-CoA, D185 and D192 are shown in yellow stick, a-
helix is in yellow, (B) Sequence alignment of ecMenB and mtMenB, G156 and D163 in
ecMenB and D185 and D192 in mtMenB are highlighted in red.

To better understand MenB’s structure, Huei Jiun Li tried to crystallized mtMenB
and ecMenB with the substrate analogue OSB-NCoA (Figure 6.13). Unfortunately, the
OSB portion of OSB-NCoA is missing in the mtMenB+<OSB-NCoA X-ray structure.
However, OSB-NCoA was well-defined in the ecMenB*OSB-NCoA X-ray structure. This
new structure can be superimposed with the mtMenB bound with acetoacetyl-CoA
(AcAc-CoA) very well with RMSD value of 1.20 A (Figure 6.14A). In the superimposed

structure, D185 in mtMenB is very close to the carbonyl of OSB-NCoA within hydrogen
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bond distance. So we speculate that D185 is important for substrate analogue OSB-
NCoA’s correct binding. In the case of ecMenB, a water molecule is in the same
position as the oxygen atom on the D185’s side chain. So D185 in mtMenB is replaced
with G156 and water in ecMenB (Figure 6.14B). It indicated that mtMenB and ecMenB
are using different substrate-binding strategy. Single-residue mutations, neither D185G
in mtMenB or G156D in ecMenB, cannot recover the substrate-binding strategy, due to
the presence of the water molecule; therefore these two mutants lost activity.

In summary, based on the current data, mtMenB and ecMenB use the same
mechanism (65). D185 in mtMenB and G156 in ecMenB play an important structural

role in substrate binding. In addition, HN-CoA is discovered as a promising lead inhibitor

for mtMenB.
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Figure 6.13: Structure of OSB-CoA and OSB-NCoA.
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OSB-NCoA

Figure 6.14: Overlap of mtMenB bound AcAc-CoA (pdb code: 19q51) with and
ecMenB bound with OSB-NCoA.

(A) Superimposition of X-ray structure of mtMenB (in green)*AcAc-CoA (in red) and
ecMenB (in cyan)*OSB-NCoA (in yellow) with RMSD of 1.20 A. (B) D185 in mtMenB is
replaced with G156 and water in ecMenB.
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Discovery of “substrate-like” inhibitors.

Based on the structure of “substrate-like” 2-amino-4-oxo-phenylbutanoic acids,
Xiaokai Li synthesized analogues of 1548L21, which contain the OSB moiety with
different substitutions on the aromatic ring. The synthesized compounds were evaluated
for their ability to inhibit the reaction catalyzed by mtMenB as well as the growth of M.
tuberculosis H37Rv. However, there was a poor correlation between enzyme inhibition
and antimicrobial activity (Table 6.2).

As a prelude to explain the poor correlation, compound stability was evaluated by
Xiaokai Li. Data suggest that this series of compounds are very unstable. For example,
half-life (t12) of compound 8 is only 0.4 hour (Table 6.2). Therefore, during the ICs
measurements, these compounds degraded. It was speculated that these inhibitors
readily undergo retro-Michael addition (225), which leads to generation of the (E)-

benzoylacrylic acid and the amine (Figure 6.15).

OH
R X HH O N X o) . H,N
| ) . 1
= OH = " 0oH
oﬁN o}

Figure 6.15: 2-amino-4-oxo-phenylbutanoic acids degradation by retro-Michael
addition.

The (E)-benzoylacrylic acid product was then prepared, and their inhibition

activity against mtMenB was characterized. Interestingly, the ICso values for inhibition
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were dependent on the CoA concentration and independent of the ATP concentration.
For example, for (E)-4-(2,4-dichlorophenyl)-4-oxobut-2-enoic acid 22 (Figure 6.16), the
ICsp value varied from 0.2 to 1.4 yM when CoA concentration is varied from 30 to 120
MM. In contrast, the ICsp value was constant at 0.2 uM when the ATP concentration was
fixed at 30, 60, 120 uM (Figure 6.17). In addition, if 22 was incubated with OSB, CoA,
ATP and ecMenE at RT for 45 min, the inhibition activity increase. Since the I1Csy value
was dependent on both CoA concentration and incubation time, we speculated that 22,
as the Michael acceptor, might react with the free CoA present in the reaction to
generate the final CoA adduct 23, and that inhibition of mtMenB might result from the

CoA adduct 23 (Figure 6.18).

cl o,
N oH

o)

Figure 6.16: Structure of (E)-4-(2,4-dichlorophenyl)-4-oxobut-2-enoic acid
(compound 22).
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Figure 6.17: ICsy of Compound 22 measured at different CoA andATP
concentration.

(A) CoA concetration was fixed at 30 yM (o), 60 uM (e) and 120 uM (o), (B) ATP
concetration was fixed at 30 uM (o), 60 uM (o) and 120 pM (o).
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Figure 6.18: Proposed mechanism of CoA adduct generation through Michael
addition.
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To evaluate this prediction, Xiaokai Li synthesized some stable compounds
which cannot undergo retro-Michael addition or Michael addition with free CoA, as a
control. In 2-amino-4-oxo-phenylbutanoic acids, since the acidity of the proton adjacent
to the ketone determine the rate of the retro-Michael addition, 2-amino-3,3-dimethyl-4-
oxo-phenyl-butanoic acid (24) was synthesized. In this compound, the acidic hydrogen
was replaced with a methyl group, so that no hydrogen cannot be abstracted to form the
(E)-benzoylacrylic acid. In addition, 4-oxo-4-phenylbutanoic acids (25 and 26, Figure
6.19) were synthesized. These compounds do not have unsaturated carbonyl, so they
cannot form CoA adduct. In agreement with our prediction, all of these compounds have
no inhibition activity at 200 yM. Thus, we believe that CoA adducts are the real

inhibitors of MenB.

O
OH
O HN Br o NO, 0
Q%NJ\OH O%(\)J\OH
O O
24 25 26

Figure 6.19: Structure of 2-amino-3,3-dimethyl-4-oxo-phenyl-butanoic acids (24)
and two 4-oxo-4-phenylbutanoic acids (25 and 26).

To gain direct experimental evidence with this prediction, 22 was incubated with
CoA, ATP and ecMenE in MenB reaction buffer (pH=7) at RT for 2h and the major

product was purified by HPLC. ESI-MS and NMR data confirmed that the CoA thiol had
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added to the C2 carbon of the acid through Michael addition, to generate compound 23
(Figure 6.18). Stability assays suggested that 23 is much more stable than 20, with half
life of 11.4 hr. Therefore, we speculate that 23 is the active inhibitor, whose structure is
reminiscent of the MenB substrate OSB-CoA (Figure 6.18). In agreement with this
prediction, ICso of the CoA adduct 23 was independent on CoA concentration (Figure

6.20).
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Figure 6.20: IC5, of Compound 23 measured at different CoA concentration.
CoA concetration was fixed at 30 uM (o), 60 uM (e) and 120 pM (o).

In order to gain further mechanistic insight, we used steady state kinetic methods
to study the inhibition of mtMenB by 23. Inhibition mechanism was characterized by
measuring initial velocities at various concentrations of 23 (0-4350 nM) and OSB (7.5-
90 uM) in reaction mixtures containing 120 uM ATP, 120 uM CoA, 2 yM ecMenE and
150 nM mtMenB. Values of K and [E] obtained from equation 6.3 were then fitted to
equation 6.4-6.6. The dependence of K" and [E] was best described by equation 6.6,
indicating 23 is a noncompetitive inhibitor K; value of 49+6 nM and K/ value of 286+7

nM (Figure 6.21). From the data fitting, enzyme concentration was fitted as 125 nM,
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which was less than the concentration calculated from UV absorbance. It is reasonable
that some enzyme may not active. In order to account for noncompetitive inhibition, we
speculate that the binding of inhibitor to one subunit in the mtMenB homohexamer can

modulate the activity of adjacent subunits.

[OSBJ/K,

Figure 6.21: Effect of OSB on K;*"P of 23.
Fitted curve is shown for equation 6.6 (solid line; K; = 4946 nM, K’ = 28617 nM).

Above enzyme inhibition data were very promising, therefore analogues (27-35)
of CoA adduct 23 were synthesized. SAR for inhibition of mtMenB by the CoA adducts
was evaluated using the coupled assay (Table 6.7). In general, incorporation of a bulky
substituent at either meta or para position of the phenyl group resulted in significant
reduction in enzyme inhibition (28 and 35). Incorporation of electron-donating
substituents at either ortho or para positions of the aromatic ring also decreased
inhibitor potency (27, 28 and 34). In contrast, introduction of an electron-withdrawing

substituent into the aromatic ring resulted in an increase in enzyme inhibition (29-33).
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Table 6.7: Enzyme inhibition and stability of CoA adducts.

R—:: o
OH
O SCoA
Compound R ICs0 K; Ki hyjz 2
(nM) (nM) (nM) (hr)
23 2,4-diCl 10626 49+6 2867 11.4
27 4-Cl 468+62  271x71 1830+193 >100
28 4-OMe 33500+2600 36.5
29 2-F 20437 53.3
30 2-Cl 103+23 >100
31 2-Br 135422 99.0
32 2| 42157 43.3
33 2-NO; 154+24 86.6
34 2-OMe 121001000 38.5
35 3-Cl  14100£1500 18.7
36 2-NO, 32100+3300
37 2,4-diCl  2200+200

2 half life at pH 7.4 and 25°C, measured by Xiaokai Li

196



Analysis of the mtMenB structure and reaction mechanism suggests an
explanation for the high affinity of the CoA adducts. The structural homology of mtMenB
with the crotonase family suggests that catalysis by MenB involves formation of a CoA
thioester enolate, which is stabilized by the oxyanion hole characteristic of this class of
enzymes (65). We speculate that the CoA adducts can adopt a bound structure that
resembles the CoA thioester enolate (Figure 6.22), which may account for the high

affinity of these compounds for mtMenB.

OG161 )OLG161
/ 0) / (o]
N \
%N \J{Gms y N G105
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i
OH O 0
SCoA =~ ~SCoA mlmlcs R SCoA
(0]

Figure 6.22: Proposed structure of the CoA adduct bound to mtMenB.

The binding of CoA adducts to MenB was further characterized by X-ray study.
Compound 23 was co-crystallized with mtMenB and ecMenB. Unfortunately, only
ecMenB+23 produced crystals. Crystal structure was then solved by Huei Jiun Li.
ecMenB binds to 23 through hydrogen bonds, salt bridges and hydrophobic interaction,
resembling the binding between mtMenB and AcAc-CoA (65). ecMenB binds to 23
through hydrogen bond between free carboxylate in 23 and nitrogen atoms of oxyanion
hole (G86 and G133,ecMenB numbering) (Figure 6.23). mtMenB and ecMenB share

48% identity and 61% similarity. Their oxyanion hole residues together with catalytic
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residues (S161, D163 and Y258, ecMenB numbering; S190, D192 and Y287, mtMenB
numbering) are conserved. In addition, their crystal structure overlap well (Figure
6.14A). Consequently, we predict 23 would adopt a similar bound structure in mtMenB
as in ecMenB. Furthermore this structure with extensive hydrogen bonds, salt bridges

and hydrophobic interaction accounts for the high affinity of 23 for mtMenB.

Compound 23

Figure 6.23: Interactions between ecMenB and compound 23.
Two conformations of 23 are superimposed.

An important aspect of the binding mode is the location of the free carboxylate in
the CoA adduct. Consequently Xiaokai Li synthesized two OSB-CoA thioester
analogues (36 and 37), which have similar structures to the CoA adducts but lack the
free carboxylate group. Compared with the CoA adducts, the CoA thioesters have much
lower affinity for mtMenB (Table 6.7) with 36 having an ICsy value of 32 uM compared
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to 150 nM for the corresponding adduct and 37 having the ICsy value of 2 yM compared
to 100 nM for the corresponding adduct, thus supporting the importance of the free
carboxylate for CoA adduct binding.

The only drawback of the CoA adduct is that CoA moiety is too hydrophilic to
cross the cell membrane; therefore the CoA based molecule cannot be a good drug-like
inhibitor. In agreement, the antimicrobial activity of the CoA adducts is very weak,
presumably due to poor uptake by the bacteria. In the crystal structure of ecMenB
bound with compound 23, there are two binding pockets: the active site and CoA
binding site (Figure 6.24). The portion of the inhibitor in the active site pocket is
responsible for the inhibitor binding specificity, while the highly hydrophilic portion of the
inhibitor in the CoA binding pocket is responsible for tight binding. To increase the
hydrophobicity of CoA adducts, several CoA surrogates were designed and
synthesized. In general, CoA surrogates have weaker activity than CoA adducts (Table
6.8). If the phosphate group is absent on the ribose (38), compound would have lower
binding affinity for mtMenB compared to parent compound 23, with ICs, value of 506
nM. If adenine is absent, or if both ribose and phosphate group (39 and 40) are absent,
compounds would have even lower binding affinity, with 1Cs value of 170 yM (39) and
29 uM (40). In addition, based on the structure of CoA, more compounds were designed
to replace adenine, ribose and phosphate group (41-46), however, their binding affinity
is much lower than parent compound 23 by >150-fold. This result also supports that the
disruption of hydrogen bonding with enzyme compromises the inhibition, and that the

CoA moiety is essential for the high binding affinity. Further studies are required to fully
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understand the binding of the CoA moiety and to design better CoA moiety

replacement.

Figure 6.24: Crystal structure of ecMenB bound with 23.
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Table 6.8: Enzyme inhibition of compounds with CoA portion replacement.

Compound

ICso

23

38

39

40

41

106 + 26 nM

506 + 60 nM

~170.0 pM

28.5+ 6 pM

14 £1 uM
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Compound ICs0
42 Br o 19+ 3 uM
%OH . o cl
O S\/\N)J\/\N)K/N
H H
@]
43 Br o 18 £ 4 uM
DU W
0 S\/\N)K/\NJVN
H H o dZl
44 Br 0 754 uM
%CH o o
H H
@)
45 Br o 23+4 uM
OH O O H
0 S\/\N)K/\NJ\/N SN
H H
0]
46 Br o 77 £ 17 uM
H H
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Discovery of “product-like” inhibitors.

Based on the structure of “product-like” benzoxazinones, analogues of 1486C16
(Table 6.1) were synthesized by Xiaokai Li. The synthesized compounds were
evaluated for their ability to inhibit the reaction catalyzed by mtMenB as well as the
growth of M. tuberculosis H37Rv (Table 6.9).

Since a coupled assay was used, the ability of these compounds to inhibit
ecMenE was evaluated. Three inhibitors (47, 56, 57) were randomly selected to test
ecMenE inhibition by directly monitoring the formation of PPi (226) and by the
ecMenE/mtMenB coupled assay using a limiting concentration of ecMenE. However,
none of inhibitors affected ecMenE activity at a concentration of 50 uM. Therefore, this

series of inhibitors specifically inhibit MenB.
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Table 6.9: In vitro activity of 1,4-benzoxazine: (Z)-methyl 2-(2-oxo-2H-
benzo[b][1,4]oxazin-3(4H)ylidene)acetates.

0.0
~
Ri
Rz: J\: :N =
Rj X0

ICso Ki Ky’ MIC

Compound R; R, R; X
(uM)  (pM) (M)  (pg/mL)

47 H H H N >122 >100
48 H H H S >140 >100
49 H H H O 10.0+1.0 91 67.0 0.64
50 Me H H O 241+1.38 25

51 H Me H O 23.1%1.0 >100
52 H H Me O 18.2+2.8 100
53 H F H O 27.0£3.0 115 101 0.63
54 H H F O 30.0£3.7 0.63
55 H Cl H O 46.3+3.5 225 185 5

56 H H Cl O 35.7¢4.8 0.63
57 H NO; H O 28.2+44 50

58 H H NO, O 20.3+1.8 >100
59 H EtSO, H O 17.9+3.0 >100
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Compounds with quinoxaline (47) or benzothiozine (48) cores had significantly
higher MIC value, indicating that the benzoxazine core is essential for antibacterial
activity. Several compounds had low MIC value (< 1ug/mL), in which there was either
no substituent on the benzoxazine core (49), or in which R? = F (53) or R® = F or Cl (54,
56). Introduction of larger electron withdrawing groups (R? = CI (55), R = NO; (57), R® =
NO, (58), R? = EtSO, (59)) or an electron donating groups such as methyl (50, 51, 52),
resulted in a significant reduction (>100-fold) in antibacterial activity. This suggested
that the effect on antibacterial activity is affected by the size of the substituent, but not
from electronic effects.

Although the substitution of benzoxazine core had a dramatic effect on
antibacterial activity, the impact of the inhibition of MenB was much less obvious.
Although it can be seen from Table 6.9 that the benzoxazine core is essential for
mtMenB inhibition, ICso values for benzoxazine analogues only changed by 4-5 fold.
These data suggest that there is little correlation between 1Cs, and MIC value. Thus
these inhibitors may have some other target(s) in the bacteria. In addition, other factors
such as altered cell permeability and/or evasion of detoxification strategies may also
modulate antibacterial activity.

In order to gain further mechanistic insight, we used steady state kinetic methods
to study the inhibition of mtMenB by 49. These studies revealed that 49, is a
noncompetitive inhibitor with respect to the substrate OSB-CoA, with a K value of 9.1
MM and a K value of 67 uM, respectively.

To further study the antimicrobial properties of the 1,4-benzoxazines, Xiaokai Li

designed and synthesized a second series of compounds in which the methyl ester was
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replaced with a substituted phenyl ring (Table 6.10). MIC values of 61 and 64 increased
by 5-fold, and MIC values of 66 increased by 2.5-fold compared to analogues in Table
6.8, however, none of these compounds (61-67) were able to inhibit mtMenB up to 100
MM. Thus, introduction of a bulky group into the side chain significantly affects the ability
of the 1,4-benzoxazines to inhibit mtMenB. The data suggest that activity might be
improved by reducing the size of the side chain (227-229), and that while a portion of
their antibacterial activity could stem from an ability to inhibit mtMenB, there must be
additional targets for these compounds in the cell.

For both series of benzoxazinones, introduction of a methyl group into the
benzoxazine ring (48-50, 62, 63) abolished antibacterial activity shown by MIC value.
Thus, both of them likely have a common target in the cell, and inhibition of which is

very sensitive to methylation.
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Table 6.10: In vitro activity of 1,4-benzoxazine: (Z)-3-(2-aryl-2-oxoethylidene)-3,4-
dihydro-2H-benzo[b][1,4]oxazin-2-ones.

o
H
RQ'DCEN = Cl
Ry o~ o
Enzyme
Compound R, Rj5’ MIC
Inhibition
(ng/mL)
61 H H 3.13
62 Me H 100
63 H Me >100
No inhibition
64 F H 3.13
at 100 uM
65 H F 1.56
66 Cl H 12.5
67 H Cl 3.13
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In vitro enzymatic inhibition assay of other inhibitors.

To look for novel scaffold of mtMenB inhibitor, we also evaluated enzyme
inhibition activity of a few inhibitors from our lab, or that are commercially available.
However, none of them were able to inhibit mtMenB up to concentration of 200 uM

(Table 6.11).
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Table 6.11: Enzyme inhibition of of other inhibitors.

Compound

Enzyme Inhibition

68

69

70

71

72

73

@)
:o
I

o
I
o
I

@)

e O Y
T T
O:O

g

/
@)
@)

3

/
@)
®)
T

J

ICso > 220 pM

No inhibition at 200 uM

No inhibition at 200 uM

No inhibition at 200 uM

No inhibition at 200 uM

No inhibition at 200 uM




Compound

Enzyme Inhibition

74 cl
N _N
CLIX
N NH
o]
75

0 N c
LY C
0
76 Cl cl
Cl,
Cl

O NH,

1IC50>140 MM

100 uM Not dissolved

10 M No inhibition

200 uM Not dissolved

100 uM, No inhibition
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Conclusions

MenB, an enzyme in the menaquinone biosynthesis pathway, catalyzes the
Dieckmann condensation of OSB-CoA to DHNA-CoA. mtMenB differs from ecMenB by
an active site Asp residue in place of Gly. Based on current data, mtMenB and ecMenB
utilize same mechanism with OSB-CoA as the substrate. In addition, D185 in mtMenB
and G156 in ecMenB play an important structural role in substrate binding. Interestingly,
HN-CoA was a MenB inhibitor and will be investigated for future inhibition studies.

Two series of inhibitors of mtMenB including the “substrate-like” 2-amino-4-oxo-
phenylbutanoic acids and the “product-like” benzoxazinones were identified from high
throughput screen. Our studies explained the reason for poor SAR observed in
“substrate-like” 2-amino-4-oxo-phenylbutanoic acids analogues, and then identified a
series of 2-CoA-4-oxo-4-(substituted phenyl) butanoic acids as the potent inhibitors of
mtMenB with the best K; value of 18 nM. In addition, we have identified a group of
“product-like” 1,4-benzoxazines with promising in vitro antibacterial activity toward M.
tuberculosis H37Rv with MIC value of 0.63 pug/mL. However, the current SAR data
suggest that these compounds act by binding to additional unknown targets within the

cell, which need to be further investigated.
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