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Abstract of the Dissertation
Mechanistic Studies of Potential Drug Targets against Methicillin-Resistant

Staphylococcus aureus

by
Hua Xu
Doctor of Philosophy
in
Chemistry
(Chemical Biology)
Stony Brook University

2009

Methicillin-Resistant Staphylococcus aureus (MRSA) is one of the most
common causative agents for hospital-acquired infections. The recent
emergence of MRSA strains that are resistant to all current antibiotics, has
caused a further increase in the pressing need to discover new drugs against this
bacterium.

Fatty acids are essential components of the bacterial cell membrane. saFabl,
the enoyl ACP reductase from S. aureus, catalyzes the rate-limiting step in the
fatty acid biosynthesis pathway, and is a validated target for drug discovery.
Detailed kinetic studies reveal that saFabl is NADPH-dependent, and has a
preference for ACP-linked substrates with a long acyl chain. The preference for
NADPH is determined by residues R40 and K41, while product inhibition studies
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indicate that the reaction proceeds via an ordered sequential mechanism.
According to the preincubation inhibition analysis, triclosan and two related
diphenyl ethers are all nanomolar slow-onset inhibitors of saFabl, and bind
preferentially to the enzyme-NADP* complex. Three saFabl mutations, A95V,
1193S, and F204S, were identified upon selection for resistance. Strains
containing these mutations have MIC values 100-fold higher than that of the wild-
type strain, whereas the mutant enzymes have K; values 5 to 3000-fold larger
than that of wild-type enzyme, supporting the hypothesis that saFabl is the
intracellular target of the inhibitors.

The redox active lipid soluble cofactor menaquinone is an essential
component of the electron transport chain and oxidative phosphorylation in some
prokaryotes, including S. aureus. Disruption of menD, one of the genes
hypothesized to function in the S. aureus menaquinone biosynthetic pathway,
resulted in a small colony variant (SCV) phenotype, suggesting that menD
functions in menaquinone biosynthesis. Ultrastructural studies of this mutant
strain reveal that menaquinone may participate directly or indirectly in lipoteichoic
acid. It is reasonable since the synthesis of phosphatidyl glycerol, a precursor of
lipoteichoic acid, requires electron transport. The mechanistic properties of MenD
from S. aureus (saMenD), a thiamin-diphosphate enzyme, have been explored.
2-Succinyl-5-enoylpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic acid is shown to
be the product of the enzymatic reaction, instead of the earlier proposed 2-
succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylic acid. In addition, Mn*
inhibits the saMenD reaction at high concentrations while Mg®** does not,
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probably due to different effects of the metal ions on the enzyme secondary
structure, as revealed by the CD spectra. Finally, the role of the residues in the
substrate-binding pocket has been explored by site-directed mutagenesis and
enzyme kinetics.

Mechanistic studies of MenB, the naphthoate synthase from S. aureus, have
also been performed. Previous work identified mutations in menB genes in
clinical S. aureus SCV isolates. Kinetic analysis of these mutant saMenB
suggests that the mutations abolish enzyme activity, indicating that the
menquinone biosynthesis is blocked in clinical SCVs. Inhibitory activities of a
series of O-succinyl benzoic acid (OSB) analogues against saMenB and S.
aureus has been studied. Daptomycin, a novel antibiotic, which contains an
OSB-like moiety, may target saMenB, since the morphological changes on S.
aureus caused by daptomycin treatment and defect in menaquinone biosynthesis

are similar.
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CHAPTER 1: STAPHYLOCOCCUS AUREUS: INTRODUCTION,

TREATMENT AND PREVENTION

1.1 STAPHYLOCOCCUS AUREUS: BACKGROUND AND SIGNIFICANCE

Staphylococcus aureus was first discovered in Aberdeen, Scotland in 1880
(7). It is a Gram-positive, catalase-positive, and coagulase-positive bacterium.
Literally, S. aureus means "golden cluster seed", since it appears in pairs, short
chains, or bunched, grape-like clusters under microscopic examination (Figure
1.1). It forms large yellow colonies on rich medium, and is hemolytic on blood
agar plate.

It is estimated that one third of the world population carry S. aureus, usually
in the anterior nares (2). These people have increased risk of becoming infected
with this bacterium. S. aureus is one of the most common causative agents of
hospital-acquired infections, including superficial skin lesions, such as abscesses
and impetigo, and more severe infections, such as septic arthritis, osteomyelitis,
endocarditis and pneumonia. Most nosocomial infections develop after contact
with health care workers’ hands, which have been contaminated with S. aureus
from their own bodies or from direct contact with an infected patient. Notably, the
community-acquired staphylococcal infections have been increasing during the

last thirty years.
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Figure 1.1: Transmission electron microscope image of Staphylococcus
aureus. The image was taken in the TEM facility of Stony Brook University with
30000x magnification.

S. aureus is infamous for its high adaptability to antibiotic treatments. In
1942, penicillin was first used to treat staphylococcal infections, but the penicillin-
resistant strains developed after only a few months of clinical trials (3). After
methicillin was introduced to treat penicillin-resistant S. aureus in 1960,
methicillin-resistant S. aureus (MRSA) was isolated within one year (4). The
percentage of MRSA has been increasing continuously in the last few decades.
In the USA, MRSA increased from 2.4% in 1975 (5) to 35% in 1996 (6), and the
percentage is still increasing. Currently, glycopeptide antibiotics, such as
vancomycin and teicoplanin, are considered to be the only antibiotics for treating
MRSA infections. However, vancomycin-resistant S. aureus (VRSA) has been
reported in Japan and United States (7, 8). There is no effective antibiotic to treat

this extensive-drug-resistant strain.



According to a recent report, the incidence rate of invasive MRSA is 32 per
100,000 persons. In 2005, MRSA caused nearly 19,000 deaths in the United
States, while 16,000 people died from AIDS in the same year (9).

One important reason for the widespread S. aureus infections is that this
bacterium possesses many virulence factors, which promote adhesion to host
tissues, diminish or mute the host immune response, aid survival in extreme host
environments, such as neutrophils and macrophages, and improve pathogenic
efficiency. The factors that help S. aureus escape the immune response are
critical, and contribute to recurrent infections.

Immediately upon entering the host, S. aureus faces the host defense
system. The initial response is the so-called complement activation, a process of
recruiting effectors to label the bacteria for the host immune cells. During this
process, chemoattractants, for instance, small peptide fragments C3a and C5a
are released, attracting the phagocytes, such as neutropils and macrophages to
the infection site.

The primary host defense against S. aureus infection is the innate immunity
performed by neutropils. The chemoattractants C3a and C5a, as well as bacterial
formylated peptides, can be specifically recognized by the surface receptors in
neutrophils, stimulating the immune response. However, the bacterium has
several ways to inhibit the neutrophil response (Figure 1.2). First, the chemotaxis
inhibitory protein (CHIPS) of staphylococci is secreted to bind to both the formyl
peptide receptor and the Cb5a receptor to eliminate the signal transfer from
complement activation and bacterial growth (10). S. aureus also produces the
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extracellular adherence protein (Eap), which can bind to the intercellular
adhesion molecule-1 (ICAM-1) on the surface of endothelial cells, blocking
binding of ICAM-1 with LFA-1, a surface adhesion molecule of neutrophils
involved in the recruitment of neutrophils to the infection site (77). In addition to
the passive defense by CHIPS and Eap, some S. aureus strains produce the
pore-forming leukotoxins to attack the cytoplasmic membrane of neutrophils,

causing cell leakage and death (72).

a Leukotoxins Neutrophil
[ ( CHIPS C5a
Bacterium FECEPLON_commmeommoononn,
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Endothelial cells ICAM-1

Figure 1.2: Inhibition against the neutrophil response. CHIPS and Eap block
neutrophil recruitment to the infection site. Leukotoxins are secreted to disrupt
the neutrophil membrane. Sak, Aur and cell wall modifications (indicated by “+”
prevent the killing in the phagosome of neutrophils. Figure is from Ref (73).

The successful staphylococcal infection is also attributed to the avoidance of
phagocytosis by neutrophils. Several components are involved in this process,
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including capsule, staphylokinase (Sak), protein A, extracellular fibrinogen-
binding protein (Efb) and clumping factor A (CIfA).

Most clinical isolates of S. aureus possess a capsule consisting of
polysaccharides. In vitro studies suggest that the presence of this polysaccharide
capsule reduced the phagocytic uptake of bacterial cells by neutrophils,
indicating that the capsule is anti-phagocytic (14).

IgG molecules are usually bound to the surface of bacterial cells, facilitating
opsonophagocytosis. However, in S. aureus, Sak is secreted to bind to the host
plasminogen molecules, which attach to the bacterial cell surface. Subsequently,
Sak activates plasminogen, producing a potent serine protease, plasmin, which
cleaves the bacterial surface-bound IgG, significantly decreased phagocytosis by
neutrophils (715).

Protein A, a surface protein in S. aureus, also shows an antiphagocytic effect.
This is probably due to its binding to the Fc region of IgG (76). Consequently, this
interaction creates an incorrect orientation of bacterial surface-bound IgG
molecules, which disrupts the recognition of IgG by the Fc-receptor in neutrophils
to initiate phagocytosis.

CIfA is the major fibrinogen-binding surface protein in S. aureus during the
stationary phase. After coating with fibrinogen, the bacterial cell surface becomes
inaccessible to the phagocytic-enhancing moleclues, thus preventing
phagocytosis.

Recently it has been reported that Efb, an extracellular fibrinogen-binding
protein, also contributes to the prevention of phagocytosis and opsonization of S.
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aureus, due to its binding to the complement factor C3b and to block C3b
deposition on the bacterial cell surface (77, 18).

Even if S. aureus is engulfed into the neutrophils, it still shows resistance to
killing by antimicrobial peptides in the phagosome. Most of the antimicrobial
peptides in neutrophils are cationic peptides, such as cathelicidin LL-37 and a-
defensins, which function by interrupting the integrity of the bacterial lipid bilayer.
The resistance to these peptides is promoted by D-alanine and L-lysine
modifications to the bacterial cell-wall components, such as wall teichoic acid and
lipoteichoic acid (Figure 1.2) (19, 20). Both modifications reduce the negative
charge of the cell wall, causing decreased affinity to the cationic peptides. S.
aureus also secretes proteins to neutralize the cationic antimicrobial peptides.
For instance, in addition to its role in preventing phagocytosis described earlier,
Sak is secreted to bind the cationic defensins in the phagosome, facilitating the
survival of the bacterium in the extreme environment (21).

After escaping the immune response, the bacteria can adhere to the
endothelial cells, and then initiate endothelial-cells phagocytosis (Figure 1.3).
Once S. aureus is engulfed by these host cells, a number of proteolytic enzymes
are produced by the bacteria to facilitate breakdown of the host cells and the
spread of bacteria to the neighboring tissues. After getting into the subepithelial
tissues, the bacteria evoke an inflammatory response, which causes abscess
formation. The whole process described above establishes the metastasis of
infection. When cardiac endothelium is involved during the infection, endocarditis

will develop.
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Figure 1.3: Pathogenesis procedure of invasive Staphylococcus aureus
infections. Figure is from Ref (22).
1.2 SMALL COLONY VARIANTS

Bacterial small colony variants (SCVs), which are one-tenth the size of the
colonies formed by wild type bacteria, were first reported in 1910 (23). The
variant strains have been described in a wide range of bacterial species, such as
E. coli, S. aureus, S. epidermidis, B. cepacia, V. cholera and Shigella spp (24-
27). Many of them were isolated from clinical specimens.

In 1995, the first model to correlate the phenotypic changes in S. aureus
SCVs to the persistent and recurrent staphylococcal infections was described
(28). Persistent or antibiotic-resistant infections due to S. aureus SCVs were

described clinically.



There are two types of SCVs in S. aureus consistently recovered from clinical
specimens: electron-transport defective SCVs, and thymidine-defective SCVs.
The former ones are auxotrophic in menadione or haemin biosynthesis, and the
phenotype could be reversed by the addition of menadione or haemin. Due to the
instability and high reversal rate of clinical SCVs, several genetically defined
mutant strains, like hemB, menD, and ctaA, which also show electron-transport
defective SCV phenotypes, were constructed for detailed phenotype analysis
(29-31). All of the three genes are involved in either the biosynthesis of
menaquinone or cytochrome, which are both components of the electron-
transport system. The proteomic and phenotype microarray studies of electron-
transport defective SCVs demonstrated that the enzymes in the glycolytic and
fermentation pathways are upregulated, while the enzymes in the tricarboxylic
acid (TCA) cycle enzymes were significantly downregulated, suggesting that ATP
is produced by substrate phosphorylation instead of the electron transport
pathway (32, 33). Recently the genetic basis of this class of SCVs was also
reported to be associated with mutations of the menB gene in the menaquinone
biosynthesis (34).

The second class of SCVs is defective in thymidine biosynthesis. These
SCVs were isolated in the patients after long-term treatment of trimethoprim
sulphamethoxazole (SXT). The derived SCV strains were resistant to SXT, while
the parent strains were susceptible. It was found that a clinical thymidine-
defective SCV strain can be complemented with a functional copy of thyA gene,
which encodes thymidylate synthase (35). Later the genetic basis of this type of

8



clinical SCVs was shown to correlate with thyA mutations, which cause a
truncation of this enzyme (36).

A number of studies suggest that the SCV strains can escape from host
defense, and are responsible for recurrent and persistent infections. The
transport of aminoglycosides across the cell membrane requires ATP, which is
significantly reduced in SCVs, making them less susceptible to the
aminoglycoside antibiotics, such as gentamicin and kanamycin (29). Resistance
to the antimicrobial peptide lactoferricin B was also reported in SCVs (37).

In addition, it is reported that the hemB SCV persists in host tissues, and
expresses a higher level of surface adhesins than the wild type strain, facilitating
biofilm formation. SCVs from other bacteria species, such as P. aeruginosa and
S. epidermidis, also show increased biofilm formation capability, which
contributes to drug resistance (38, 39). It has been shown that physiological
strains, like SCVs could not be treated by traditional approaches (40, 41), and

novel therapies are urgently needed.

1.3 DRUG RESISTANCE MECHANISMS IN STAPHYLOCOCCUS AUREUS
Antibiotics have revolutionalized the treatment of infectious diseases but
have also rapidly selected for the emergence of resistant pathogen strains.
Nowadays, drug resistance has become a serious concern around the world.
Generally the bacterial resistance is intrinsic or acquired after exposure to

antibiotics.



Several mechanisms are responsible for the bacterial resistance to
antibiotics.

(a) Enzymatic degradation and modification of antibiotics so that the
antibiotics can no longer be effective.

(b) Modification of the target site of antibiotic so that the binding affinity
between antibiotic and its target is reduced.

(c) Removal of antibiotics by overexpression of the efflux pump on the
bacterial cell surface.

(d) Reduction of antibiotic permeability by modification of cell wall
components and structure.

Most of the resistance mechanisms listed above involve genetic changes
within the bacteria. Simple changes are derived from spontaneous or induced
mutations, while complex genetic arrays, such as chromosomal cassette mec
elements and the vanA operon in drug-resistant S. aureus strains, are obtained
through horizontal gene transfer from other microbial species.

Notably, for several clinically important antibiotics, including the
fluoroquinolones and rifampicin, point mutations of chromosomally encoded
proteins are the major mechanism of resistance, and lead to clinical treatment
failure (42, 43). Two types of point mutations may be involved during clinical
therapy. The first type is called spontaneous mutations, which are generated in
the process of bacterial genome replication. Spontaneous mutations produce a
subpopulation of bacteria, which have low-level resistance and hence gain
survival advantage during the therapy. Furthermore, additional mutations, which
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confer to high-level resistance, may be acquired during successive cycles of
growth. The second type of point mutations that may contribute to the emergence
of resistance during therapy is induced mutation, which allows for a regulated
increase of mutation rates during antibiotic treatment. Unlike spontaneous
mutations, induced mutations depend on homologous recombination and also
the induction of the bacterial SOS response (46), which is usually initiated by the
presence of single-stranded DNA accumulated as a result of either DNA damage
or problematic replication. LexA and RecA are important components in the SOS
response system, and have been proposed to be attractive targets for inhibiting
the development of drug resistance in S. aureus (47).

In addition to the innate mutations, the resistance genes can be transferred
among different bacteria species, which further complicates the antibiotic
resistance.

As described earlier, S. aureus is extremely adaptive to antibiotics. Penicillin
is inactivated by B-lactamase, a serine protease that hydrolyzes the B-lactam ring
in penicillin. Now most clinical isolates of S. aureus are no longer sensitive to
penicillin. The resistance against methicillin requires the mec gene that encodes
penicillin-binding protein 2a (48). The mec genes probably originated from a
different species of staphylococci (49). Other staphylococcal genes, including bla
(B-lactamase) and fem (factors essential for methicillin resistance), may also be
involved in the resistance.

The mechanism of vancomycin-resistance in S. aureus is not elucidated yet.
Two possible mechanisms have been suggested, including increased cell wall
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synthesis and cell wall alterations, which prevent vancomycin from reaching its

target site (50, 57).

1.4 SEARCH FOR NOVEL DRUGS AND VACCINES

The products of essential genes are good targets for drug discovery, since
the inhibition would be fatal to the bacteria. Genes that are refractory to deletion
or insertional inactivation are probably essential. On the basis of this hypothesis,
a systematic genetic study by targeted mutagenesis was carried out in B. subtilis,
a model organism for Gram-positive bacteria (52). Most of the essential genes
revealed by this study have homologues in S. aureus. Several genes in S.
aureus, such as Pdf1, MurE, and FmhB, have been proven to be essential by
conditional lethal construct studies (63-56). The products of these genes are
considered to be attractive antimicrobial targets.

The antisense RNA expression technology is another important tool to
investigate the essentiality of genes. In this technology, the expression of
antisense RNA molecules interferes with the corresponding cognate genes. It
has been used to examine the genome of S. aureus, identifying 658 essential
genes, many of which are also essential in other organisms (57, 58). However,
false positives may arise due to the non-specific RNA interactions. False
negatives also exist if the controlled expression of the antisense RNA is not
enough to counteract the amount of mMRNA cognate essential gene.

A number of studies have focused on the characterization of potential drug
targets and the discovery of novel inhibitors, as listed in Table 1.1. The targets
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are quite diverse, ranging from extracellular proteins (SE), membrane enzymes
(MenA, PutP, SrtA, SpsB and AgrC), to cytoplasm enzymes (Pdf1, Fabl, MurB
and phenylalanyl-RS). Notably, InhA, the Fabl homologue in M. tuberculosis, is
the target of isoniazid, the most effective front line drug against tuberculosis (59).
In addition, menaquinone biosynthesis has been reported as a novel target

against MRSA (60).

13



Table 1.1: Inhibitors of Novel targets in Staphylcoccus aureus

Target Function Inhibitor
SE Enterotoxin superantigen  DRa1-linker-TcRV[ chimera (617)
MenA Isoprenyl transferase Allylaminomethanone (60)
Hign affinity proline
PutP Proline analogues (62)
permease
Methanethiosulfonates and p-
hydroxymercuribenzoic acid (63)
Cysteine-protease
SrtA Peptidyl-diazomethane, peptidyl-
transpeptidase
chloromethane (64)
Phosphinic peptidomimetics (65)
SpsB Signal peptidase a-ketoamides (66)
AgrC Receptor histidine kinase  Truncated autoinducer (67)
Phenylalanyl- Phenylalanyl-tRNA Phenyl-thiazolylurea-sulfonamides
RS synthetase (68)
UDP-N-acetylmuramate 4-thiazolidinones (69)
MurB
dehydrogenase Imidazolinones (70)
Pyridone derivatives (717)
Fabl Enoyl ACP reductase
Naphthyridin acylamide (72)
Pdf1 Polypeptide deformylase = Hydroxamic acid derivatives (53)
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Efforts have also been put to develop vaccines against the bacterium,
especially for the people with high risk of getting staphylococcal infections, such
as haemodialysis patients, HIV patients and low birthweight neonates. However,
due to multiple mechanisms of avoiding human innate immunity and lack of a
clear understanding of the host-pathogen interaction, the development of
effective vaccines against staphylococcal infections is still not successful yet. No
vaccine is currently available to stimulate active immunity against staphylococcal
infections in humans.

Since capsule-directed vaccines have been in the market for other bacterial
pathogens, capsular antigens are good targets for vaccine development against
S. aureus. Most S. aureus produce capsular saccharide to protect the bacterium.
Capsular polysaccharide seroptype 5 (CP5) and serotype 8 (CP8) are most
commonly found among clinical strains. The antibodies produced by
immunization with CP5 and CP8 conjugated with exoprotein A from P.
aeruginosa dramatically increased the opsonphagocytosis of encapsulated S.
aureus (73). Later Nabi Biopharmaceuticals includes both CP5 and CP8
conjugates in a bivalent vaccine called StaphVAX. However, its failure in Phase
[l trials suggests that a vaccine that targets only the capsular saccharide is not
enough to protect against in S. aureus.

In a systematic evaluation of S. aureus adhesins for their vaccine potential,
four cell-wall anchored proteins, including IsdA, IsdB, SdrD and SdrE, were
identified (74). Animals immunized with a combined vaccine of all four antigens
had higher survival rate when challenged with invasive staphylococcal infections,
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compared with the control. The functions of SdrD and SdrE are not known yet.
The expression of IsdA and IsdB is triggered by limited iron in the environment.
Both proteins are responsible for acquiring iron from haemoglobins. Mice
immunized with recombinant IsdB showed improved survival following challenge
with five of six clinical strains (75). Vaccine V710 from Merck was designed
based on IsdB, and completed phase | testing. It is being tested in phase Il trials
for the prevention of S. aureus infection in patients undergoing cardiothoracic
surgery and also in haemodialysis patients.

Poly-N-acetylglucosamine (PNAG), alpha-haemolysin and staphylococcal
enterotoxin B were also reported as potential targets for vaccine development
(76-78).

When the precise molecular basis of the interactions between staphylococcal
adhesins and host tissue receptors is elucidated, it might be possible to design
compounds that block the interactions and thus prevent bacterial colonization.

This would also faciliate the vaccine development significantly.

1.5 SUMMARY

Staphylococcus aureus is one of the most causative agents for hospital- and
community-acquired infections. Several virulent factors of this bacterium help
evade the immune response. In addition, S. aureus possesses various
mechanisms to fight against antibiotic treatment, causing antibiotic resistance.

Small colony variants further complicate the clinical treatment of staphylococcal
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infections. Novel drugs are urgently needed to keep the pace with the fight
against S. aureus.

My thesis research is focused on three enzymes from S. aureus, Fabl, MenD
and MenB, which participate in fatty acid biosynthesis and menaquinone
biosynthesis, respectively. It is worthwhile to study these enzymes, since they
are involved in pathways proposed to be essential for bacterial survival.
Mechanistic characterizations and preliminary inhibition studies are carried out

here, and provide useful information for further optimization of inhibitors.
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CHAPTER 2: MECHANISM AND INHIBITION OF SAFABI, THE

ENOYL ACP REDUCATSE FROM STAPHYLOCOCCUS AUREUS

Portions of this chapter have been reproduced with permission from “Xu, H.,
Tonge, P. J. et al. (2008) Biochemistry 47, 4228-4236”. Copyright 2008 American

Chemical Society.

2.1FATTY ACID BIOSYNTHESIS

Fatty acids are important components of cell membrane. Fatty acid
biosynthesis is divided into two types, FASI and FASII, based on whether the
reactions are performed by a single polypeptide or by individual enzymes. The
FASI pathway usually exists in vertebrates, fungi and certain bacteria, whereas
the FASII pathway, as shown in Scheme 2.1, is usually found in plants and
bacteria. The individual genes of FASII pathway from the model organism E. coli
have been cloned and studied.

To initiate the fatty acid synthesis, interacting complexes AccAD and AccBD
catalyze the carboxylation of acetyl-CoA to form malonyl-CoA (7), which is then
transferred to acyl carrier protein (ACP) to form malonyl-ACP by the malonyl-
CoA:ACP transacylase, FabD (2). Then the FASII pathway enters an elongation
cycle. In each cycle, the reactions go through condensation, reduction,

dehydration, and reduction, and the fatty acids are elongated by two-carbon
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atoms. The cycle starts from the condensation between acetyl-CoA and malonyl-
ACP, which is catalyzed by [B-ketoacyl-ACP synthase Il (FabH) (3). The
intermediate [(-ketoacyl-ACP is then reduced by B-ketoacyl-ACP reductase
(FabG), forming B-hydroxyacyl-ACP (4), which is dehydrated by either FabA or
FabZ to form trans-2-enoyl-ACP (5, 6). FabA also catalyzes a further
isomerization of the double bond of the decanoyl ACP to divert into the synthesis
of unsaturated fatty acids. The final step and also rate-limiting step in the cycle is
catalyzed by the trans-2-enoyl-ACP reductase (4). There are four forms of this
enzyme reported so far, including Fabl, FabK, FabL and FabV. The condensation

steps in the following cycles are executed by the condensing enzymes FabB and

FabF (7).
OH O
R ACP
B-Hydroxyacyl-ACP
o FabG FabA/FabZ
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SCoA o o NADPH H20 /\)Oj\
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Scheme 2.1: The Type Il Fatty Acid Biosynthesis Pathway.
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The length of the fatty acids varies among bacteria. For M. tuberculosis,
which has a waxy cell wall, the fatty acids are elongated up to 60 carbon atoms.
It is believed that the substrate specificities and expression levels of the enzymes
in the FASIlI pathway, especially the condensing enzymes, determine the
structure and distribution of the final fatty acid products.

The acyl-ACPs from fatty acid synthesis, especially long-chain acyl-ACPs, are
also used for the synthesis of membrane phospholipids. The acyl group is
transferred from acyl-ACP to glycerol phosphate by sn-glycerol-3-phosphate
acyltransferase (PIsB) (8).

The synthesis of unsaturated fatty acids is diverted by FabA/FabB or FabM.
FabA can not only catalyze the formation of trans-2-decenoyl ACP, but also
facilitate the isomerization from the frans to the cis conformation. The cis-3-
unsaturated acyl ACP is then taken by FabB, a condensing enzyme, to enter the
synthesis of unsaturated fatty acids (7). In a number of bacteria, FabA/FabB pair
is not present in the genome, although they produce unsaturated fatty acids. This
leads to the discovery of another enzyme involved in unsaturated fatty acid
synthesis FabM, which catalyzes the conversion of trans-2-unsaturated acyl ACP
to cis-3-unsaturated acyl ACP (9). Then the cis intermediate is further elongated
by FabF.

In previous studies, it has been shown that the inhibition of the FASII pathway
in bacteria causes the breakdown of the cell wall and the disruption of the cell
membrane (70, 11), demonstrating its importance for bacterial survival. Due to
the essentiality of FASII pathway, and the dramatic difference between FASII and
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the mammalian FASI pathway, FASII is an attractive target for the development
of novel antimicrobials. Inhibitors that target various steps in FASII pathway have
been discovered. The condensation step is inhibited by cerulenin, and
thiolactomycin (72, 13), while NAS-21 and NAS-91 show inhibition against
dehydratase FabZ (74). The inhibitors of the enoyl ACP reductase will be

discussed later.

2.2ENOYL ACP REDUCTASES AND THEIR INHIBITORS

Fabl, the enoyl ACP reductase in the FASII pathway, catalyzes the reduction
of enoyl ACP with the cofactor NADH or NADPH. A number of studies suggest
that the enoyl reductase, which catalyzes the final and rate-limiting step in each
cycle, is a regulator of the FASII pathway, and is essential for the viability of
bacteria (75). Due to its necessity and low protein sequence homology to the
mammalian FASI reductase, Fabl is an attractive target for novel antibiotic
discovery.

Fabl belongs to the family of short-chain dehydrogenase/reductases (SDRs).
The SDR family consists of at least 140 different enzymes, which have essential
roles in lipid, amino acid, carbohydrate and hormone metabolisms (76-78). Most
enzymes in this family are NAD(H)- or NADP(H)-dependent oxidoreductases,
which contain at least two domains, an NAD(P)-binding domain and a substrate-
binding domain. It was suggested that these dehydrogenases evolved from a
common ancestral coenzyme nucleotide sequence with various substrate
specific domains.
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Initially two subfamilies of SDRs were identified, the “classical’ subfamily with
about 250 residues and “extended” subfamily with 350 residues (79, 20). Then
three other types, “intermediate”, “complex” and “divergent” are distinguished

based on the characteristic sequence motifs of the cofactor binding site and

active site (Table 2.1) (217).

Table 2.1: Five SDR subfamilies.

Subfamily Cofactor binding Active site
Classical TGxxx[A/G]xG Y xxxK
Extended [S/T]GxxGxxG Y xxxK
Intermediate [G/AIXxGxx[G/A] YxxxK
Divergent GXXXXXSXA Y xxMxxxK
Complex GGxGxxG YxxxN

Enonyl ACP reductases, such as Fabls from bacteria and plants, belong to
the “divergent” subfamily, which shows two distinct patterns. The cofactor-binding
Gly-motif is differently spaced compared to the corresponding motifs in other
subfamilies, and the second and third glycines are replaced with serine and
alanine, respectively. In addition, the active site motif is YxxMxxxK instead of
YxxxK. However, according to the crystal structures, different spacing patterns of
the conserved tyrosine and lysine residues do not affect their relative positions in
the active site (22).

The enzymatic reaction mechanisms of Fabls from various organisms have

been investigated. Fabls from E. coli, B. subtilis and M. tuberculosis were
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reported to catalyze the reaction by a sequential bi-bi mechanism (23-25), while
surprisingly, a ping-pong mechanism was proposed for the reaction catalyzed by
H. influenzae Fabl (26), although it seems unlikely that NADH can transfer a
hydride directly to the enzyme.

Structural studies as well as the kinetic analysis of oilseed rape Fabl lead to a
proposal of the reaction mechanism that a hydride transfer from coenzyme
NADH to the C3 carbon in the C2-C3 double bond of enoyl ACP, as shown in
Scheme 2.2 (27). The resulting enolate anion abstracts a proton from Y156,
forming an enol, which then undergoes a tautomerization to produce the final
product. The major function of the conserved K163 is to facilitate the cofactor

binding by interacting with the ribosyl group in NADH.

TYrise

Scheme 2.2: Proposed E. coli Fabl reaction mechanism. A hydride is
transferred from NADH to the C3 carbon of the enoyl substrate. Tyr156 is
responsible for protonation of the resulting enolate, while Lys163 is hydrogen
bonded with the ribosyl ring of NADH.
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InhA, the Fabl homolog in M. tuberculosis, has drawn the attention of several
research groups (22, 28), since it is a target of isoniazid, one of the front line
drugs against tuberculosis (29). The crystal structure ternary complex comprising
InhA, NAD", and a 16-carbon fatty acid substrate reveals important insights of
Fabl reaction mechanism (22). In this complex, the thioester carbonyl oxygen
forms a hydrogen bond with the hydroxyl group of the conserved tyrosine
residue, while the C3 carbon of the double bonds ideally is positioned for hydride
transfer adjacent to the C4 carbon of the ring.

In addition to isoniazid, a number of inhibitors against Fabl ranging from
thiazoles to pyridone derivatives have been reported recently (30-35) (Scheme
2.3), and they have shown promising antimicrobial properties against various

pathogens, such as P. aeruginosa, S. aureus, and M. tuberculosis.
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Scheme 2.3: Chemical structures of Fabl inhibitors.
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Fabl is highly conserved in FASIlI pathway. However, no Fabl homologue
could be found in S. pneumoniae (36). Instead, FabK has been reported as the
enoyl ACP reductase in this organism. Later, FabK homologues were also
identified in other bacteria. Enoyl-ACP reductase Ill (FabL) was identified in B.
subtilis, although Fabl is present in this bacterium (24). Recently, a fourth enoyl-
ACP reductase from Vibrio Cholerae, termed FabV, was characterized (37).
Some bacteria have both Fabl and FabK/FabL/FabV. It is still not clear why the
bacteria need two enoyl ACP reductases.

Generally Fabl-directed inhibitors show no or less activity against FabK, FabL
or FabV. Recently, Kitagawa et al. designed a class of 4-pyridone inhibitors,

which showed good inhibitions against both Fabl and FabK (38).

2.3ENOYL ACP REDUCTASE FROM STAPHYLOCOCCUS AUREUS

Fabl has been identified as the sole enoyl ACP reductase in S. aureus.
Hence, it is worthwhile to examine the mechanism of this enzyme, as a prelude
to the development of potent inhibitors of this enzyme. Although kinetic studies
on saFabl have been conducted previously, a detailed mechanistic analysis of
the enzyme has so far not been reported. In addition, existing studies are based
on N-acetylcysteamine (NAC) or CoA based-substrates, rather than the natural
acyl carrier protein (ACP) substrates (39, 40). As shown in Scheme 2.4, NAC-
based substrate mimics the end of ACP substrate, but possesses poor aqueous
solubility due to lack of charged moiety. CoA-based substrate solves the
solubility issue with the addition of a highly hydrophilic CoA portion, but it has an
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extra adenosine moiety, which may cause nonspecific binding of the substrate.

Hence, the ACP substrate is necessary for a precise characterization of the Fabl

enzyme.
/\)OI\ H
o
NAC-based substrate NH,
N A
N
<1 )
0 H QH 1l Il | N
5 OH OH
Hon of

ACP substrate

Scheme 2.4: Structures of Fabl substrate and substrate analogues.

In the present work we have compared the kinetic properties of NAC, CoA
and ACP-based substrates with saFabl, explored the molecular basis for cofactor
specificity, and also studied the mechanism of the saFabl-catalyzed reaction. In
addition, we have also analyzed the inhibition of saFabl by triclosan and two
related diphenyl ethers, 5-ethyl-2-phenoxyphenol (EPP) and 5-chloro-2-
phenoxyphenol (CPP) (Scheme 2.5). Triclosan is a broad-spectrum antimicrobial
that is present in a wide variety of consumer products, such as toothpaste,

mouthwashes and hand soaps (47). It has been reported that triclosan can inhibit
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the growth of S. aureus (42), and this compound is recommended as a method of
controlling MRSA in hospitals (43, 44). In order to extend previous studies
concerning the mode of action of triclosan (39, 40, 45, 46), we performed
selection experiments and identified several saFabl mutations that correlated
with an increase in resistance to the three inhibitors. Analysis of the impact of
these mutations on cell growth and enzyme inhibition strongly suggests that the

diphenyl ether based inhibitors target saFabl within the bacterium.

OH Cl
fj"@
Cl Cl

Triclosan
OH OH
\/©/O /©/O\©
LG
EPP CPpPP
Scheme 2.5: The Diphenyl Ether saFabl Inhibitors

2.4MATERIALS AND METHODS

Materials.

trans-2-Dodecenoic acid was purchased from TCI (Wellesley Hills, MA). His-
bind Ni**-NTA resin was obtained from Invitrogen (Carlsbad, CA), and centriplus
units were from Millipore (Billerica, MA). Vectors were from EMD (Madison, WI).
QuikChange site-directed mutagenesis kit was obtained from Stratagene.

Triclosan was a gift from Ciba whereas 5-ethyl-2-phenoxyphenol (EPP) and 5-
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chloro-2-phenoxyphenol (CPP) were available from a previous study (47, 48). All

other chemical reagents were purchased from Sigma-Aldrich.

Synthesis of trans-2-dodecenoyl CoA and trans-2-dodecenoyl N-
acetylcysteamine.

trans-2-Dodecenoyl CoA (DDCoA) was synthesized by using the mixed
anhydride method as described previously (49). This method was also used to
synthesize trans-2-dodecenoyl N-acetylcysteamine (DDNAC) with minor
modifications. Briefly, 4 mmol N-acetylcysteamine was dissolved in 10 mL
anhydrous THF, and then 4 mmol of the mixed anhydride was added. After
stirring at room temperature for 2 hours, DDNAC was purified by silica gel
chromatography using 1:1 ethyl acetate:hexane as the eluant. The identity of the
product was confirmed by NMR spectroscopy and ESI mass spectrometry. 'H
NMR: & 0.880 (3H, t), 1.265 (12H, m), 1.964 (3H, s), 2.165-2.237 (2H, q), 3.090
(2H, t), 3.435-3.496 (2H, q), 6.094-6.156 (1H, m), 6.886-6.984 (1H, m). ESI

Mass: calcd for C16H30NO2S ([M+H]") 300.19, found 300.2.

Expression and Purification of saFabl.

The fabl gene from the methicillin-sensitive S. aureus strain NCTC 8325 was
amplified using the KOD DNA polymerase (Novagen) and the primers listed in
Table 2.2. The 0.77 kb PCR product was digested with Ndel and BamHI, and

cloned into the same restriction sites in pET-16b. The sequence of the construct
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was confirmed by DNA sequencing (Sequetech) and the plasmid was then
transformed into Escherichia coli strain BL21(DE3)plysS.

A single colony was used to inoculate 10 ml of LB medium containing 50
ug/ml ampicillin (LB/AMP) and the culture was grown at 37 °C overnight. The
cells in the starter culture were collected by centrifugation, resuspended in fresh
media, transferred to 500 ml LB/Amp medium, and grown at 37 °C until an optical
density of 0.8 at 600 nm had been reached. Subsequently, 0.5 mM IPTG was
added to induce the expression of saFabl and the culture was shaken overnight
at 25 °C.

The cells were harvested, and resuspended in 30 ml His binding buffer (20
mM Tris HCI, 500 mM NaCl, and 5 mM imidazole, pH 7.9). After cell disruption by
three passages through a French press cell (1000 psi), the cell lysate was
centrifuged at 120,000 x g for 1 h, and the supernatant was loaded onto a 5 ml
Ni?*-NTA His-bind column, which had been preincubated with 20 ml binding
buffer. The His-bind column was washed with 40 ml binding buffer, followed by
30 ml of wash buffer (20 mM Tris HCI, 500 mM NaCl, and 60 mM imidazole, pH
7.9), and saFabl was then eluted using 30 ml of elute buffer (20 mM Tris HCI,
500 mM NaCl, and 500 mM imidazole, pH 7.9). SDS-PAGE was used to identify
those fractions containing saFabl, and these fractions were combined and
subjected to size exclusion chromatography on a G25 column using 30 mM
PIPES, 150 mM NaCl, and 100 mM EDTA, pH 7.8 buffer as the mobile phase.

Fractions containing saFabl were pooled, concentrated using a centriplus 30,
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and stored in -80 °C. The enzyme concentration was determined by the

absorbance at 280 nm with an extinction coefficient of 11520 M'cm™.

Table 2.2 Nucleotide primers

Name Sequence ?

5'GAGACATATGTTAAATCTTGAAAACAAAACTTATGTCA
TCATGGG 3
saFabl reverse 5' CTCGGATCCAATAACGTGAACAAAGCTGTTGAATG 3
saACP forward 5' GGAATTCCATATGGTGGAAAATTTCGATAAAG 3'
saACP reverse 5" CCGCTCGAGTTTTTCAAGACTGTTAATAAA 3'
A95V forward 5' GTGTATATCATTCAATCGTATTTGCTAATATGGAAG 3'
A95V reverse 5' CTTCCATATTAGCAAATACGATTGAATGATATACAC 3
1193S forward 5' CAGCTAGTCCAAGCCGTACATTAAG 3'
1193S reverse 5' CTTAATGTACGGCTTGGACTAGCTG 3
F204S forward 5' CAAAAGGTGTGGGTGGTTCCAATACAATTCTTAAAG 3'
F204S reverse 5' CTTTAAGAATTGTATTGGAACCACCCACACCTTTTG 3'
R40Q forward 5' GTATTTACTTACCAGAAAGAACGTAGCCG 3
R40Q reverse 5'CGGCTACGTTCTTTCTGGTAAGTAAATAC 3'

saFabl forward

K41N forward 5" GTATTTACTTACCGTAACGAACGTAGCCGTAAAG 3
K41N reverse 5" CTTTACGGCTACGTTCGTTACGGTAAGTAAATAC 3
R40Q/K41N

5" GTATTTACTTACCAGAACGAACGTAGCCGTAAAG 3
forward
R40Q/K41N

5 CTTTACGGCTACGTTCGTTCTGGTAAGTAAATAC 3'
reverse

@ Restriction sites are italicized, and mutated sites are shown in underline.
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Site-directed mutagenesis, expression and purification of Fabl mutants.

Site-directed mutagenesis was performed wusing the QuikChange
mutagenesis kit from Stratagene using the primers listed in Table 2.2. The
sequence of each mutant plasmid was confirmed by ABI DNA sequencing, and
the expression and purification of each saFabl mutant followed the same protocol

as that described above for the wild type saFabl protein.

Cloning, expression and purification of S. aureus acyl carrier protein (saACP).

The S. aureus acp gene was PCR amplified from NCTC 8325 genomic DNA,
digested with Ndel and Xhol, then ligated into the pET23b expression vector so
that the coding region of the gene was in-frame with a C-terminal His tag. After
DNA sequencing, saACP was expressed and purified using the procedure
described above for saFabl. After purification, saACP was dialyzed into 75 mM
Tris-HCI, 10 mM MgCl,, pH 7.5 and the protein concentration determined using

the Bradford method (50).

Enzymatic preparation of crotonyl saACP and dodecenoyl saACP
(DDsaACP).

Conformationally sensitive SDS PAGE and ESI-MS revealed that saACP
expressed and purified from E. coli was obtained primarily in the apo form. This
protein was converted to the required acyl-saACP wusing sfp, a
phosphopantetheinyl transferase from Bacillus subtilis (51). Briefly, 25 mg/l apo-
saACP was incubated with 80 pM crotonyl CoA or dodecenoyl CoA in the
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presence of 1 uM Sfp for 2 h at 37 °C. The reaction mixture was then loaded onto
a Q-sepharose column, and eluted with a gradient consisting of buffer A (20 mM
Bis-Tris, pH 7.0) and buffer B (20 mM Bis-Tris, 800 mM NaCl, pH 7.0). Fractions
were analyzed by SDS-PAGE and those containing crotonyl-saACP or DDsaACP
were pooled and dialyzed into 20 mM Tris-HCI, pH 7.0 buffer. The final products

were characterized by ESI mass spectrometry.

Steady-state kinetic assays.

Steady-state kinetics were performed at 25 °C in 100 mM Na;HPO, buffer, pH
7.8. Initial velocities were measured after addition of 50 nM saFabl to give a final
assay volume of 500 pl.

For DDsaACP, the reactions were carried out by varying the concentration of
DDsaACP at several fixed concentrations of NADPH (50, 100 and 250 uM) or by
varying the NADPH concentration at several fixed concentrations of DDsaACP
(4.4, 8.2 and 15.0 uM). Kinetic parameters were obtained by fitting the data to
equation 1 for a sequential mechanism with GraFit 4.0.

V = Viax [A] [B)/(Kia Kb + Kima [B] +Kmob [A] + [A] [B]) (1)

Kma and Kmp, are the K, values of DDsaACP and NADPH, respectively,
whereas Kij, is the dissociation constant for DDsaACP.

For crotonyl-saACP, as well as the NAC and CoA-based substrates, the
kinetic studies employed a concentration range for one substrate (0.3 K, — 4 Kn)

at near saturating concentration of the second substrate. Kinetic parameters

47



were calculated by fitting the data to the Michaelis-Menten equation (2) using
GraFit 4.0.
V= Vinax [S)/ (Km * [S]) (2)
kcat values were obtained by using the relationship between Kcatand Vinax: Vimax

= Keat [E].

Product inhibition assays.

Product inhibition studies were conducted by varying the concentration of
DDsaACP at a fixed concentration of NADPH (250 uM) and at different fixed
concentrations of NADP™ (0, 1.4 and 2.7 mM) or by varying the concentration of
NADPH at a fixed concentration of DDsaACP (20 uM) and at different fixed
concentrations of NADP™ (0, 0.7 and 1.4 mM).

The type of inhibition was determined using Lineweaver-Burk plot analysis.
Inhibition constants for competitive, uncompetitive, and non-competitive inhibitor
were determined by globally fitting all the data points to the equations 3-5,

respectively, by using GraFit 4.0.

V = Vimax [S]/ (Km (1 + [IJ/Kis) + [S]) (3)
V = Vimax [S]/ (Km + [S] (1 + [IV/Ki)) (4)
V = Vinax [S) (Km(1 + [IJ/Kis) + [SI(1 + [I)/Kii)) (5)

The abbreviations Kis and Kj represent the K; slope and intercept in the

double-reciprocal plot according to the nomenclature of Cleland (52).

Fluorescence titration.
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Equilibrium fluorescence titrations were performed using a Fluorolog-3-21
fluorimeter (Spex) at 25°C by making microliter additions of ligand to a solution
containing 1 uM saFabl. In the fluorescence titration of saFabl with ACP or the
diphenyl ethers, the excitation wavelength was 290 nm and the emission
wavelength was 335 nm. When titrating saFabl with NADPH, the excitation
wavelength was 350 nm, and the emission wavelength was 460 nm. A control
experiment was performed using an identical procedure except that enzyme was
omitted from the cuvette. Ky values were calulated by fitting the data to equation
6.

AF = AFmax(( Ky + E + L) = [(Kg + E + L) = 4 K4L]"?)/(2*E) (6)

Selection for resistance.

This work was done by Dr. Teruo Kirikae. In brief, Cells from the methicillin-
resistant S. aureus strain N315 were incubated at 37°C in Mueller-Hinton broth
(Becton-Dickinson) containing 0.02 uM triclosan, 0.08 uM EPP, or 0.08 uM CPP,
respectively. After 48 h, 100 ul of each culture was plated onto Mueller-Hinton
agar medium containing 0.08 pM triclosan, 0.15 yM EPP, and 0.15 yM CPP,
respectively. The plates were incubated at 37 °C for 24 h. Resistant colonies
were picked and their phenotype confirmed by regrowth on the same media
containing selective concentrations of triclosan, EPP, and CPP, respectively. The
S. aureus fabl gene from the diphenyl ether-resistant mutants was characterized
by double-strand nucleotide sequencing of PCR products amplified with Ex-taq
polymerase (Takara Bio, Shiga, Japan) and the following primers: Safabl-F (5'-

49



GTCATCATGGGAATCGCTAA-3)) and Safabl-R (5'-
GCGTGGAATCCGCTATCTAC-3'). Sequencing reactions were performed using
the above Safabl-F and Safabl-R primers with the ABI PRISM™ BigDye™
Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster
City, Calif), and sequencing data were obtained using an Applied Biosystems

3100 DNA sequencer (Applied Biosystems).

MIC measurement.
The MIC values were determined by the microbroth dilution assay according
to the Clinical and Laboratory Standards Institute methods for antimicrobial

susceptibility tests for aerobically growing bacteria (53).

Preincubation inhibition assays for slow-binding inhibitors.

Kinetic assays were performed essentially as described previously (47).
Briefly, a 500 pL reaction mixture containing 50 nM saFabl, 250 uM NADPH, and
various concentrations of diphenyl ether inhibitors (0 — 2 uM) at different fixed
concentrations of NADP* (20 — 800 uM) were preincubated at 4 °C for 3 hours.
The reaction mixture was then warmed to room temperature, and the reaction
was initiated by the addition of 20 yM DDsaACP. Apparent inhibition constants
(Ki,.app) Were calculated by fitting the inhibition to equation 7 at each concentration
of NADP”

vilvo = 1/ (1 + [1)/ Kiapp) (7)
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Subsequently, the series of Ki.pp values was fitted to equation 8 to obtain Kj
and Kz, which represent the inhibition constants for inhibitor binding to NADP*
bound or NADPH bound forms of the enzyme, respectively.

Ki,app =Ky (1+ [NADP+]/KmNADp)/(1 + [NADP+]/(KmNADPK1/K2) (8)

Steady-state inhibition studies of diphenyl ethers.

Steady-state inhibition experiments were performed by varying the
concentration of NADPH at a fixed concentration of DDsaACP (20 uM) and at
different fixed concentrations of triclosan, EPP or CPP. Reactions were initiated
by the addition of the enzyme. Unless noted, the enzyme concentration was 50
nM. The data analysis was performed as described for the product inhibition

assays.

2.5RESULTS AND DISCUSSION

Expression and purification of wild-type and mutant saFabl proteins.

The protein was purified using His-tag affinity chromatography, providing
homogeneously pure recombinant protein with the predicted molecular mass
(~30 kDa) as determined by SDS-PAGE. As previously reported (39), the protein
precipitated if 100 mM EDTA was omitted from the G25 buffer. In addition, we
also observed that saFabl would precipitate even in 100 mM EDTA when the
enzyme concentration was higher than 40 uM. Consequently, the enzyme stocks

were kept at 30 uM.
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Preparation of ACP substrates.

saACP was purified by His-tag affinity chromatography, and only one form of
ACP was observed on a 15% Tris-glycine gel, unlike the ACP (AcpM) from M.
tuberculosis which is obtained in three forms (apo, holo and acyl form) (54). The
ESI mass of saACP after deconvolution was 9711.6 + 0.4, which is close to the
calculated mass of apo-saACP (9707.7), suggesting that only the apo form was
expressed. Subsequently, apo-saACP was converted into crotonyl saACP or
dodecenoyl saACP (DDsaACP) by sfp, the phosphopantetheine transferase from
Bacillus subtilis. According to analysis by SDS-PAGE (Figure 2.1), the apparent
molecular mass of DDsaACP is smaller than apo-ACP, probably due to favorable
hydrophobic interactions between the dodecenoyl acyl chain in DDsaACP and
the SDS. The molecular weight of DDsaACP was confirmed as correct by ESI

mass analysis.

Figure 2.1: SDS-PAGE analysis of ACP conversion. Samples from left to right:
apo-ACP, dodecenoyl ACP, and protein ladder (from top to bottom: 170.8, 109.5,
78.9,60.4,47.2,35.1,24.9, 18.3, 13.7, and 5.7 kDa).
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Substrate specificity.

As shown in Table 2.3, saFabl has a 180-fold higher kat/ K with NADPH than
with NADH, suggesting that saFabl is an NADPH-dependent enzyme, which is
consistent with previous results when trans-2-octenoyl N-acetylcysteamine was
used as the substrate (39). The unusual cofactor specificity compared with Fabls
from other organisms will be discussed later.

As expected, saFabl also has a preference for ACP-linked substrates
compared to those attached to NAC or CoA, indicating that saFabl is specific for
its natural substrate. While we were able to detect binding of apo-saACP to
saFabl (Ky = 18.2 uM) by fluorescence titration (Figure 2.2), no change in
fluorescence could be detected upon addition of NAC or CoA, suggesting that
these carriers do not bind strongly to the enzyme in agreement with the kinetic
data. In addition, the enzyme also had a preference for a long chain (C12)
substrate compared to the shorter (C4) acyl group, with DDsaACP having a
keat/ Km value ~30 fold larger than for the corresponding crotonyl-ACP substrate.
This effect is also observed for the NAC or CoA-based substrates (Table 2.3).
Interestingly, the effect of the acyl chain length on k. Kn, is primarily an effect on
catalytic efficiency (kcat) rather than K., suggesting that remote interactions
between the longer acyl chain and the enzyme modulate the precise orientation
of the catalytic groups in the active site.

Finally, both the NAC and CoA-based substrates suffered from some
disadvantages, the NAC substrates possessing limited aqueous solubility even in
the presence of 5% DMSO, whereas DDCoA exhibited substrate inhibition at
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high concentrations (60 uM). Substrate inhibition was not observed with DDNAC
or DDsaACP, which leads to the hypothesis that the adenosine portion of CoA

can bind non-productively in the NADPH binding-site.

Table 2.3: Kinetic Parameters of Different Substrates with saFabl

Keat Kn Keat! Kim
Substrates

(min™) (HM) (min” uM™)
Crotonyl NAC ° 1.5+05 8.0+0.3 0.20 £ 0.06
Crotonyl CoA® - ¢ - ¢ - ¢
Crotonyl saACP °© 11.6+1.1 11.5+2.0 1.1+0.2
Dodecenoyl NAC ¢ 30.4+1.6 23.3+2.9 1.3+0.2
Dodocenoyl CoA © 18.0+0.8 24.1+2.5 0.8+0.1
Dodecenoyl saACP ¢ 130+ 9 45+05 29.5+5.0
NADH ° - - 0.010 £ 0.001
NADPH ¢ ¢ 130+ 9 7116 1.84 + 0.31

? Parameters were measured by Heath et al. (55); ° reactions were carried out
with 300 pM NADPH:; ° no enzymatic activity was observed; ¢ K, and ket values
e

were obtained by fitting data into the sequential mechanism equation;

reactions were carried out with 20 uM DDsaACP.
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Figure 2.2: Fluorescence titration of saFabl with apo-ACP. Excitation
wavelength is 290 nm, and emission wavelength is 336 nm.

It is interesting that saFabl is NADPH-dependent, whereas the Fabl
homologues from E. coli, B. subtilis, H. influenzae and M. tuberculosis, are all
reported to be NADH-dependent ACP reductases (23, 26, 56). According to the
ecFabl-NAD" crystal structure (Figure 2.3, pdb code 1DFI), Q40 is very close
(2.8 A) to the 2'-hydroxyl group of the NAD" adenosine moiety.

Sequence alignment of the Fabl proteins from different organisms (Figure
2.4), indicates that two positively-charged residues, R40 and K41, appear close
to the position of Q40 in saFabl, whereas nonpolar residues (L, F), or a
negatively charged residue (E) is present in the cases of the Fabls from B.

subtilis, H. influenzae and M. tuberculosis, respectively.
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Figure 2.3: Structure of the ecFabl:NAD®* Complex. Structure of ecFabl
complexed with NAD" (pdb code 1DFI) showing interactions between the protein
and the NAD" ribose. ecFabl is colored yellow and polar interactions between the
protein residues (green) and NAD" (cyan) are indicated with red dashed lines.
Q40 interacts with the 2’-hydroxyl group in the adenosine moity of NAD". The
Figure was made using pymol (57).
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HiFabl MGFLTGKRILVTGLA 15

ecFabl MGFLSGKRILVTGVA 15
saFabl MLNLENKTYVIMGIA 15
InhA MTGLLDGKRILVSGII 16
BsFab | MSDSNLTNP | KAFFHDEFPEQYQEPPGLQKNMKPVPDCGEKSYKGSGKLTGRKALVTGGD 60
*® o to ok
HiFabl SNRS 1 AYG I AKSMKEQGAELAFTYLNDKLQPRVEEFAKEFG——SDIVLPLDVATDESIGN 73
ecFabl SKLS1AYGI AGAMHREGAELAFTYOGNDKLKGRVEEFAAQLG——SD IVLQCDVAEDAS IDT 73
saFabl NKRS | AFGVAKVLDQLGAKLVFTYRKERSRKELEKLLEQLNQPEAHLYQIDVQSDEEVIN 75
InhA TDSS 1 AFHIARVAQEQGAQLVLTGFDRLR-LIQRITDRLPAKAPL—LELDVQGNEEHLAS 73
BsFab | SGIGRAAAIAYAREGADVA INYLPEEQPDAEEVKEL | EAEGR—KAVL | PGDLSDESFCGD 119
* ok - I N oLt * -
HiFabl CFAELSKRWDK———FDGF IHAIAFAPGDQLDGDYVNAATREGYR | AH—DI SAYSFVAMAQ 129
ecFabl MFAELGKVWPK———FDGFVHS | GFAPGDQLDGDYVNAVTREGFK | AH—DI SSYSFVAMAK 129
saFab | GFEQIGKDVGN——IDGVYHS | AFANMEDLRGRFS—ETSREGFLLAQ—DISSYSLTIVAH 130
InhA LAGRVTEA | GAGNKLDGVVHS | GFMPQTGMG I NPFFDAPYADVSKGI —HI SAYSYASMAK 132
BsFab | LVKQGSHHELGG———————LDVLALVAGKQQAVEN |EDLPTEQIYKTF—EVNVFSLYWVVK 171
T %k
HiFabl AARPYLNPNAALLTLSYLGAERAIPNYNVMCLAKASLEAATRVMAADLG-KEGIRVNAIS 188
ecFabl ACRSMLNPGSALLTLSYLGAERA IPNYNVMGLAKASLEANVRYMANAMG—PEGVRVNAIS 188
saFabl EAKKLMPEGGS IVATTYLGGEFAVGNYNVMGVAKASLEANVKYLALDLG—PDNIRVNAIS 189
InhA ALLPIMNPGGS | VGMDFD—PSRAMPAYNWMTVAKSALESVNRFVAREAG-KYGVRSNLVA 190
BsFabl AALPYLPEGASI| ITTTSVEGYNPSPMLLDYAATKNAI | GFTVGLGKQLA—SKG IRVNSVA 230
..... koo . - L1k ok
HiFabl AGPIRT-LAASGIKN—————— —FKKMLSTFEKTAALRR—TVT IEDVGN—SAAFLCSD 235
ecFabl AGPIRT-LAASGIKD——————— —FRKMLAHCEAVTP IRR—TVT IEDVGN—SAAFLCSD 235
saFabl ASPIRT-LSAKGVGG—————————FNT | LKE IEERAPLKR—NVDQVEVGK—-TAAYLLSD 236
InhA AGPIRT-LAMSA | VGGALGEEAGAQ | GLLEEGWDGQRAP IGWNMKDATPVAK—TVCALLSD 248
BsFabl PGPIWTPLQISGGOP—————— TENIPKFGQGTPPAPLNR—AGQPVELAD-VYVFLASE 280
_ ke 2k ok . S S L

HiFabl LASGITGE | VHVDAGFS| TAMGELGEE 262

ecFabl LSAGISGEVVHVDGGFSIAAMNELELK 262

saFabl LSSGVTGENIHVDSGFHAIK—————— 256

InhA WLPATTGDI | YADGGAHTQLL———— 269

BsFabl NSSYVTSQVYGITGGIPTA————— 299

B

Figure 2.4: Fabls Sequence Alignment. Sequence alignment of Fabls from E.
coli, S. aureus, H. influenzae, M. tuberculosis and B. subtilis performed using
ClustalW. The red-colored amino acids are proposed to interact with the cofactor,
according to the X-ray structure of ecFabl:NAD" complex.
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Basic residues, such as R or K, in this position are expected to interact
strongly with the 2’-phosphate of NADPH. In order to investigate the importance
of R40 and K41 in the interaction of NADPH with saFabl, we constructed two
single-mutants, R40Q and K41N, and found that both mutants exhibit at least a
50-fold decrease in keat/ K for NADPH whereas Kqa/ Ky, for NADH increases by 5
to 7 fold (Table 2.4). The double mutation R40Q/K41N further decreases Kcat/Km
for NADPH by 10-fold compared with the single mutants, proving that both R40
and K41 are involved in interactions with 2’-phosphate of NADPH. As shown in
Figure 2.4, all the residues apart from Q40 that have polar interactions with
NAD" in the ecFabl-NAD" crystal structure are highly conserved in saFabl.
Hence, it might be expected that the cofactor specificity would be completely
reversed in the saFabl double mutant. However, the NADH-specificity of the
double mutant remains almost the same as the single mutants, only 7 fold higher
than that of the wild type saFabl, indicating that other factors, such as the
hydrophobic interactions between the enzyme and the cofactor, are critical for

optimal binding of NADH.
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Table 2.4: Effect of Mutagenesis on the

Specificity of saFabl for NADH and NADPH

Keat! K (min™ uM™)

Enzyme

NADPH NADH
WT 1.840 + 0.311 0.010 £ 0.001
R40Q 0.020 + 0.001 0.053 + 0.003
K41N 0.036 + 0.002 0.072 £ 0.002
R40Q/K41N  0.004 + 0.001 0.076 £ 0.005

Enzymatic mechanism of the saFabl-catalyzed reaction.

As expected, double-reciprocal plots of the enzyme kinetic data generated
intersecting lines (Figure 2.5A and 2.5B), which is a characteristic of a ternary
complex mechanism in which NADPH transfers a hydride directly to the
substrate. In order to determine the order of substrate binding, the effect of the
product NADP™ on the reaction was analyzed. Initial velocities were measured at
various concentrations of DDsaACP and a fixed concentration of NADPH and at
different fixed concentrations of NADP*. The parallel lines in the double
reciprocal plot that were obtained (Figure 2.6A) suggest that NADP" is an
uncompetitive inhibitor with respect to DDsaACP. However, the assays were also
performed with NADPH as the varied substrate. As shown in Figure 2.6B, the
lines intersect to the left of the y-axis, indicating that the NADP® is a non-

competitive inhibitor with respect to NADPH. The inhibition patterns of NADP*
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against the two substrates, are only consistent with an ordered bi-bi mechanism,

in which DDsaACP binds first, followed by NADPH.
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Figure 2.5: Ternary complex mechanism. (A) Double reciprocal plot by varing
DD-saACP in the presence of 250 uM NADPH (o), 100 uM NADPH (e) and 50
MM NADPH (o). (B) Double reciprocal plot by varying NADPH in the presence of
15 yM DDsaACP (o), 8.2 yM DDsaACP (e), and 4.4 uM DDsaACP (o).
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Figure 2.6: Double reciprocal plots of product inhibition studies. (A)
Reactions were carried out in the absence of NADP™ (o), or in the presence of
1.4 mM NADP" (e) and 2.7 mM NADP” (o). (B) Reactions were carried out in the
absence of NADP" (o), or in the presence of 0.7 mM NADP" (e) and 1.4 mM
NADP* (o).

In fluorescence titration experiments, no fluorescence change was observed
when titrating saFabl with NADPH, suggesting that NADPH does not bind to
saFabl, or that binding does not affect the fluorescence of the NADPH
fluorophore. In contrast, a Ky value of 2.3 uM was obtained when saFabl was

titrated with DDsaACP (Figure 2.7). These results provide further support for the

proposed ordered bi-bi mechanism.
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Figure 2.7: Fluorescence titration of saFabl with DDsaACP. Exitation
wavelength is 290 nm, and emission wavelength is 336nm.

Antimicrobial activity of the diphenyl ether saFabl inhibitors.

The molecular basis for the antibacterial activity of triclosan against S. aureus
has attracted much attention. It was proposed that triclosan inhibits S. aureus by
targeting the enoyl reductase in this organism (39, 40, 45), since it is known that
triclosan inhibits the Fabl homologue in E. coli (68-60), and that saFabl shows
43% sequence identity to ecFabl. However, the observation that small-colony
variants of S. aureus have increased resistance to triclosan suggests a more
complex underlying mode of action of this antimicrobial agent (46).

As a first step in developing novel inhibitors against S. aureus, we
synthesized two diphenyl ether analogues of triclosan: 5-ethyl-2-phenoxy-phenol
(EPP) and 5-chloro-2-phenoxy-phenol (CPP). Both compounds have similar MIC
values to triclosan against different strains of S. aureus (Table 2.5). It is very

encouraging that the MIC values are similar for both methicillin-sensitive (ATCC
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29213) and methicillin-resistant S. aureus strains (N315, Mu50), suggesting that

the diphenyl ethers are orthogonal to current antibiotics.

Table 2.5: MICs of diphenyl ethers against different strains of S.

aureus
MIC pg/ml (uM)
Strains
Triclosan EPP CPP
ATCC29213 0.03 (0.10) 0.03 (0.14) 0.03 (0.14)
N315 0.03 (0.10) 0.03 (0.14) 0.06 (0.27)
Mu50 0.06 (0.20) 0.06 (0.27) 0.12 (0.54)

In order to probe the mechanism of action of the diphenyl ether inhibitors,

selection experiments resulted in the identification of three novel mutations in the

fabl gene, A95V, 1193S and F204S (Table 2.6), suggesting that saFabl is the

intracellular target for these compounds.
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Table 2.6: Selection for Resistance to the Diphenyl Ether saFabl Inhibitors

Mutants  derived Selections fabl gene

from S. aureus mutants resistant Nucleotide Amino acid

N315 to compound change ? change
N315Tr.4 Triclosan GCA - GTA Ala95 - Val
N315Tr.5 Triclosan GCA - GTA Ala95 - Val
N315PT01.1 EPP GCA > GTA Ala95 > Val
N315PT01.2 EPP GCA > GTA Ala95 > Val
N315PT01.3 EPP GCA > GTA Ala95 - Val
N315PT01.4 EPP GCA > GTA Ala95 > Val
N315PT52.1 CPP ATC > AGC lle193 > Ser
N315PT52.2 CPP TTC > TCC Phe204 > Ser
N315PT52.3 CPP TTC > TCC Phe204 > Ser
N315PT52.4 CPP TTC > TCC Phe204 > Ser

@ Mutation sites are shown in underline.

Based on the ecFabl/NAD/triclosan crystal structure (67), the three residues
are thought to lie in the cofactor binding pocket of saFabl (Figure 2.8).
Interestingly, the residues corresponding to A95 and F204 in ecFabl (G93 and
F203), were also found to be mutated in triclosan-resistant E. coli. In addition, the
residue corresponding to 1193 in ecFabl (1192) interacts with the cofactor, as

shown in Figure 2.8.
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Figure 2.8: Structure of ecFabl Complexed with NAD®* and Triclosan.
Structure of triclosan bound to ecFabl (pdb code 1D8A) showing the proximity of
residues G93, 1192 and F203 to the inhibitor binding site. The corresponding
residues in saFabl were found to be mutated in the diphenyl ether resistant S.
aureus strains. ecFabl is colored yellow, while the polar interactions between the
residues (green) in ecFabl and NAD/triclosan (cyan), are indicated with red
dashed lines. The Figure was made using pymol (57).

As expected, the three saFabl mutations affected the kinetic parameters
associated with NADPH more significantly than the parameters for the ACP
substrate (Table 2.7). In particular, the kc./Km value for NADPH decreased by

240 fold for the A95V mutant, while the k.a/Kn value for DDsaACP decreased
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only 18 fold, confirming that the mutation has a major impact on the interaction of

the cofactor with the enzyme.

Table 2.7: Kinetic Parameters for the Reduction of DDsaACP by Wild Type

and Mutant Fabls

NADPH DDsaACP
Enzyme  Keat (Min™") K, Keatl Km Kn Keat! Kim

(uM) (min'pM") 2 (um) ° (min"'uM)®
WT 130.2+9.1 70.8+6.0 1.8+0.3 45+05 29550

A95V 18.4+01 2694+29.2 0.07+0.001 114+16 1.7%x0.2
1193S - > 1000 0.13+0.02 - 51+04

F204S 157.3+7.2 429.6+450 0.17+0.02 184+13 7.8+0.7

@ Reactions were carried out with 20 yM DDsaACP;

b reactions were carried out with 300 uM NADPH.

To analyze further the effect of the mutations on enzyme inhibition, we
quantified the interaction of the three diphenyl ether inhibitors with both wild-type
and mutant saFabls. In the case of wild-type saFabl, all three compounds were
slow-onset inhibitors, binding preferentially to the enzyme-NADP® product
complex. The slow step in the formation of the final enzyme-inhibitor complex is
believed to result from the ordering of a flexible loop that covers the active site,
as seen for the inhibition of ecFabl by triclosan. Since the loop in ecFabl

(residues 193-202) is highly conserved in saFabl, we propose that the slow step
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during the inhibition of saFabl by the diphenyl ethers is also caused by the loop
ordering. We used the preincubation method to measure K; and K3, which
represent the equilibrium dissociation constants of the compounds from the E-
NADP" and E-NADPH forms of the enzyme, respectively.

According to the inhibition results (Figure 2.9), the compounds are
uncompetitive inhibitors of NADP*, and competitive inhibitors of NADPH. K is 20
to 40 fold smaller than K5, suggesting that the diphenyl ethers bind preferentially
to E-NADP®. In addition, the K; values correlate well with the MIC data,
suggesting that saFabl is the target of this class of inhibitor.

The use of equation 6 to analyze the inhibition data is based on the
assumption that the inhibitors do not bind tightly to the free enzyme. In
agreement with this assumption, fluorescence titrations of saFabl with the three
inhibitors (Figure 2.10) gave Ky values between 50 and 200 uM, at least 200-fold

higher than either Ky or K.
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Figure 2.9: Inhibition of Wild Type saFabl by the Diphenyl Ether Inhibitors.
(A) Dependence of Kiap, on [NADP™] for inhibition by triclosan. (B) Dependence
of Kiapp On [NADPH] for inhibition by triclosan. (C) Dependence of Kjapp ON
[NADP] for inhibition by EPP. (D) Dependence of Kiapp, on [NADP?] for inhibition
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Figure 2.10: Fluorescence titrations of saFabl with diphenyl ethers. Exitation
wavelength is 290 nm, and emission wavelength is 336nm. Fluorescence titration
of saFabl was done with triclosan (A), EPP (B) and CPP (C), respectively.

In contrast to the wild-type enzyme, the diphenyl ether compounds are
classical reversible inhibitors of the saFabl mutant enzymes. Triclosan, CPP and
EPP are uncompetitive or noncompetitive inhibitors of the mutant saFabls with

respect to NADPH, with K; values 5 to 3000 fold higher than for the wild-type
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enzyme. This increase in K; correlates with the increase in the MIC values
observed for the S. aureus strains harboring the safabl mutations (Table 2.8).
This further substantiates the hypothesis that saFabl is the target of diphenyl
ethers within this bacterium. Interestingly, for the mutant 1193S, K; values of
triclosan, EPP and CPP increase only by 5 to 25 fold, but the MICs increase by
more than 60 fold. This suggests that additional mechanisms of resistance are
operative, such as the overexpression of the mutant saFabl as reported by Fan
et al. (45). We also observed that the frequency with which each mutation
occurred also correlated with the effect of that mutation on enzyme inhibition.
Thus, A95V, the most frequent mutation in the resistant strains, had the largest

impact on inhibition of saFabl by the diphenyl ether inhibitors.
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Table 2.8: Inhibition of Wild Type and Mutant saFabls by Diphenyl Ethers

MIC
Inhibition
E I K1 (nM) Kz (nM) pg/mi
pattern
(UM)
UC with respect
49+06° 375.1+20.3° to NADP".
Triclosan 0.03(0.10)
56+0.2° 216.4+7.5° C with respect
to NADPH.
WT
UC with respect
EPP? 8.3+0.8 273.1+£13.2 0.03(0.14)
to NADP™.
UC with respect
CPP @ 20+0.2 48.7+1.6 0.06(0.27)
to NADP™.
UC with respect
Triclosan® 8100 + 1190 - 2.8 (10)
to NADPH.
UC with respect
A95V EPP° 1660 + 50 - 4.40 (20)
to NADPH.
UC with respect
CPP° 6150 £ 160 - 8.80 (40)
to NADPH.
NC with respect
1193S  Triclosan® 35+ 18 473 + 196 2.80 (10)
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NC with respect

EPP¢ 415 783 + 281 8.80 (40)
to NADPH.
NC with respect

CPP? 52+ 2 690 + 320 17.60 (80)
to NADPH.
UC with respect

Triclosan® 210 + 20 - 0.70 (2.5)
to NADPH.
NC with respect

F204S EPP? 160 + 60 300 + 110 2.20 (10)

to NADPH.
UC with respect

CPP° 570 + 30 - 8.80 (40)

to NADPH.

2 NADP* was varied; ® NADPH was varied; ¢ Uncompetitive. K; has been listed

under K;. Enzyme concentration was 200 nM; ¢ noncompetitive inhibition. K has

been listed under K;, and Kis has been listed under K>. K and Kis were defined

by Cleland previously (52).

Finally, we also analyzed the ability of the three compounds to inhibit the

growth of Enterococcus faecalis. This organism contains both a Fabl enoyl

reductase as well as a FabK homologue that is not sensitive to triclosan (36). In

Table 2.9, it can be seen that the three diphenyl ethers have MIC values against

E. faecalis that are ~1000-fold higher than for S. aureus again supporting the

contention that the antibacterial action of these compounds is directed against

Fabl.
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Table 2.9: MICs of diphenyl ethers against S. aureus and E. faecalis

MIC (ug/ml)
Compound
S. aureus ATCC25923 E. faecalis ATCC19433
Triclosan 0.03 >32
EPP 0.03 >32
CPP 0.06 >32

Inhibition of diphenyl ethers against S. aureus.

A series of diphenyl ethers inhibitors that have improved aqueous solubility
were synthesized, as described previously (62). Their antibacterial activity was
tested against S. aureus. The results are shown in Table 2.10. Comparing EPP
and PTO04, it is obvious that short acyl chain substitution in A-ring para-position is
preferable. In contrast, longer acyl chain (C6 to C9) is preferred to inhibit M.
tuberculosis (63), probably because M. tuberculosis produces much longer fatty
acids than S. aureus. In addition, bulky substitutions on B-ring are only tolerated
in the meta-position (PT28-30). PT42 exhibits 4-fold smaller MIC than PTO04,
suggesting that pyrazine might serve as a better B-ring scaffold than benzene
ring. However, the inhibitory potencies of all these compounds are at least 10-
fold weaker than that of triclosan. It may be due to the unsatisfactory inhibition
against saFabl, or undesirable drug metabolism in the bacterium. Determination

of inhibition constants is needed for guidance of further design.
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Table 2.10: Inhibition of diphenyl ethers against S. aureus.

Inhibitor Structure

MIC against ATCC25923 (ug/ml)

OH Cl
. (0]
Triclosan /©/ \@\
Cl C

OH
OO

OH
jone

Cl
(@)
PTos \M@/ ©
5

o NO,
PT11 Mﬁj \©
5

(e}
PT24 o
M/5©/ NJI\/OH

PT28 \(\*@/o@ O-p,

(0} H O\\
PT29 M*C( \© m)\)
(e}
5
(6]
PT30 Mﬁj TS

0.03

0.03

0.06

2.0

1.0

>32

>32




(6] N
PT40 \(\/)@/ s 1.0
o
5
(@] N
PT41 M’(j \Nﬁ\) 2.0

PT42 \E j 0.5

5

2.6 CONCLUSIONS

In summary, we have studied the mechanism of the reaction catalyzed by
saFabl using substrates based on the natural ACP carrier molecule. From the
results of the kinetic assays, we propose that the binding of substrates in the
ternary complex mechanism is ordered, with DDsaACP binding first followed by
NADPH. Two basic residues, R40 and K41 are shown to be critical for cofactor
specificity.

In addition, we investigated the mechanism of action of three diphenyl ether-
based saFabl inhibitors. All three compounds are slow-onset inhibitors of saFabl
in vitro, binding preferentially to the E-NADP™ product complex with K; values of
2-8 nM. These compounds have potent antibacterial activity, with MIC values
against S. aureus of 0.03-0.06 ug/mL. Selection experiments led to the
identification of three mutations in the safabl gene, A95V, 1193S and F204S,

which correlate with resistance to the diphenyl ethers and cause a significant
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reduction in the affinity of the inhibitors for the enzyme. These experiments
confirm the hypothesis that the diphenyl-ether-based inhibitors target saFabl in
live cells, and substantiate the view that saFabl is a novel target for antibacterial
drug discovery.

A series of diphenyl ethers have been synthesized and tested against S.
aureus. However, all the diphenyl ethers are at least 10-fold less potent than the
starting compound triclosan. More modifications, especially the substitutions on

the meta-position of B-ring, are needed to improve the inhibition potency.
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CHAPTER 3: MECHANISTIC AND FUNCTIONAL STUDIES OF

MEND FROM STAPHYLOCOCCUS AUREUS

3.1ISOPRENOID QUINONES

Isoprenoid quinones are important constituents of the bacterial plasma
membrane, and are involved in electron transport and oxidative phosphorylation.
Two classes of isoprenoid quinones exist in bacteria, benzoquinones and

naphthoquinones.

o) 0]
H;CO. HsC
X
H3;CO A H,C A A
0] 0]
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Scheme 3.1: Isoprenoid quinones in bacteria.

Benzoquinones include plastoquinones and ubiquinones (coenzyme Q), as
shown in Scheme 3.1. Plastoquinones are present not only in photosynthetic

tissues of plants, but also in algae and cyanobacteria (71, 2). Ubiquinones are
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only found in Gram-negative bacteria, such as E. coli (3). A wide range of
isoprenologs (n = 1 - 12) are found in bacteria. In addition to normal analogues,
modifications of the isoprenyl chain of ubiquinones, such as hydrogenation and
epoxidation (2, 4), have been reported.

The second major class of bacterial isoprenoid quinones are the
naphthoquinones, which are further divided into two main types, phyloquinones
and menaquinones (vitamine K2). Phyloquinones were first isolated from alfalfa
(5). Generally they are associated with plants, but less commonly found in
bacteria. Menaquinones are usually found in Gram-positive bacteria, such as
Mycobacterium tuberculosis and Staphylococcus aureus (6, 7). Like ubiquinones,

similar modifications of the isoprenyl chain of menaquinones are observed.

H+ H+
Cytochrome C Reductase F.F.-
Type I NADH aa3 Cytochrome C o
ATPase
Dehydrogenase Oxidase
o
Type Il NADH . :
U pe— Menaquinone Cytochrome bd Oxidase
ATP
Succinate :
e ———— Nitrate Reductase NO,
Dehydrogenase Lipoquinone Oxidoreductase Terminal Acceptor

Figure 3.1: Electron transport in bacteria. Menaquinone is utilized by both
aerobic electron transport and anaerobic nitrate reductase complex (8), where
oxygen and nitrate is used as the terminal acceptor, respectively.
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Isoprenoid quinones are involved in bacterial electron transport, which
produces adenosine triphosphate (ATP), the main energy intermediate. To
initiate the process of electron transport (Figure 3.1), an electron donor, such as
NADH and succinate, is oxidized by dehydrogenases. Then electrons are
transferred successively through quinones, cytochromes, and finally to the
terminal acceptors, such as O, and nitrate. Meanwhile, the efflux of H* ions is
coupled with the electron transport, generating an electrochemical gradient,
which is utilized by F1Fo-ATP synthase to produce ATP.

In addition to the role in bacterial respiration, menaquinone is also found in
quinoproteins (9), malate quinol oxidoreductase, dihydroorotate dehydrogenase
and NAD(P)H:quinone oxidoreductase, which also play important metabolic
functions.

In humans, the most abundant isoprenoid quinones are phylloquinones and
menaquinones, also called vitamin K. Vitamin K plays an important role in
haemostasis, and acts as cofactors for y-glutamyl carboxylase (70). In several
studies, it is claimed that an inverse relationship exists between vitamin K and an
inflammatory response (71, 12). In addition, it can prevent the oxidative damage
to oligodendrocyte precursor cells and foetal cortical neurons (73), and is
involved in the synthesis of sphingolipids, a group of lipids found in large
amounts in the brain (74). The major dietary source of vitamin K is phylloquinone
from plant sources. In addition, the quinones synthesized by bacteria that reside
in human intestine also contribute to human nutrition. But it is believed that gut
menaquinones are much less important than those from dietary sources.
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3.2MENAQUINONE BIOSYNTHESIS

The biosynthetic pathway of menaquinone has been well characterized in the
model organism E. coli by radioactive feeding and genetic studies. In 1964, the
conversion of radioactive shikimate into ubiquinone and menaquinone was
observed (715). It was also suggested that shikimate was first converted to
chorismate. Later it was found that all seven carbon atoms of shikimate were
incorporated into menaquinone (76), while the remaining three carbon atoms in
the aromatic nucleus of menaquinone were obtained from a-ketoglutarate (77).
The methyl and isoprenoid side chain were acquired from S-adenosylmethionine
and isoprenoid pyrophosphate, respectively.

In 1975, Young et al. isolated two types of menaquinone-defective E. coli
mutants (78, 79). One group of the mutants was menA mutants in which 1,4-
dihydroxy-napthoic acid (DHNA) accumulated. The other group of mutants were
originally termed menB, and the conversion from O-succinyl benzoic acid (OSB)
to DHNA was blocked. These mutants were later shown to include two groups,
termed menE and menB. Then two further groups of mutants, menC and menD
were identified. These mutants were OSB auxotrophic, indicating that they might
be involved in the transformation from chorismate to OSB (20, 27).

Based on the genetic studies, the proposed menaquinone biosynthetic
pathway is shown in Scheme 3.2. Putative genes in E. coli and other organisms
were isolated, and characterized in vitro. Most reports support this pathway.
Initially MenF catalyzes the formation of isochorismate (22), which is then
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converted into OSB, the first aromatic intermediate in the pathway, by MenD and
MenC (23, 24). Then MenE and MenB convert OSB to DHNA-CoA (25, 26).
DHNA-CoA is then hydrolyzed into DHNA. However, the enzyme responsible for
this conversion has not been identified yet. Finally an isoprenyl chain is
transferred to DHNA with the help of MenA (27), followed by a methyl addition

catalyzed by UbiE, forming the final product menaquinone.
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Scheme 3.2: Menaquinone biosynthetic pathway in E. coli. n = 8 in both S.
aureus and E. coli.

Some organisms synthesize menaquinones, but lack the men gene
homologues (28-30). Recently, an alternative pathway for menaquinone
biosynthesis (Scheme 3.3) was discovered in Streptomyces coelicolor, a soil

bacterium (37, 32). This pathway is predicted to exist in several Gram-negative
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bacteria (such as Chlamydia and Spirochetes) and Archaea. However, it is not

found in the bacteria, which already have a ubi or men gene cluster.
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Scheme 3.3: A proposed alternative menaquinone biosynthetic pathway.

It is hypothesized that the menaquinone biosynthetic pathway is an attractive
target against Gram-positive pathogens. Notably, several MenA inhibitors were
discovered (33, 34) (Scheme 3.4), and they showed good inhibition against S.
aureus and M. tuberculosis. It is even more encouraging that they are active
against non-replicating persistent (NRP) M. tuberculosis, which might help to
eradicate the bacterium in latent TB patients. About 10% of the patients with
latent TB will develop active tuberculosis during their lives. Therefore, inhibitors
targeting menaquinone biosynthesis would be quite helpful in TB chemotherapy,

especially in preventing the progression of latent TB into active TB.
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Scheme 3.4: MenA inhibitors.

Defective menaquinone biosynthesis has been reported to lead to small
colony variant phenotype in S. aureus (35). Comparative proteomic studies of the
wild type and a genetically defined SCV strain reveal that the proteins involved in
glycolytic as well as in fermentation pathways were upregulated, whereas
tricarboxylic acid (TCA) cycle enzymes were significantly downregulated,
suggesting that SCV S. aureus generates ATP from glucose or fructose mainly
by substrate phosphorylation and might be defective in utilizing a variety of
carbon sources, including TCA cycle intermediates and compounds that

generate ATP only via electron transport phosphorylation (36).

3.3THIAMIN DIPHOSPHATE-DEPENDENT ENZYMES

MenD, the enzyme that catalyzes the second step in the menaquinone
biosynthetic pathway, is thiamin diphosphate-dependent. It has been suggested
that a highly conserved glutamate residue in thiamin diphosphate-dependent

enzymes interacts with N1’ of the pyrimidine moiety of ThDP, facilitating the
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formation of ylide (Figure 3.2), which is essential for initiating the enzymatic
reaction. However, a recent study on glyoxylate carboligase reveals that the
glutamate residue is absent in this ThDP-dependent enzyme, suggesting that the

role of Glu is not strictly required (37).
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Figure 3.2: The role of ThDP in the reaction. Top: crystal structure of ecMenD
showing the interaction between the conserved glutamate residue and ThDP.
Bottom: proposed mechanism for cofactor activation by Glu. A proton from the
carboxyl group of glutamate side chain is transferred to N1’ of ThDP, producing
4’-aminopyrimidinium. After losing one proton to the solvent, the resulting 1’,4’-
iminopyrimindine abstracts a proton from C2 in the thiazolium ring, generating
the C2 carbanion.
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All ThDP-dependent enzyme-catalyzed reactions involve the formation of an
enamine intermediate, which is produced by decarboxylation, such as pyruvate-
processing ThDP enzymes, or other fragmentation of the first substrate-ThDP
adduct, such as transketolase. The resulting enamine intermediate then
undergoes either oxidative or nonoxidative reactions, generating various
products. As shown in Scheme 3.5, in oxidative reactions, the enamine is
oxidized to form 2-acetyl-ThDP by neighboring redox-active cofactors, such as
flavin adenine dinucleotide (FAD) and Fe4S4 cluster. Radical intermediates may
participate in the reaction. Then the carbonyl in the resulting 2-acetyl-ThDP is
attacked by a nucleophile, such as phosphate and CoA, releasing the final
product.

In non-oxidative reactions, the enamine intermediate can be protonated at
C2a position, producing an aldehyde after cleavage from the product-ThDP
adduct, such as pyruvate decarboxylase. Alternatively, the enamine/carbanione
can attach another 2-ketoacid, forming a carbon-carbon bond between the two

substrates, such as acetohydroxy acid synthase.
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Scheme 3.5: Reaction patterns of pyruvate-processing ThDP enzymes (38).
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As shown above, the enzyme reactions involve a series of ThDP adduct
intermediates. Several techniques have been utilized to detect the formation of
these intermediates. Analysis of the reaction mixture by '"H NMR after chemical
quenching is quite appealing, since the rate constants of all the steps during the
reaction could be measured (37, 39). Time-resolved absorbance spectroscopy
has also been used to monitor the reaction course (40).

Most ThDP-dependent enzymes exist as a dimer or dimer of dimers,
according to the reported crystal structures (47-43). Another common feature is

that ThDP as well as the active site lies in the interface of two monomers.
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Scheme 3.6: Inhibitors of ThDP enzymes.

Efforts have been put into the inhibitor development on ThDP-dependent
enzymes. Some intermediate-related inhibitors have been reported, as shown in
Scheme 3.6. Thiamin-thiazolone diphosphate, a transition state analogue, bound
very tightly to pyruvate dehydrogenase (44). Later, a suicide inhibitor, methyl

acetylphosphonate, which could be catalyzed by the enzyme itself to react with
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ThDP to form a-(methyl)phosphonolactyl-ThDP, showed good inhibition (45).
Recently Leeper et al. synthesized 3-deazathiamine and a related analogue, both
showing strong inhibition against ThDP enzymes (46, 47). One issue about these
inhibitors is their selectivity. Presumably the problem could be solved by
attaching a specific side chain to the C2 position of the thiazole or thiazolium ring

to match the reaction intermediate of the target enzyme.

3.4PREVIOUS STUDEIS ON MEND FROM E. COLI

Based on previous genetic studies, the product of menD gene in E. coli was
proposed to catalyze the conversion from isochorismate and a-ketoglutarate into
2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC) (48). Similar
studies performed in B. subtilis, a model organism for Gram-positive bacteria,
also support menD as the SHCHC synthase (49, 50). A reaction mechanism was
proposed based on the knowledge of the ThDP-dependent enzymes, as shown
in Scheme 3.7 (24). The carbanion in the thiazolium ring of ThDP attacks a-
ketoglutarate, followed by a decarboxylation step. The resulting carbanion on
C2a attacks isochorismate, forming the SEPHCHC-ThDP adduct. The product is
released after dissociation of the adduct and pyruvate elimination. However, the
recent studies by Jiang et al. (57) suggest that SEPHCHC, the intermediate

before pyruvate elimination, is the actual product of ecMenD-catalyzed reaction.
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SEPHCHC SHCHC

Scheme 3.7: Proposed E. coli MenD reaction mechanism.

Two crystal structures of ecMenD have been reported, one apo form, the
other bound with the cofactor ThDP. The structural studies reveal that MenD
enzyme belongs to the pyruvate oxidase family. Results from circular dichroism
spectra and isothermal calorimetry suggest that ThDP helps stabilize the
ecMenD structure (52, 53).

Despite a number of studies on E. coli MenD, no kinetic analysis has been
performed to investigate the isochorismate-binding pocket. More importantly, little
is known about the MenD enzyme from Gram-positive pathogens. Therefore, it is
worthwhile to characterize the enzymatic properties of S. aureus MenD

(saMenD). In addition, genetic and chemical approaches are utilized here to
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probe the essentiality of menD gene as well as menaquinone in Gram-positive

bacteria.

3.5MATERIALS AND METHODS

Materials.

HiLoad 26/60 Superdex 200 column was from GE Healthcare. Restriction
enzymes were from New England Biolabs. Quikchange mutagenesis kit was
obtained from Stratagene. Other chemicals and reagents were purchased from

Sigma.

Cloning, expression, and purification of menD from S. aureus.

The menD gene was cloned from the genome from S. aureus ATCC 25923
by using the primers listed in Table 3.1. After digest with BamHI and Hindlll,
menD gene was inserted into pET23b vector. The insert was confirmed by ABI
DNA sequencing. MenD protein was expressed and purified as described earlier
for saFabl. After analyzed by SDS-PAGE, MenD was dialyzed into 50 mM Tris-

HCI buffer containing 50 mM NaCl, 25% glycerol (pH 8.5).

Gel filtration chromatography of saMenD.

This experiment was performed by John Angiolillo in Professor Kisker’s lab.
Briefly, saMenD was analyzed with HiLoad 26/60 Superdex 200 column. The
retention volume was used to calculate K,, by the following equation

Kav = (Ve - Vo)/(Vi- Vo)
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where V, = 115 (empirically determined), V;= 330.

Apparent molecular weight was obtained by using the equation

Kav = -0.36(logMW)+2.1375.

Table 3.1: Nucleotide sequences

Primer Names

Sequence ?

MenD_Forward
MenD_Reverse
K288M_F
K288M_R
K289M_F
K289M_R
K288M/K289M_F
K288M/K289M_F
K288E_F
K288E_R
K411M_F

K411M_R

5'-CGCGGATCCATGGGAAATCATAAAGCA-3'
5'-CCCAAGCTTTAATGTGTCATGAATCAT-3'
5'-CCAGTGATTTCTATGAAATTGAATCAATG-3'
5'-CATTGATTCAATTTCATAGAAATCACTGG-3'
5'-CCAGTGATTTCTAAAATGTTGAATCAATGGTTA-3'
5-TAACCATTGATTCAACATTTTAGAAATCACTGG-3'
5-GTGATTTCTATGATGTTGAATCAATGG-3'
5'-CCATTGATTCAACATCATAGAAATCAC-3'
5'-GAAACCAGTGATTTCTGAAAAGTTGAATCAATG-3'
5'-CATTGATTCAACTTTTCAGAAATCACTGGTTTC-3'
5'-GATGTCTATGCGAATATGGGTGCGAATGGTATTG-3'

5'-CAATACCATTCGCACCCATATTCGCATAGACATC-3'

@ Restriction sites are italicized, while mutation nucleotides are underline.
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Enzymatic synthesis of isochorismate.
Isochorismate was synthesized from chorismate enzymatically by E. coli
MenF as described previously (54). After purification with HPLC, it was dissolved

in H,O and stored at -80 °C.

Site-directed Mutagenesis, expression and purification of saMenD mutants.

Mutagenesis on saMenD was performed using the QuikChange mutagenesis
kit from Stratagene using the primers as listed in Table 3.1. The mutations were
confirmed by DNA sequencing. The expression and purification of the saMenD

mutants followed the same protocol as that for the wild type saMenD protein.

Circular dichroism spectra of saMenD with bivalent ions.

The effects of bivalent ions on the protein secondary structures were
examined using AVIV 62 DS spectrometer equipped with a Peltier temperature
control unit. Briefly, the far-UV CD spectra of the protein solution with various
concentrations of Mg?* or Mn?* (0 - 1.2 mM) were collected at 25 °C at a scan
speed of with a 1 nm step resolution. Six measurements were taken and

averaged for each sample. The concentration of saMenD was 20 uM.

HPLC analysis of MenD reaction.

An 150 pl aliquot of the reaction mixture was taken at 10, 30 and 90 minutes,
respectively, quenched with 0.5 ml of 5% acetic acid, and then analyzed with
Xterra C18-MS column at 293 nm. The buffer gradient was described as follows:
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0-20 minutes, 100% solution A (5% acetic acid); 20-30 minutes, 100% solution A
to 100% B (95% acetonitrile with 5% H20); 30-35 minutes, 100% B to 100% A.

The flow rate was 1.2 ml/minute.

Scan kinetic studies of MenD reaction.

The absorbance spectra of the reaction mixture between 200 nm and 400 nm
were collected every minute with Varian 300 UV-Vis Spectrometer. Typically the
reaction mixture contained 40 pM isochorimate, 50 yM thiamine diphosphate,
660 uM a-ketoglutarate, 1 mM MgCl,, 1 yM saMenD, 50 mM Tris-HCI, and 50

mM NaCl (pH 8.0). The reaction was initiated by the addition of the enzyme.

Steady state kinetic assays.

The kinetic assays were performed at 25 °C in 50 mM Tris-HCI buffer (pH 7.5)
with Varian Cary300 spectrometer. The initial velocities were measured after
initiating the reactions with the addition of a-ketoglutarate. The kinetic studies
were performed with a concentration range for one substrate (0.3 K, — 4 K,) at
near saturating concentration of other reaction components. Kinetic parameters
were calculated by fitting the data to the Michaelis-Menten equation using GraFit
4.0.

V= Vinax [S)/ (Km * [S])

keat Values were calculated by using the equation: kcat = Vimax / [E].
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Synthesis of ThDP analogues.

Thiamin (compound 3.1) and oxythiamin (compound 3.2) were commercially
available. The synthetic procedures for other thiamine or oxythiamine derivatives
were as described previously with minor modifications (565). Briefly, 1 mmol of
thiamine or oxythiamine was dissolved in 10 ml dry DMF, and cooled to -5 °C
under dry nitrogen. After 4 mmol of sodium ethoxide dissolved in DMF was
added to the solution and stirred for 10 min, 1.5 mmol of ethyl succinate chloride
was added dropwise. After 30 min, the reaction was quenched with HCI. The
precipitate was removed by filtration. Solvent was removed from the filtrate by
rotary evaporation. The resulting solid was crystallized in ethyl acetate.

For the synthesis of thiazole or benzothiazole derivative, 1 mmol thiazole or
benzothiazole was dissolved in 5 mL of dry THF at -78 °C under nitrogen. Then
1.1 mmol of n-BuLi was added to the solution. After 30 minutes, 1.2 mmol of
succinic anhydride was added and reacted for 2 h. Then the solution was slowly
brought up to -20 °C, and quenched with 5 ml HCI(aq). The reaction mixture was
extracted with 10 ml of ethyl acetate twice. Then the organic phase was collected
and the solvent was removed by rotary evaporation. The residual solid was
crystallized in methanol.

Products were analyzed with 'H NMR and ESI mass spectrometry.
Compound 3.3, '"H NMR: & 7.86 (1H, s), 5.32 (2H, s), 4.23 (2H, 1), 3.99-3.93 (4H,
m), 3.20 (2H, t), 2.51-2.42 (2H, m), 2.40 (3H, t), 2.06 (3H, s), 1.79 (3H, s). ESI
mass: calcd for CigHasN4s04S* ([M]*) 393.16, found 393.2. Compound 3.4, 'H
NMR: 7.87 (1H, s), 5.32 (2H, s), 4.24 (2H, t), 3.99-3.94 (4H, m), 3.20 (2H, t),
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2.51-2.42 (2H, m), 2.40 (3H, t), 2.06 (3H, s), 1.82 (3H, s); ESI mass: calcd for
C18H24N305S ([M]*) 394.14, found 394.1. Compoud 3.5, '"H NMR: 6.89 (2H, s),
2.75 (2H, t), 2.49-2.44 (8H, m). ESI mass: calcd for Ci2H1sN203S2 ([M+H]")
299.04, found 299.1. Compound 3.6, '"H NMR: 7.70-7.35 (4H, m), 6.89 (2H, s),
2.75 (2H, t), 2.48 (6H, s). ESI mass: calcd for CigH13N20,S, ([M+H]") 329.03,

found 329.0.

Determination of MIC and ICso.

The MIC values were determined by the microbroth dilution assay according
to the CLSI protocol for antimicrobial susceptibility tests for aerobically growing
bacteria (56).

To determine ICsg, the reaction velocities were measured with the reaction
mixture containing 1 yM saMenD, 30 yM isochorismate, 600 uM a-ketoglutarate,
50 uM ThDP, 2 mM Mg** and various concentrations of inhibitors at 25 “C. ICso
values were calculated by fitting the data to the following equation at each
concentration of inhibitor.

vilvo = 1/ (1 + [1)/ 1Cs0)

Bacterial strains and media.
The standard laboratory strains NCTC 8325 and RN 4220 were obtained from
NARSA. ATCC 25923 was from ATCC. The menD-disrupted S. aureus strain

was a generous gift from Dr. Becker. It was constructed as described previously
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(35). MH broth was bought from Fisher Scientific Inc., while AOAC synthetic

broth was purchased from Bacto-Difco.

Extraction of menaquinones from S. aureus.

One single colony of S. aureus ATCC 25923 was selected and grown
overnight at 37 °C at 250 rpm in 10 ml LB media, and then transferred to 1 | LB
media and grown at 37 °C at 250 rpm until OD600 reaches 0.8. Then the cells
were collected by centrifugation. Extraction of menaquinone from S. aureus cells
was performed as described earlier by White et al (57). The choloroform fraction
from the silica gel chromatography was analyzed by APCI-MS, as described

before (58).

Ultrastructural analysis of S. aureus.

For whole cell imaging, the cells were collected by centrifugation, washed
with PBS twice, and then resuspended in PBS. The formvar coated copper mesh
grids were soaked in a series of droplets consisting of 1% glutaraldehyde/0.1 M
sodium phosphate buffer (pH 7.4), then washed with phosphate buffer and water,
and finally stained with 0.5% phoshotungstic acid.

For thin-sectioned imaging, samples were fixed in 2.5% glutaraldehyde/ 0.1 M
sodium phosphate buffer (pH 7.4) and were then processed using standard TEM
techniques. Briefly, after fixation, samples were placed in 2% osmium tetroxide
in 0.1 M sodium phosphate buffer, dehydrated in a graded series of ethyl alcohol
and embedded in Epon resin. Ultrathin sections were cut with a Reichert-Jung
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UltracutE ultramicrotome and placed on formvar coated slot copper grids.
Sections were then counterstained with uranyl acetate and lead citrate.

Samples were viewed with a FEI Tecanai BioTwinG? transmission electron
microscope. Digital images were acquired with an AMT XR-60 CCD digital

camera system.

Effect of menD disruption on growth.

Wild type and menD-disrupted S. aureus were plated on trypticase-soy agar
or AOAC synthetic agar plates, and incubated at 37 °C for 48 hours. In addition,
bacteria were also grown in trypticase-soy broth as well as AOAC synthetic broth

supplemented with 0.15, 0.60, or 1.80 pg/mL menadione at 37 °C.

Oxygen consumption assay.
S. aureus cells were grown until reaching mid-log phase. Then 0.02%
methylene blue was added to the culture, and the cells were further incubated at

37 °Cupto 24 h.

3.6RESULTS AND DISCUSSION

Cloning, expression and purification of saMenD.

saMenD was successfully cloned into a pET23b vector. The fractions during
the purification were analyzed by SDS-PAGE, as shown in Figure 3.3, indicating

that MenD was purified homogeneously.
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Figure 3.3: SDS-PAGE analysis of saMenD. Samples from left to right: cell
pellets, flow through, binding buffer, washing buffer, protein ladder and eluting
fractions 1-5.

According to the gel filtration chromatography (Figure 3.4), saMenD mainly
exists as a hexamer (Ve = 141 ml). This differs significantly with previous studies
of E. coli MenD, which claim that it exist in solution as a dimer and tetramer in a
3:1 ratio. The even earlier fraction (Ve = 121 ml) is probably saMenD aggregates,
since it is quite close to the void volume (V, = 115 ml) and it is also confirmed to
be saMenD based on SDS-PAGE analysis. The crystal structure of saMenD is
being analyzed. The attempt to solve its structure by molecular replacement
using the reported ecMenD structure failed, due to insufficient similarity between
the two enzymes. Multiple anomalous diffraction of SeMet saMenD crystals will

be used for further phase determination by Shambhavi Mishra from Dr. Kisker’s

group.
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Figure 3.4: Gel filtration chromatography of saMenD. Superdex 200 26/60
elution of saMenD monitored at 280 nm (blue) and 260 nm (blue).

The Product of saMenD-Catalyzed Reaction.

When incubating saMenD with isochorismate, ThDP, M92+ and a-
ketoglutarate at 25 °C, a continuous decrease in absorbance at 278 nm was
observed (Figure 3.5), indicative of consumption of isochorismate. However, no
absorbance increase was observed at 293 nm, at which SHCHC has the
maximum absorbance, implying that SHCHC is not the product of saMenD-
catalyzed reaction. However, a small increase at the 290 nm region was

observed after 2 hours.
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Figure 3.5: UV absorbance spectra of MenD reaction. The reaction was
carried out under pH 7.9 at 25 °C. The spectra were collected every minute.

To further explore whether SHCHC is the product, the reaction was carried
out at 37 °C to increase the conversion rate, and then monitored simultaneously
by HPLC and absorption spectrometer. In the initial 10 min, isochorismate was
consumed, while no new peak was observed at 293 nm (Figure 3.6(a), 6(d)). An
aliquot of the reaction mixture was acidified with HCI, and extracted with ethyl
acetate. The extract contains an ion species with m/z of 163.1 under negative
ESI mass, which corresponds to SEPHCHC with two negative charges. After 30
min, a new peak with a retention time of 7.0 min was identified, and kept
increasing up to 90 min (Figure 3.6(d)), which is also consistent with the
absorbance spectra (Figure 6(b), 6(c)). This peak was collected, and ESI Mass
spectroscopy in negative mode gave a 118.9 ion, corresponding to SHCHC with

two negative charges. The results from HPLC, absorbance spectra as well as

111



mass spectrometry suggest that the consumption of isochorismate is
synchronized with the production of SEPHCHC instead of SHCHC.

In addition, it was found that the production of SHCHC only occurred in basic
condition but not in acidic condition, suggesting that the pyruvate elimination of
SEPHCHC is base-catalyzed, instead of enzyme-catalyzed, which is consistent
with early report (57). Actually, YfbB, another enzyme in the menaquinone
biosynthetic pathway in E. coli, which was previously annotated as a thioesterase
to hydrolyze DHNA-CoA to form DHNA, has been demonstrated to catalyze the

conversion from SEPHCHC into SHCHC (Scheme 3.8) (59).

COO-

SEPHCHC SHCHC

Scheme 3.8: Reaction catalyzed by YfbB.
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Figure 3.6: Monitoring of saMenD reaction by UV-Vis absorbance spectra
(a-c) and HPLC (d). UV-Vis spectra of the reaction mixture were collected in 10

minutes (a), 30 minutes (b) and 90 minutes (c).
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Kinetic parameters of substrates and cofactors.

Some enzymes in the pyruvate oxidase family showed a slow-approach to the
steady-sate kinetic rates, such as AHAS and PDC (60, 67). saMenD exhibited
this “lag-phase” kinetics when the reaction was initiated with the addition of the
enzyme. But with 8-minute preincubation of saMenD with the cofactors, the initial
rates became normal. We hypothesize that the binding of ThDP with the enzyme
is relatively slow. Consequently, preincubation is required to obtain the normal
initial rate behavior. In addition, the cooperativity observed in other enzymes
including ecMenD, were not found in saMenD, suggesting that there is dramatic
structural difference between ecMenD and saMenD.

The kinetic parameters of substrates and cofactors were determined by
steady-state kinetics. As shown in Table 3.2, K, values of the substrates (a-
ketoglutarate and isochorismate) of saMenD are comparable to those of E. coli
MenD reported by Bhasin et al (24). However, the “K,,” of the cofactor ThDP is
about 5-fold higher in saMenD than in ecMenD, indicative of differences in

cofactor binding.
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Table 3.2: Kinetic parameters of saMenD-catalyzed reaction.

Enzymes Reactant Keat (Min™") Kun (UM)
Isochorismate 23.9+ 3.1
a-Ketoglutarate 8.8+0.2
saMenD 10.8 £ 0.5
Mg** 330.4 +45.2
ThDP 21.2+1.9
Isochorismate 15.5+£0.3
a-Ketoglutarate 17.1+£0.2
ecMenD ? 10.2 +1.1
Mg** 950 + 30
ThDP 4.28 £ 0.09

Kinetic parameters were measured by Bhasin et al (24).

Bivalent metal ion effect.

In the cofactor-binding pocket of ThDP-dependent enzymes, a bivalent metal

ion, such as Mg?* and Mn?*, has favorable interactions with the pyrophosphate
group on ThDP as well as several residues in the enzyme, facilitating the
cofactor binding. Interestingly, Mn®>* and Mg** behave differently in the saMenD
reaction. As shown in Table 3.3, Mn®* possesses 10-fold stronger binding affinity

than Mg?* does, but it shows an inhibitory effect at high concentrations. The K;

value was determined to be 524.3 uM.
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Table 3.3: Effect of Mg®* and Mn** on saMenD reaction.

Kcat (min-1) Km (IJM) Ki (”M)
Mg** 10.8+0.5 330.4 £45.2 -
Mn** 2.4+0.6 36.5+9.6 524.3 +131.6

In order to investigate the basis of effects of metal ions on the reaction, the
CD spectra of the enzyme was monitored while increasing the ion concentration.
As shown in Figure 3.7, Mn?* causes more severe loss of CD signals than Mg?*
does, indicative of a more dramatic change in the secondary structure. We
hypothesize that Mn?* binds to a nonspecific site in the enzyme at high
concentrations, leading to the loss of the secondary structures. The observation
is quite different to ecMenD, which shows preference of Mn?*, but is not inhibited

by either Mg®* or Mn?*, further indicating that the structures of ecMenD and

saMenD might be significantly different.
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Figure 3.7: CD spectra of saMenD with the addition of Mg®* or Mn?*. The
spectra were collected at 25 °C with 10 yM of saMenD.

117



ThDP activation in saMenD.

A highly conserved glutamate residue is identified in all the ThDP-dependent
enzymes, except the recently characterized glyoxylate carboligase, which has a
glycine residue instead in this position (37). The glutamate residue is believed to
activate the cofactor by facilitating the formation of a carbanion on the C2’
position in the thiazolium ring, which has been described earlier in this chapter.
The sequence alignment with other ThDP-dependent enzymes (Figure 3.8)
suggests that E56 in saMenD may be responsible for cofactor activation. Kinetic
analysis reveals that E56Q mutation abolishes the enzyme activity, supporting

the role of E56 during the reaction.

The role of FAD in the reaction.

It was described that ecMenD belongs to the pyruvate oxidase family, and
retains the flavin adenine dinucleotide (FAD)-binding domain. It is similar to
acetohydroxy acid synthase (AHAS), another enzyme in this family, which also
retains the FAD-binding ability. Although FAD does not participate in the reaction
directly, it facilitates the reaction of AHAS, probably due to a conformational
change in the active site upon FAD binding. Hence, FAD was examined to see
whether it has a similar role in the MenD reaction. However, saMenD reaction
rates were not significantly affected by FAD, suggesting that FAD is not involved

in the reaction.
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POX -MNK--I-LSADA-MM-KVLNDWGVKRIYGLPGGSLDSTMNAIYNWRDKIKYIGVRHEE-VGGLAA 59

AHAS -MDTSFVGLTGGQ-IFNEMMSRONVDTVFGYPGGAILPVYDATIHN-SDKFNFVLPKHEQ-GAGHMA 62

BFD -MAS--V---HGT-TY-ELLRRQGIDTVFGNPGSNELP-F--LKDFPEDFRYILALQEACVVG-IA 54

saMenD -MGNHKAALTKQVFTFASELYAYGVREVVISPGSRSTPLALAFEAHPNIKTWIHP-DERSAA-FFA 58
* . . * K . . . * *

POX VAEAKWTGKIAVMLGSAGPGAAHLLNPLHDAALDHIPVLAIVGQVPSDKMNTDY-FQEMPENPMEFA 113

AHAS EGYARASGKPGVVLVTSGPGATNVVTPMADAFADGIPMVVETGQVPTSAIGTDA-FQEADVVGISR 116

BFD DGYAQASRKPAFINLHSAAGTGNAMGALSNAWNSHSPLIVTAGQQTRAMIGVEALLTNVDAANLPR 108

saMenD VGLIKGSERPVAILCTSGTAAANYTPAIAESQISRIPLIVLTSDRPHELRSVGAPQA-INQVNMEN 117

FriloL.

POX SSAVYNRTVMTPEQLPEIIDT---AIRKAYE---LR--GPAVIVIP-KDFGW-VEIEDNYISSAQK 180
AHAS  SCTKWNVMVKSVEELPLRINE---AFEIATS---GRP-GPVLVDLP-KDVT--AAILRNPIPTKTT 183
BFD PLVKWSYEPASAAEVPHAMSR---ATHMASM---APQ-GPVYLSVPYDDWDKDADPQSHHLFDR-H 178
saMenD NYVSYEFDMPIADDSKETINAIYYQMQIASQYLYGPHKGPIHFNLPFRDPLT-PDLNATELLTS-E 174
. . . . * * % .k * .
POX YST---PQWQQPANEE----DVEKVLDLLKQSSRPIIYFGRGAQGAADE---LRELAALLK-LPM- 234
AHAS  LPSNALNQLTSRAQDEFVMQSINKAADLINLAKKPVLYVGAGILNHADGPRLLKELSDRAQ-IPV- 248
BFD VSS—--—-- SVRLNDQ----DLDILVKALNSASNPAIVLGPDV-DAANANADCVMLAERLK-APVW 232
saMenD MKI------ LPHYQKS---IDASALRHILNK-KKGLIIVGDMQHQEVDQ---ILTYSTIYD-LPIL 244
. .. . * . . * .
POX VSSYLAKGILEGDE--EFYMLSTGRVATKPGVDVARAADFVLFTGTNFEFPMFS—-EEATFVDVNLN 297
AHAS  TTTLQGLGSFDQEDPKSLDMLGMHGCAT-ANLAVQN-ADLIIAVGARFDDRVTG-NISKFA----- 306
BFD VAPSAPRCPFPTRHP-CFRGLMPAGIAAISQLLEGH--DVVLVIGA----PVF--RYHQYD----- 284
saMenD ADPLSHLRKF--DHP---NVICTYDLLFRSGLDLNV--DFVIRVGK----PVISKKLNQWLK---K 296
. . . * .. * . .
POX PSVI-GARHQTKLGILA-DV-PTFLRQLLNAAKKRYGED-GANYASARARQ--QDSDYQAWYTAAV 357
AHAS  PEAR-RAAAEGRGGIIHFEVSPKNINKVVQTQIAVEGDA-TTNLGKMMSKIF-PVKERSEWF-AQI 367
BFD PGQY--LKPGTR--LISVTCDP--—--- LEAARAPMGDAIVADIGAMASALANLVEESSRQLPTAA 337
saMenD TDAF-QILVONNDKIDVFPIAP------- DISYEISANDFFRSL--MEDTTINRVSWLEKWQCLEK 349
. * . .
POX ED-KKQWD-AWLAKRAERNTNPVGFESVYKFINKMA---AKDALFGVDVGNVNIAVARLLSLGGGR 418
AHAS  NKWKKEYPYAYMEETPGSKIKP---QTVIKKLSKVANDTGRHVIVTTGVGQHOMWAAQHWTWRNPH 430
BFD PE----- P-AKVDQDAGR-LHP---ETVEDTLNDMA---PENAIYLNESTSTTAQMWQRLNMRNPG 393
saMenD KG-RKEIKC-YLEQATDES------ AFVGELIKKTS---EKDALFISNSMPIRDVDNLLLN-KNID 406
. . * . . .
POX RQVTSPLYATMGFGMPAAIAAALEYPDREVWSLSGDGGLAMVVPDLITQAEHELPIMNLVETNESL 484
AHAS  TFITSGGLGTMGYGLPAAIGAQVAKPESLVIDIDGDASFNMTLTELSSAVQAGTPVKILILNNEEQ 496
BFD SYYFCAA-GGLGFALPAAIGVQLAEPERQVIAVIGDGSANYSISALWTAAQYNIPTIFVIMNNGTY 458
saMenD VYANRGANGIDGIV-STALGMAVHK--RITL-LIGDLSFYHDMNGLLMSKLNNIQMNIVLLNNDGG 468
* ok . . . * * . * ...
POX GYIEAEQD--DT-HQPHSGIK--LONVDFAKVAEGFQVTGFTVHKAEELESVLOQAQQVTRSGKPV 545
AHAS  GMVTQWQSLFYE-HR-YSHTH--QLNPDFIKLAEAMGLKGLRVKKQEELDAKLK--EFVSTKG-PV 552
BFD GALRWFAGVLEA-EN-VPGLD--VPGIDFRALAKGYGVQALKADNLEQLKGSLQ--EALSAKG-PV 518
saMenD GIFSYLPQKESA-TDYFERLFGTPTGLDFEYTAKLYQFDFKRFNSVSEFKNATL--—--LSETS--T 527
* * * K * . .. ..
POX LVDIKITNERLLPVEQFPHRRSGEPDVIADFDKFVEHFEAEAL-EPFGEILD-RHGVTSF 603
AHAS  LLEVEV--DKKVPV--LPMVAGG----- SGLDEFIN-FDPEVE-RQQTELRHKRTGGKH- 603
BFD LIEVST--—-VSPV—-=--——————————————— e 528

saMenD IYELIT---NRE---—-—-7----—---—————— DNFK---QHQILYQKLSEMIHDTL----- 557

Figure 3.8: Sequence alignment of ThDP-dependent enzymes by ClustalW.
The conserved Glu residues are in red. POX, pyruvate oxidase; AHAS,
acetohydroxy acid synthase; BFD, benzoylformate decarboxylase.
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Isochorismate binding pocket.

Little information of the isochorismate binding pocket is known due to the
instability of isochorismate, although the crystal structure of E. coli MenD bound
with ThDP was published recently (52). A possible isochorismate-binding pocket
was generated by molecular modeling, as shown in Figure 3.9. Hydrophobic
residues F475 and 1474 from chain A of the ecMenD dimer were proposed to
interact with the hydrophobic side of isochorismate, while several positively-
charged residues, such as K292, R293 and R413 from chain A and R33 and

R107 from chain B interact with the highly hydrophilic side.

Figure 3.9: Proposed isochorismate-binding pocket in ecMenD from
molecular modeling (52).
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The role of the corresponding residues in saMenD was probed by site-
directed mutagenesis. The single mutant K289M causes a 4-fold increase on Kn,
of isochorismate, while the K288M/K289M double mutant leads to a further 2-fold
increase, indicating that both K288 and K289 are involved in the binding of
isochorismate. The interaction between K288 and isochorismate may be weak,
since the mutation K288M barely affects the K, value. But the introduction of a
negatively charged residue in this position by K288E causes a 6-fold increase on
Kn, indicating that K288 still contributes to the positively-charged binding pocket
for isochorismate. In addition, the fact that k.t is not significantly affected
suggests that isochorismate is not rate-limiting during the reaction. Attempts to

purify the saMenD R394M mutant failed, due to the low expression level.

Table 3.4: Kinetic analysis of residues in isochorismate-binding pocket.

Kat Km, isochorismate Keat!/ Km, isochorismate
(min™) (HM) (min M)
WT 10.8 £ 0.5 239+ 3.1 0.46 £ 0.08
K288M 4.7+0.2 225124 0.21+0.03
K289M 7.0+£01 90.1+3.9 0.078 £ 0.005
K288M/K289M 3.9+£0.2 194.1 £ 194 0.013 £ 0.003
K288E 116104 136.1 £ 11.6 0.083 £ 0.010
R411M 0.15+£0.01 385145 0.0040 £ 0.0007
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Interestingly, kcat of the mutant R411M decreases by about 60-fold compared
with the wild type saMenD, while K, of isochorismate slightly increases by less
than 2-fold. The result suggests that the residue R411 might be involved in a
rate-limiting step during the catalysis. We hypothesize that it might help to
modulate the precise orientation of isochorismate for the carboligation step

(Scheme 3.9).

OH
g + )\
YO% COO ...... HoN N
. H

CoO0 HN\;’
i
s~ R
o” “OH

Scheme 3.9: Possible role of R411 in catalysis.

Mass spectrometry analysis of menaquinones from S. aureus.

The chloroform fraction from the silica gel fractionation was characterized by
APCI-MS (Figure 3.10). lons with m/z of 717.7 and 649.5, which corresponds to
the molecular ion of MK-8 and MK-7, respectively, were identified. They were
confirmed to be menaquinones by MS-MS analysis, since a characteristic peak
of 187 corresponding to the napthoate moiety was observed. Multiple reaction
monitoring analysis reveals that MK-7 and MK-8 are the major quinones in S.

aureus, and MK-8 is about 5-fold more redundant than MK-7 (Table 3.5),
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assuming that all menaquinones have the same fragmentation tendency in the

APCI mode. The results are in agreement with previous studies (62).
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Figure 3.10: Mass spectra of the chloroform fraction. (a) Analysis in APCI
mode; (b) MS-MS analysis of ion 649.4; (c) MS-MS analysis of ion 717.7.
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Table 3.5: Multiple-Reaction-Monitoring analysis.

Area MK7 Area MKS8
649.6 ©>186.9 717.7 = 186.9
Chloroform fraction 1,036,765 5,098,995

Inhibitory activities of ThDP analogues.

Two ThDP analogues, thiamine (3.1) and oxythiamine (3.2) exhibited
inhibition against the enzyme saMenD (Table 3.6). But only oxythiamine inhibits
the growth of S. aureus. The oxythiamine or thiamine derivatives (compound 3.3
and 3.4) with an ethyl succinate group attached to the C2a position of the
thiazolium ring, which mimic one of the MenD reaction intermediates, were
synthesized. However, the compounds do not inhibit bacterial growth, although
they show 3 to 4-fold increased inhibition against the enzyme. The poor inhibition
of these intermediate analogues against S. aureus could be due to their
instability, since the positively-charged neighboring nitrogen atom increase the
susceptibility of the side chain carbonyl group to hydrolysis. In order to overcome
this disadvantage, we attempted to synthesize thiazole derivatives with a
succinate or benzoyl side chain. However, the major products resulted from a 2:1
reaction of thiazole and succinic anhydride/phthalic anhydride (compound 3.5
and 3.6), although one equivalent of succinic anhydride or phthalic anhydride

was added. This is probably because of the strong base n-BuLi, which facilitates
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the second addition. Further optimization of the reaction condition is needed to

obtain the desired products. Due to the bulky side chain, compound 3.5 and 3.6

showed no inhibition.

Table 3.6: Inhibition of thiamine derivatives.

c q c g ICs0 against MIC against S. aureus
ompoun ompoun
P P saMenD (uM) ATCC25923 (uM)
NH,
3.1 N)YNL 100.4 + 15.5 > 3000
)l\N/ QS OH
OH or
3.2 NN NL 90.2 + 10.3 200
)I\N/ 48 OH
NH,
N N
3.3 A)NJOA’}\/\OH 304+ 3.8 > 600
o o0
OH
)j/\*cr
NT N
34 A Oﬁ}\/\% 25.4+2.8 > 600
o0 o
s
3.5 sy o No inhibition > 600
H —
S
s
3.6 S Not Determined > 600
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Effect of menD-disruption on growth

As shown in Table 3.7, the growth of menD-disrupted strain in the chemically
defined medium that contains no quinones requires the supplementation of a low
concentration of menadione (Scheme 3.10), a precursor of menaquinone,
indicating that menaquinone is essential for the growth of S. aureus. However, at

higher concentration of menadione (1.8 ug/mL), medadione showed inhibitory

effect.
0]
@ (LI
n
o 0]
Menadione Menaquinone

Scheme 3.10: Structures of menadione and menaquinone

menD-disrupted strain could grow in trypticase soy broth, although it grew
much slower than the wild type strain. Also small colony phenotype was
observed on trypticase soy agar. The results suggest that trace amount of
menaquinone or its precursors might be present in the rich medium, supporting a
slow metabolism of the bacteria even if the menaquinone biosynthesis in the
bacterium is impaired. This raises a concern for targeting menaquinone
biosynthesis as a novel chemotherapy, since S. aureus could scavenge

menaquinone or its precursors from the environment, and persist as SCV.
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Table 3.7: Growth requirement of menD-disrupted strain

Agar plate Liquid medium

CDM + 0.15 CDM + 0.60 CDM + 1.8
TSA CDM TSB
Mg/mL menadione pg/mL menadione ug/mL menadione

+ - + + - +

“+” indicates turbidity or colonies observed after 48 hours incubation;

“n

indicates culture remains clear or no colony was observed after 48 hours.

Oxygen consumption assay.

Methylene blue, a redox dye, has been reported as a good indicator of the
respiration level in M. tuberculosis (63). It was used here to compare the
difference in respiration between the wild type S. aureus strain and menD-
disrupted strain. As shown in Figure 3.11, wild type S. aureus already
decolorized the dye after 20 minutes incubation of cells with methylene blue,
while menD-disrupted strain did not. After two hours incubation, menD-disrupted
strain also began to decolorize the dye. The results indicate the respiration is

significantly reduced but not eliminated by the disruption of menD gene.
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Figure 3.11: Oxygen consumption assay in wild type and menD-disrupted
S. aureus after 30 minutes (top) and 2 hours (bottom) incubation with 0.02%
methylene blue. The samples were blank (no bacteria), menD-disrupted strain
and wild type strain, respectively, from left to right.

Effect of menD-disruption on morphology of S. aureus.

According to the TEM images, it seems that the wild type strain forms larger
clusters than the menD mutant strain (Figure 3.12), indicating that the
intercellular adhesins may be downregulated in the mutant strain. Some menD
mutant cells have a slightly elevated center, while wild type cells do not. Similar
observation was also found in thymidine-defective SCV strains (64). This may be
correlated with incomplete cell membrane separation during division. The size of
thymidine-defective SCV cells was enlarged, but this was not observed in menD-
disrupted strain. Interestingly, the cell wall of the menD mutant strain, about 40-
80 nm away from the plasma membrane (Figure 3.13), binds much less of the
heavy metal stain than the wild type strain, indicating that the amount of anionic

cell wall polymers decrease significantly in the mutant strain. In addition, the furry

cell wall structure in the wild type strain, which probably consists of surface
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proteins, (Figure 3.13) was absent in the mutant strain. This observation is
contrary to a previous study on hemB-disrupted SCV strain claiming that the
expression level of surface adhesins was higher than the wild type strain (65).
The difference suggests that defect in menaquinone causes more significant
damage to the cell wall-assocaited proteins. The anchoring of the surface
proteins requires a transamidase called “sortase”, which recognizes and cleaves
the LPXTG motif in the C-terminus of the surface proteins, and then links to the
peptidoglycans in the cell wall. The absence of surface proteins in the menD
mutant strain suggests that menaquinone participates either in the production or
the anchoring of surface proteins.

Aberrant cell divisions and cell shapes, such as multiple cell membranes
within the bacterium and abnormal binary fission segregation site, were also
observed, as shown in Figure 3.13. Similar abnormal cell division was also
observed in another electron transport-defective S. aureus strain, in which hemB
was disrupted (67). The morphological change is similar to that caused by the
depletion of lipoteichoic acid (Figure 3.14) (66), indicating that lipoteichoic acid
production is affected by menD-disruption. It is reasonable, since the synthesis of
phosphatidyl glycerol, a precursor of lipoteichoic acid, requires ATP, which is

limited when electron transport is defective.
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Maghification

Magnification 49,000 x 68,000 x
Figure 3.12: Transmission electron microscope images of wild type S.
aureus (left) and menD-disrupted S. aureus strain (right). The arrow indicates
the elevated edge in the menD-disrupted strain.
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Magnification 49,000x 120,000x
Figure 3.13: TEM images of thin-sectioned wild type S. aureus (top left) and
menD-disrupted S. aureus strain (top right and bottom). Thick arrowhead in
top left image indicates the capsular polysaccharide, while thick arrowhead in top
right indicates the outer membrane-like structure. Thin arrows point to the
abnormal cell shape or cell separation.
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Figure 3.14: Cell envelope assembly of S. aureus with (left) or without
(right) the expression of lipoteichoic acid. TEM images are from Ref (66).
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3.7CONCLUSIONS AND FUTURE DIRECTIONS

Mechanistic studies of saMenD confirm that SEPHCHC is the actual product
instead of SHCHC. Mutagenesis analysis reveals that E56 is responsible for the
cofactor activation, and residues K288, K289 are involved in the binding of
isochorismate. R411 participates in the rate-limiting step of the reaction, which
may be the carboligation step or the dissociation of the product-ThDP adduct.

MenD is essential for the production of menaquinone in S. aureus. The
menD-disrupted strain cannot grow in the absence of menadione, suggesting
that menaquinone is essential for the growth of S. aureus. In addition, menD-
disrupted strain also showed reduced respiration compared with the wild type
strain. The lack of menaquinone affects the morphology dramatically, including
reduction in the surface protein production and abnormal cell separation. The
morphological change indicates the lipoteichoid acid synthesis may be blocked in
the menD-disrupted strain. This may also explain why the mutant strain binds
much less heavy metal ions, since lipoteichoic acids are anionic cell wall
polymers. The lipid profile comparison between the wild type strain and menD
mutant strain will be performed by mass spectrometry to see whether the
lipoteichoic acid level is reduced.

Some ThDP analogues were synthesized and tested against S. aureus.
Unfortunately, none of them showed strong inhibition against the bacterium.
Interestingly, it was reported that diphenyl amine showed inhibition in
menaquinone and carotenoid biosynthesis in S. aureus (68, 69). But the mode of
action remains unclear. We hypothesize that diphenyl amine targets MenD and
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MenA in S. aureus, since it resembles the structures of 4-amino-5-[3-(2-
hydroxyethyl)benzyl]-2-methylpyrimidine diphosphate and allyaminomethanone-
A (Scheme 3.11). The former compound has been reported to inhibit ThDP-
dependent enzyme (47), while the second one inhibits MenA activity (33). In vitro
inhibition assays will be performed to confirm whether diphenyl amine inhibits
enzyme activities of MenD and MenA, and whether it can serve as a scaffold for

further design of inhibitors against menaquinone biosynthesis.

oo o

4-Amino-5-[3-(2-hydroxyethyl)benzyl]-
2- methylpyr|m|d|ne diphosphate

(T U nhn

Allylaminomethanone-A

Diphenyl amine

Scheme 3.11: Chemical structures of diphenyl amine, 4-amino-5-[3-(2-
hydroxyethyl)benzyl]-2-methylpyrimidine diphosphate and a MenA
inhibitor.
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CHAPTER 4: MECHANISTIC STUDIES OF MENB AND THE

CORRELATION TO CLINICAL SMALL COLONY VARIANTS

4.1MENB IN MENAQUINONE BIOSYNTHESIS

MenB, one enzyme involved in menaquinone biosynthesis, catalyzes the
production of 1,4,-dihydroxy-2-naphthoyl-CoA  (DHNA-CoA) from O-
succinylbenzoyl-CoA (OSB-CoA) via an intramolecular Claisen/Dieckmann

condensation reaction (7, 2) (Scheme 4.1).

0 OH O
COO0:
SCoA MenB OO SCoA
—
o) OH
OSB-CoA DHNA-CoA

Scheme 4.1: MenB-catalyzed reaction.

MenB belongs to the crotonase superfamily (CS). The enzymes in this
superfamily catalyze diverse reactions (3-7), including decarboxylation, thioester
hydrolysis, dehalogenation, Claisen/Dieckmann condensation, and reverse aldol
condensation (Scheme 4.2). A common feature of the reaction mechanisms is
the stabilization of an enolate intermediate by two backbone NH groups, which is

similar to the oxyanion hole in proteases.
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Scheme 4.2: Reactions catalyzed by crotonase superfamily enzymes.

MenB reaction is initiated by removing one a-proton to the thioester of OSB-
CoA, producing a thioester enolate intermediate, which is stabilized by two
backbone NH groups. The enolate then reacts with the C-2 carboxylic acid to
form a bicyclic structure with two ketones. Tautormerization of both ketones
leads to the final product DHNA-CoA.

The crystal structures of MenB from M. tuberculosis (mtbMenB) and S.
aureus (saMenB) have been reported (8, 9). mtbMenB folds as a dimer of
trimers, and the C-terminus crosses the trimer-trimer interface, which is unusual
in the crotonase superfamily. saMenB structure is quite similar to mtbMenB,

except that it folds as a dimer.
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Recently, three mutations in menB gene were identified in the small colony
variant S. aureus, a clinical strain that is responsible for persistent infections (70).
The authors claimed that these mutations were the genetic basis for SCV
phenotype.

As menaquinone is essential for the growth of S. aureus, and menB
mutations are observed in SCV strain, it is worthwhile to study the enzymatic

properties of MenB, and the impact of mutations on the enzyme activity.

4.2MATERIALS AND METHODS

Materials.

His-bind Ni**-NTA resin was from Invitrogen, and centriplus units from
Millipore. QuikChange site-directed mutagenesis kit was obtained from
Stratagene. Restriction enzymes were purchased from NEB. All other chemicals

were from Sigma.

Cloning, expression and purification of MenB from Staphylococcus aureus.

The menB gene was amplified from the genomic DNA of S. aureus strain
NCTC8325 by PCR with the primers listed in Table 4.1. The PCR fragment was
digested with resctriction enzymes Ndel and BamHI| simultaneously. Then the
menB gene was ligated into pET15b, which was also treated with the same
restriction enzymes, by T4 DNA ligase. The plasmid sequenced was confirmed

by DNA sequencing, and then transformed into BL21(DE3) cells.
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A single colony was used to inoculate 10 ml of LB medium containing 200
ug/ml ampicillin (LB/Amp) and the culture was grown at 37 °C overnight. The
cells in the starter culture were collected by centrifugation, resuspended in fresh
LB media, transferred to 500 ml LB/Amp medium, and grown at 37 °C until an
optical density of 0.8 at 600 nm had been reached. Subsequently, 0.5 mM IPTG
was added to induce the expression of saMenB overnight at 25 °C.

The cells were harvested, and resuspended in 30 ml binding buffer (50 mM
sodium phosphate, 300 mM NaCl, and 10 mM imidazole, pH 8.0), and disrupted
by three passages through a French press cell (1000 psi). Then the cell lysate
was centrifuged at 120,000 x g for 1 h, and the supernatant was loaded onto a 5
ml Ni?*-NTA His-bind column, which had been preincubated with 20 ml binding
buffer. The His-bind column was washed with 40 ml binding buffer, followed by
30 ml of wash buffer (50 mM sodium phosphate, 300 mM NaCl, and 20 mM
imidazole, pH 8.0), and the enzyme was then eluted using 30 ml of elute buffer
(50 mM sodium phosphate, 300 mM NaCl, and 250 mM imidazole, pH 8.0). SDS-
PAGE was used to identify those fractions containing saMenB, and these
fractions were combined and immediately exchanged into 50 mM Tris-HCI buffer
containing 50 mM NaCl, 20% glycerol (pH 8.5). The enzyme was concentrated
using Centriplus 10, and stored in -80 °C. The enzyme concentration was
determined by the absorbance at 280 nm with an extinction coefficient of 31150

M'em™.
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Synthesis of O-succinylbenzoic acid.

Briefly, 40.0 g of succinic acid (0.34 mol) was heated to about 200 °C until it
melted. Then 30.0 g of phthalic anhydride (0.20 mol) and 16.4 g of sodium
acetate (0.20 mol) were added. After refluxing at 200-220 °C for 30 min, the
reaction mixture was extracted with 100 ml of boiling water four times. The crude
spirodilactone precipitated after cooling to RT, and was further purified with
recrystalization from methanol. Subsequently, 10.3 g (0.05 mol) of spirodilactone
was added to 500 ml of 1.5 M NaOH solution, and refluxed for 30 min. The
reaction mixture was cooled to RT, adjusted to pH 1-2 with HCI (aq), and then
extracted with 100 ml of ethyl acetate three times. OSB was obtained after
removing the organic solvent by rotary evaporation. The overall yield was 20%.
The product was analyzed with '"H NMR and mass spectrometry. '"H NMR: &
7.85-7.62 (4H, m), 2.61 (2H, t), 2.49 (2H, t). ESI MS: calcd for C11HyOs ([M-HT)

221.05, found 221.1.

O 0
5 HOOG NaAcO 1.5 M NaOH (aq)
+
~"ScooH —————>
Refulx, 30 min Reflux 30 min

o ’ o}

0
Scheme 4.3: Synthesis of O-succinylbenzoic acid.

Kinetic assay of the MenB reaction.
The MenE-coupled assay was used to characterize the MenB reaction, since

OSB-CoA, the substrate of MenB, is unstable, as shown in Scheme 4.4 (2). A
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typical reaction mixture contained 2 uM saMenB, 5 uM ecMenE or saMenE, 600
MM ATP, 600 uM CoA, and various concentrations of OSB. The reaction was
performed in 20 mM Tris-HCI buffer (pH 7.0) with 150 mM NaCl and 1 mM
MgCl,. After initiating the reaction with the addition of saMenB, the absorbance
increase at 392 nm was monitored with a Cary-300 spectrometer. The reaction

rates were calculated using an extinction coefficient of 4000 M”'cm™ of DHNA-

CoA.
o OH O
MenE SCoA MenB OO
0 OH
0oSsB OSB-CoA DHNA-CoA
Nonenzymatic
degradation
O O
SCoA —\V
0 CoA 0
(0]
OSB-CoA lactone Spirodilactone

Scheme 4.4: MenE-coupled assay and degradation of OSB-CoA.
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Table 4.1 Primer sequences

Name Nucleotide Sequence

MenB_Forward 5-GGAATTCCATATGATGACTAACAGACAATGGGAAAC-3'
MenB_Revserse 5-CGGGATCCTTATGGGAATTTAGGGAATTGA-3'
G233V_Forward 5-CACAGATGGTTTAGCTGITTTACAACAAATGGCTG-3'
G233V_Revserse 5-CAGCCATTTGTTGTAAAACAGCTAAACCATCTGTG-3'
Trunc_Forward 5'-GAATGCTGACACAGA(T)GGTTTAGCTGGTTTAC-3'
Trunc_Reverse 5'-GTAAACCAGCTAAACC(A)TCTGTGTCAGCATTC-3'
 Restriction sites are italicized, while mutating sites are indicated in underline,

and deleted nucleotides were in parenthesis.

Circular dichroism analysis.
Far UV CD spectra of saMenB and its mutants were collected at 25 °C using
AVIV 62 DS spectrometer equipped with a Peltier temperature control unit. The

enzyme concentration was 40 uM.

Site-directed mutagenesis, expression and purification of saMenB.

Site-directed mutagenesis was performed wusing the QuikChange
mutagenesis kit from Stratagene using the primers in Table 4.1. The procedure
of expression and purification of saMenB mutants was the same as that of the

wild type saMenB.
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Kinetic data analysis.

The kinetic studies employed a substrate concentration range of 0.3 K, to 4
Km. Kinetic parameters were calculated by fitting the data to the Michaelis-
Menten equation using GraFit 4.0.

V= Vinax [S)/ (Km * [S])

keat Values were calculated by the equation kcat = Vimax / [E].

Inhibition studies.

The assay mixture contained 2 uM saMenB, 5 yM saMenE, 600 uM ATP, 600
MM CoA, 60 uM OSB, and various concentrations of inhibitor. The reaction rates
at various inhibitor concentrations were recorded and fitted into the following
reaction to calculate ICsp.

vilvo = 1/ (1 + 1/ 1Cs0)

MIC measurement.
The MIC values were determined by the microbroth dilution assay according
to the Clinical and Laboratory Standards Institute methods for antimicrobial

susceptibility tests for aerobically growing bacteria (77).

Time-kill assay.
The assay was performed according to the protocol of NCCLS (72). Briefly,
10° CFU S. aureus was inoculated and treated with MIC, 2*MIC and 4*MIC
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concentration of compound 4.4. Samples were taken at 0, 4, 8, 24 h, and plated
on blood agar plates with a series of dilutions. Colonies on the agar plates were
counted after 24 hours incubation. CFU was calculated based on the colony

number and dilution fold.

4.3RESULTS AND DISCUSSION

Kinetic parameters of saMenB substrates.

The kinetic parameters were measured with the assays coupled with ecMenE
or saMenE. An excess of MenE is used to produce OSB-CoA in situ, and a 5-
minute preincubation allows the complete conversion from OSB to OSB-CoA. In
Figure 4.1, a peak with maximum absorbance at 392 nm was observed after the
addition of saMenB, corresponding to the formation of DHNA-CoA. The kinetic
assays were monitored continuously at 392 nm, and the kinetic parameters were
calculated. As shown in Table 4.2, the K, value determined from saMenE-
coupled assay is 3-fold smaller than that from the ecMenE-coupled assay,
indicative of favorable interactions between saMenE and saMenB. In addition, it
is notable that saMenB possesses the smallest kc./Km compared with ecMenB

and mtbMenB.
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Figure 4.1: Formation of DHNA CoA by saMenB. The absorbance spectra of
saMenB reaction mixture between 250 and 500 nm were collected every minute
by Cary 300 spectrometer.

Table 4.2: Kinetic parameters of MenBs from different organisms.

Keat Km,0SB-CoA Keat / Km,0sB-
Enzyme Assay
(min") (uM) con (Min"'pM™)

ecMenE-coupled assay 1.0+£0.1 205.3+24.9 0.0050.001
saMenB
saMenE-coupled assay 1.1 £0.1 63.3+£6.0 0.018 £ 0.003

ecMenB? ecMenE-coupled assay 3.7 0.1 259133 0.14 £ 0.03

mtbMenB? ecMenE-coupled assay 27.7+0.9 224+2.1 1.2+0.2

@ Unpublished data by Dr. Huaning Zhang.

The reaction mechanism of MenB from M. tuberculosis was proposed

previously (8). As shown in Scheme 4.5, initially the benzoic carboxylate
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abstracts the pro-2R succinyl proton, forming an enolate that is stabilized by the
back amide NH from Gly105 and Gly161. Subsequently the enolate attacks the
benzoic carboxyl group, producing a six-member ring. The resulting intermediate
loses a water molecule to generate the keto form of DHNA-CoA, which then
enolizes to give the final product. In addition, since the pro-3R succinyl proton is
stereospecifically retained in the product, it was hypothesized that the keto-enol

tautomerization is also catalyzed by the enzyme and involves Tyr-287.

A iGly161 o
SP192
-
o)\o_ H \H)k
_\ .~ Gly105

OH' ) H”
Ser190_/ \©\

Scheme 4.5: A proposed reaction mechanism for mtbMenB reaction.

Tyrogr

Recently, a different reaction mechanism was postulated by Dr. Huaning
Zhang from our group (unpublished work). In this mechanism, the spirodilactone

form of OSB-CoA (Scheme 4.6) is proposed to be the actual substrate of
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mtbMenB, based on the kinetic data that the K, value with preincubation is about
20-fold smaller than that without preincubation. A unique D185 is proposed to

facilitate the abstraction of the pro-2R proton from the spirodilactone OSB-CoA.

OH O o

SCoA o SCoA

@) @)

OSB-CoA OSB-CoA lactone

Scheme 4.6: Structures of OSB-CoA and its spirodilactone form.
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Figure 4.2: Sequence alignment between saMenB and mtbMenB. The
conserved catalytic residues are colored blue, while D185 in mtbMenB and G144
in saMenB are colored dark and light green, respectively. The red residues are
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the mutating sites identified in clinical S. aureus SCV isolates.

However, for saMenB, the K., values of OSB-CoA determined with or without
preincubation were not significantly different. In addition, the corresponding
residue of D185 in saMenB is a glycine, which is not able to abstract the pro-2R

proton. Hence, current data suggests that the open form of OSB-CoA rather than

the spirodilactone form is the substrate of saMenB.
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Antimicrobial activity of OSB analogues.

Compounds exhibiting strong inhibition against mtbMenB were identified from
high-throughput screening at the ICCB-Longwood Screening facility at Harvard
Medical School. Many of the lead compounds are substrate analogues, which
have an OSB core structure, as seen in the second row in Scheme 4.7.
Accordingly, the OSB scaffold was selected for further inhibitor optimization. The

analogues were synthesized as described in Materials and Methods.
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Scheme 4.7: MenB inhibitors identified from HTS.

As shown in Table 4.3, the compound with a chlorine in the ortho position
(compound 4.1) shows a 5 or 12-fold stronger inhibition than the analogue with a
meta (compound 4.2) or para chlorine (compound 4.3), respectively. The

inhibitory trend is ortho > para > meta. The compound with chloro substitutions in
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both ortho and para positions (compound 4.4) showed the strongest in vitro
activity against S. aureus.

In order to investigate the mode of action of these compounds, killing kinetic
analysis was performed. As shown in Figure 4.3, with MIC or 2*MIC
concentrations of the inhibitor 4.4, the CFU dropped less than 1 log unit, while
the CFU slightly decreased in the first 8 hours, and then started to increase with
MIC. The killing curve suggests that the inhibitor is bacteriostatic, and the late
recovery probably results from the acquired resistance or the degradation of the
compound. Stability test of compound 4.4 confirms that it is not stable under
basic condition (pH 7.5), and the half-life of the compound is about 12 hours,
consistent with the result from the time-kill assay. A possible degradation

mechanism is shown in Scheme 4.8.
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Table 4.3: Inhibition of OSB analogues.

Compound Structure ICs0 (M) MIC (ug/ml)

4.1

5 245+23 32

4.2 QM 299.4 +10.8 32

4.3 1251+ 134 64
Cl

Cl o
OH
O HN
Cl
o
OH
O HN
(0]
OH
O HN
Cl
(0]
OH
O HN

A

4.4 Not determined 16
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Figure 4.3: Time-kill curve of OSB analogue 4.4 against S. aureus.
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Scheme 4.8: Possible degradation of OSB analogues.

In order to improve the stability, OSB analogues with no hydrogen on the
carbon adjacent to the carbonyl group are being synthesized by Xiaokai Li in our
group (Scheme 4.9). Since there is no hydrogen atom susceptible to OH", the

degradation would be blocked.
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Scheme 4.9: Compounds with improved stability. R1 = R, = F.

Correlation of menB mutations with SCV phenotype in S. aureus.

Small colony variants of S. aureus show phenotypes of slow-growth,
decreased production of pigments, and small colony size on the agar plate. They
cause recurrent infections and drug resistance (73-15). The genetic basis of
these clinical strains is difficult to explore, since they could easily revert back to
the normal phenotype. However, based on the studies of the genetically defined
SCV strains, it is believed that defects in electron transport leads to the SCV
phenotype (76-18).

Recently three mutations were identified in the menB gene from clinical SCV
S. aureus isolates (10): (i) a 9-bp deletion from nucleotides 55 to 63; (ii) a frame
shift mutation that resulted in a premature stop codon at position 230; and (iii) a
point mutation that caused the amino acid substitution Gly to Val at codon 233.

Two of the three clinically identified saMenB mutants were constructed and
purified (Figure 4.4). CD spectra indicate that a major conformational change
occurs for the truncated saMenB (Figure 4.5), and no enzymatic activity was
observed. It is not surprising since the C-terminal region was proposed to be

essential both for completion of the binding pocket and for stabilization of the
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hexamer in mtbMenB (8, 79). In addition, the conserved catalytic residue Y246,
which facilitates the keto-enol tautomerization, is in the C-terminus. Hence, the
removal of the C-terminal region would abolish the activity. However, it is
unexpected that G233V mutant is also inactive, since little structural perturbation
was observed from CD spectra (Figure 4.5). According to the crystal structure of
saMenB solved by Hunter et al (9), G233 residues lie in the interface of the two
monomers (Figure 4.6). Native-PAGE analysis showed no difference of the
oligomerization states between wild type and G233V saMenB, ruling out the
possibility that the inactivation results from the dissociation of the saMenB dimer
due to the bulky side chain of Val in the dimer interface. We hypothesize that
residue G233 might regulate the active site remotely, and the G233V mutation
has an adverse effect on the geometry of the active site. Similarly, G274V
mutation in mtbMenB, where G274 corresponds to G233 in saMenB, causes loss

of activity.

- U

Figure 4.4: SDS-PAGE (left) and Native-PAGE analysis (right) of wild type
saMenB and its mutants. Samples in SDS-PAGE from left to right: WT saMenB,
G233V, protein marker, and truncated saMenB. Samples in Native-PAGE from
left to right: WT saMenB and G233V.
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Figure 4.5: Conformational analysis of wild type and mutant saMenB by
circular dichroism. The spectra were collected with 40 yM enzymes at 25 °C.

The third menB mutation, which is not characterized here, is the deletion of
the three residues 19-21. The mutation site is in the C-terminus of a B-strand
(Figure 4.6), which is also far away from the active site. It might affect the
enzyme activity in a similar way to G233V.

The fact that the saMenB mutants are inactive indicates that the
menaquinone biosynthetic pathway is blocked in the small colony variant. The
loss of internal source of menaquinone might slow down the metabolism of the
bacteria. But due to the substrate-level phosphorylation as well as possible
scavenge of quinone molecules from the host environment, the bacteria can still

sustain its growth.
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Figure 4.6: Front (top) and back view (bottom) of the crystal structure of
saMenB. The picture was generated with PyMol (20). Truncated C-terminuses of
two chains are shown in light blue and dark green, respectively. G233 is shown

in red. Residues 19-21 are in pink. The ligand AcCAcCoA is shown in stick.
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Daptomycin targets MenB?

Daptomycin is a cyclic 13-residue lipopeptide antibiotic (Scheme 4.10), which

is synthesized by the nonribosomal peptide synthetase machinery in the soil

saprotroph Streptomyces roseosporus. It was approved to treat complicated skin

and skin structure infections in the United States in 2003 after minimizing the

adverse effects on skeletal muscle by one single dose daily (27). More

importantly, it shows good inhibition against MRSA infections.
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N

Scheme 4.10: Structure of daptomycin.

Daptomycin is active against Gram-positive pathogens, but not on Gram-

negative bacteria. It has been suggested that the action of daptomycin is initiated

by insertion into the Gram-positive bacterial cytoplasmic membrane (22). Once

inserted into the membrane, daptomycin undergoes a calcium-dependent
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conformational change, which leads to dramatic perturbation of the cell
membrane, including depolarization and membrane permeability (23).

As shown in Scheme 4.10, daptomycin contains a moiety analogous to OSB
(circled), an intermediate in menaquinone biosynthesis. It is possible that
daptomycin also targets the menaquinone biosynthesis, such as MenE and
MenB. This also explains why it is only effective against Gram-positive bacteria,
since Gram-negative bacteria either does not produce menaquinone, or they
have both menaquinone and ubiquinone.

Daptomycin-resistant S. aureus obtained from subculture in a sublethal
concentration of daptomycin possess abnormal cell shapes (24) under TEM,
similar to the observation in menD-disrupted strain, in which the menaquinone
biosynthesis is blocked (Figure 4.7). In vitro inhibition assay are needed to

further substantiate the hypothesis that menaquinone is a target of daptomycin.

Figure 4.7: Transmission electron microscope images of daptomycin-
resistant S. aureus (left) and menD-disrupted S. aureus (right).
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4.4CONCLUSIONS

The enzymatic studies of saMenB support the use of OSB-CoA as the
substrate instead of the proposed spirodilactone form for mtbMenB. In addition,
there is probably a favorable interaction between saMenB and saMenE.

In the preliminary inhibition studies, a series of OSB analogues were
designed and showed fairly good inhibition against the enzyme and S. aureus.
The major conern is the stability of these compounds, since they degrades when
pH is higher than 7.5. Further modifications are being made to solve this
problem.

The effects of two of the three menB mutations identified in clinical SCV S.
aureus strains on the saMenB activity were examined. Both saMenB mutants are
inactive, indicating that menaquinone biosynthesis is blocked in the clinical SCV
isolates. The result implies that clinical persistence and slow growth of SCV is
due to the acquisition of menaquinone from host.

It is interesting to find that daptomycin, a novel class of antibiotic, includes an
OSB-like moiety. Daptomycin-resistant strains and SCV strains of S. aureus both
show similar abnormal morphological changes, indicating that menaquinone
pathway may be inhibited by daptomycin. It is also consistent with the fact that
daptomycin only inhibits Gram-positive bacteria. Further detailed inhibition

assays are needed to investigate the hypothesis.
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