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Chapter 1

Coenzyme A Biosynthesis as Novel Antibacterial Target

Antibiotic Resistance

Pathogenic bacteria that are resistant to anitthiloérapy are emerging as an
increasing public health thredt$). Since the 1940s, bacterial infections have bien,
the most part, effectively treated with antibiot{ts?). Infections, often fatal before the
advent of antibiotics, are now routinely cured watitibiotics, improving the quality of
health for countless millions of people. Howevacreasing antibiotic resistance in
prevalent pathogenic bacteria, coupled with thevglscovery of novel antibiotics,
threatens to wipe out these gains and forecastseefwhere bacterial infections again
become difficult to treat 4, 5). Glimpses of this future are already visible tpdahere
highly drug resistant bacteria such as extensigdalg-resistant tuberculosis (XDR-TB)
often cause greater than 50% mortality rate evesnvglatients are under intensive
medical care@-8).

The amount of time between introduction of antile®into the marketplace and
observed resistance to these antibiotics wideliesaFigure 1.1 — Time Table of
Introduction/Resistanc®,(10). So far, clinically relevant resistance has beetected for
every marketed antibiotic, and high frequenciesesistance are observed for classes of

commonly prescribed antibioticg,@). Due to their broad spectrum, oral dosage, and



low side-effectsp-lactam antibiotics (composed of the four major-slasses of
penicillins, cephalosporins, carbapenems, and maxtains) tend to be the first
antibiotic prescribed for most bacterial infecti¢h$, 12). Earlier generations @

lactam antibiotics lacked efficacy against Gramaiteg bacteria, but newer generations,
particularly third generation and later cephalosprhave broad antibacterial spectra
(12). Associated witlp-lactam antibiotics arg-lactamase inhibitors, which have been
commercialized since the 1980s. The most commasta@se mechanism fblactams is
the hydrolysis by-lactamasesl@). -lactamase inhibitors have weak or no antibacterial
activity by themselves, but inhibit bacterfalactamase, thus countering sofialctam
resistanceld, 15). B-lactamp-lactamase combinations have shown good clinidelaely
against some bacteria that are not normally sgedibif-lactam antibiotics16, 17). A

few other orally dosed, broad spectrum antibidiésges, such as tetracyclines, are also
prescribed, although less frequently now due tistasce or toxicity-related issuek?].

For Gram-positive pathogenic bacteria resistatitécabove mentioned antibiotics,
vancomyecin is historically prescribed, but Daptomyand Linezolid, brought to market
in the last decade, are also viable optidi®. (Because Gram-negative bacteria cause
significantly fewer cases of contagious diseasesadisas require more varied treatment,
antibiotic resistance in Gram-negative bacterisitheEsPseudomonas aeruginosa) is less
concerning 18). Presently, four resistant pathogens are majaittheoncerns due to their
current and developing resistance to commonly asdéitiotics. They are highlighted

below to justify the need for new, novel antibistic



Urgent Antibiotic-Resistant Pathogens

Currently, the most common antibiotic-resistanttéacm found in developed
countries is methicillin resistaftaphyl ococcus aureus (MRSA) (4, 19). Saph. aureus is
a Gram-positive bacterium and causes a range edsks from minor skin infections to
pneumonia, meningitis, and toxic-shock syndro@®. (Approximately 20% of the
population carrieStaph. aureus long-term, with thetaph. aureus residing in the nose
and on the skin of the carriel20§. Additionally, a large portion of the long-terrarders
tend to be hospital personnel, makiigph. aureus a major concern for nosocomial
infections. MSRA is resistant against mpdactam antibiotics, the first line of
antibiotics prescribed against Gram-positive baatds 21). Approximately half of
Staph. aureus infections observed in US hospitals are MSRA. ®bserved cases also
exhibit high frequencies of resistance againstdtier common antibiotics - tetracycline
and erythromycin4). MRSA is difficult to treat, with vancomycin (amsbw Linezolid)
being the typical treatment. However, cases of @ancin (mid 1980s) and Linezolid
(2003) resistanBaph. aureus have been found®, 23). Infections off-lactam-resistant
and vancomycin-resistaBtaph. aureus are extremely difficult to treat and result in
higher mortality rates compared to antibiotic-sewnsibacterial infections2@).
Fortunately, the current frequency of vancomycid aimezolid resistant MRSA is very
low, but it is increasing. The mechanism of acaqugrvancomycin and Linezolid
resistance may be gene-transfer \itterococci, the next pathogen discussed)(

The other commonly encountered antibiotic-residbaateria in hospitals are
vancomycin-resistariEnterococci (VRE). Enterococci species reside within the gut of

nearly all healthy adults, and the most commonispeareE. faecalis andE. faecium



(composition of these two species varies by regigh)) Enterococci cause diseases as
such bacteremia and endocardifsterococci species have remarkable intrinsic
resistance to antibiotick. faecalis is intrinsically 10-100 times more resistant to
penicillins when compared to the relat@oeptococcus species, an#. faeciumis even
more so 25). Cephalosporins do not inhilithterococci sufficiently to warrant clinical
use, whileEnterococci possess low levels of natural resistance to lawcodes and
aminoglycosidesl@, 25). In addition to intrinsic resistance, most patig Enter ococci
also have acquired antibiotic resistance to tetilawy, chloramphenicol, erythromycin,
aminoglycosides, and lincosamides. Because oé#istancekEnterococci species tend to
cause opportunistic infections after the nativeidraal flora has been wiped out by
antibiotics, particularly cephalosporig5). Previously Enterococci have been treated
with vancomycin, but Linezolid has since becomeypap Approximately 30% of
presengEnterococci infections found in Intensive Care Units are VRIE (nstances of
Linezolid and Daptomycin resistaBhterococci have also started to occur in hospitals
(26, 27). SinceEnterococci tend to be opportunistic infections, the greagar fassociated
with Enterococci is the spread of vancomycin (and possibly LinePakesistance to other
Gram-positive bacteria, such &sphylococcus, Streptococcus, andBacillus species.
Particularly,Saphylococci andEnterococci share many resistance genes, presumably
from horizontal transfer of these resistance g€2&<29). Staph. aureus andEnterococci
are also common in hospital settings and have fesm in the same patient, raising
concerns of about the development of vancomyciistees MRSA, leaving few

treatment options2Q).



Mycobacterium tuberculosis is the most prevalent bacterial infection worldeyid
with cases of tuberculosis (TB) mostly concentratedeveloping countries and in
immunocompromised individual8@). One-third of the current worldwide population
carriesM. tuberculosis, although only 10% of these individuals develojilown TB
during their lifetimes (most individuals are asyompatic) 31). When left untreated,
mortality rate is greater than 50%. BecauseMh#uberculosis genome encodes for an
extended-spectrufitlactamase, mogklactams are not effective treatmer88)( The
standard treatment for TB is a combination of ethatol, isoniazid, pyrazinamide,
rifampicin, and streptomycin for six month and witfoper treatment, the mortality rate
is less than 5%l1Q). However, because TB occurs primarily in pooiaaref the world,
patients often miss drug doses or fail to comptie¢ecourse of treatment, and TB
becomes resistant to one or more of the above diilgjthat becomes resistant to
isoniazid and rifampicin, the two most efficacialrags, are classified as multidrug
resistant (MDR) TB. In this situation, a secomelof drugs (which are less efficacious,
more toxic, or less accessible) such as quinolon&anamycin, are deployeii?). TB
that becomes resistant to these drugs is classifiexktensively drug-resistant (XDR) TB
and is extremely difficult to treat. XDR-TB oftea$imortality rates of greater than 50%
even when under intensive treatmed)t Several hundred cases of transmissible XDR-
TB have been characterized in South Africa (wit@%6mortality rate), raising fears of
further spread of this strain of difficult to tre@DR-TB (7).

Although it infects mostly immunocompromised indivals,Pseudomonas
aeruginosa is another pathogenic organism of great conceentalioth its inherent

antibiotic resistance and genetic capacity to dgvekew antibiotic resistancé)( TheP.



aeruginosa genome encodes a broad-spectfidlactamase as well as multidrug efflux
pumps that give the organism a high level of inheresistancel, 17, 18, 33). While
theP. aeruginosa p-lactamase does not have as extended a spectrilnaMs
tuberculosis B-lactamase, it is induced to high levels of expoesby certair-lactams
andp-lactamase inhibitors, including clavulanasd)( Furthermore, portions &f.
aeruginosa genome exhibit high genetic polymorphism, givingfiy varying profiles of
antibiotic resistance between cultures and allowingeruginosa to develop resistance
mechanisms quickly36, 36). Antibiotic treatments tend to be determined hygtbrial
culture sensitivity tests rather than empiricaldglines 6). After unsuccessful antibiotic
treatmentpP. aeruginosa often gain additional resistance mechanidtseruginosa can
also form biofilms, which gives it additional arniblic resistance37). While rarer than
some other common antibiotic resistance pathogersgs oP. aeruginosa are among

the hardest to treat.

Recent Developmentsin Antibiotic Resear ch

The increasing prevalence of antibiotic resistaamengst pathogenic bacteria,
particularly the ones examined above, highlighésrteed for new antibiotic therapy.
However, the rate of antibiotic discovery has sldwggnificantly since the explosion of
discoveries from the 1940s to the 19603).(Furthermore, many new antibiotics are
derivatives of older classes, to which resistaneelanisms already exist or develop
quickly. Two new antibiotic classes, Daptomycin émukezolid, have been discovered in
the last two decades. Daptomycin is a lipopeptidietic, biosynthesized by strains of

Streptomyces roseospor us (38). Daptomycin acts by the depolarization of celihnbeane,



but only works against Gram-positive bacte88)( Because Daptomycin requires
intravenous dosing and has significant side effects mostly used for vancomycin-
resistant and methicillin-resistant Gram-positiaeteria £2). Linezolid is a synthetic
antibacterial that inhibits protein synthesis ira@rpositive bacteriad(). Linezolid has
long-term toxicity and is generally used, like Dapt/cin, against bacteria that have
acquired antibiotic resistance to other antibiogeaticularly vancomycin resistant
Enterococci (12). Because Linezolid is the last broad spectrunbantic with low
frequencies of resistance, it is generally consider “drug of last resort” — to be used
only when there are no alternative treatments. Reesearch has found that clavulanate,
ap-lactamase inhibitor, administered with Meropenaffiylactam antibiotic, is effective
against TB, which have been traditionally resistgdinsf3-lactam antibiotics41). This
combination has been used to treat XDR-TB succkgsafidimited cases42).

However, even with recent advances, there isastlieat need for new antibiotics.
Certain strains, such &s aeruginosa remain difficult to treat). Resistance to new
antibiotics have already appeared, and in comesaassted before commercialization of
the antibiotic. The first case of linezolid resista inEnterococci was reported in 1999 in
a compassionate-use program, before linezolid wpsoaed by the FDA43). Linezolid
resistance irstaph. aureus was found in 2001, one year after commercializafid).
Currently, multidrug resistant bacteria are pustagginst the last line of antibiotic
defense available. If resistance against new antittisi such as Linezolid becomes
prevalent, there will be few treatment options.left

New generations of a particular antibiotic clasdtto be derived by

functionalization of the core structure of oldeamples of that antibiotic class. As a



result, there are only about ten different antibiotasses and thus ten distinct
mechanisms of action even though many more anitBibive been marketedb).

While different functional groups can affect thespum, toxicity, and distribution of an
antibiotic, the underlying mechanism of action remaaimilar, so resistance develops
quickly to derivatives of antibiotics that alredagve resistance genes in nature. Thus, the
premium is in the development of a novel classntibéotics with a novel mechanism of
action on novel antibacterial targets.

There are three major criteria for a broad-spectauatibacterial target. First, the
antibiotic target should be essential to the savof bacteria. Shutting down the target
should cause bacterial death, while attenuatingatfgeet should detrimentally affect the
organism. Second, the target should be essentialltobge number of different bacteria
in order to have a broad-spectrum effect. The aspectrum of an antibiotic also tends
to be less than the theoretical spectrum due spresasuch as an inability to penetrate
cell membrane or efflux. Third, it should be possifo discriminate the bacterial target
over the human target for toxicity reasons. Afteérthe goal of an antibiotic is to clear
the bacteria without causing long-term adverseceffo the host.

One target that fulfills the above criteria is cogme A (CoA) biosynthesis. CoA
is an indispensible cofactor for all organis6, @7). CoA functions as a biological acyl
carrier, involved in essential functions such fattyd metabolism in all organisms. Gene
knockouts in the CoA biosynthetic pathway are ofethal, while reduced CoA levels
lead to cell stasis, suggesting that CoA biosynshesessentiakg8-51). Genomic and
biochemical studies have found significant diffexembetween the bacterial CoA

biosynthetic enzymes and the human CoA biosyntleetzymes$2-55). Several bacteria



selective-inhibitors against pathway enzymes a#se@lbeen characterized,

demonstrating that it is possible to selectivetgéa the bacteria pathwayg-58).

Coenzyme A in Depth
Coenzyme A is Essential and Universal for All Organisms.

Coenzyme A, a necessary metabolite for all orgasjss required for essential
biochemical reactions such as fatty acid metabodinththe Krebs cyclel{, 59, 60).

CoA is involved in many different biochemical raaot, both essential and nonessential,
such that it is estimated that approximately 7-18%ll characterized enzymes require
CoA as a cofactor for activitydf, 59). While a few organisms, such as avian
Plasmodium falciparum, are thought to not produce CoA in certain stamdbeir life

cycle, all organisms require CoA for survivdl). Not surprisingly, CoA is a large area
of research, with focus on enzymes that use Co\bibsynthesis of CoA, the regulation
of CoA, and how CoA is involved in diseasdg,(61-63).

CoA is the source of 4’-phosphopantetheine, tlosthetic group of acyl carrier
proteins 46, 47, 62). The thiol group on 4’-phosphopantetheine funttias a biological
acyl carrier, capable of reacting with carboxyltdagroups of various length (from two-
carbon acetyls to entire fatty acids) to form hagiergy thioesters. The carbon units can
then be shuttled for other uses, such as buildingther metabolites (fatty acid
synthesis) or generating energy (fatty acid breakdoThe most prevalent function of
CoA is as acyl carriers, involved in pathways a®ie as polyketide/nonribosomal
peptide biosynthesis, Krebs cycle, fatty acid bibkgsis, and lipopolysaccharide

biosynthesis46, 47).



CoA is also involved in some more exotic functiofsr certain bacteria, CoA
additionally functions as the cellular reductantSlaureus and certairBacillus species,
CoA and CoA metabolites, which can accumulate tbmalar levels, are believed to
maintain the reducing environment of the cell,ragin place of the glutathione system
which are lacking in those organisnggl). In Bacillus megaterium, protein-CoA
disulfides help to maintain metabolic dormancy dgrspore formations). In some
mammalian tissues, CoA has been found to be bro&em into cysteamine, an anti-
oxidant; however, the biological relevance of teaation is unknowneb, 66).

Given both the essential and diverse biochemigattfons involving CoA, it is
unsurprising that reduced CoA levels cause eitbiistasis or cell death. In bacteria
such a<. coli, reduction of CoA levels lead to growth sta&@)( Knockouts of the CoA
biosynthetic genes are lead to improper cell dgraknt and regulation, which can be
lethal @8, 49). CoA biosynthesis is both essential and univefaHllling two criteria of
a good anti-bacterial target.

The Coenzyme A Biosynthetic Pathway and Differencesin Bacteria and
Human

CoA is biosynthesized from the metabolic precurpantothenate, via five
enzymatic steps, Figure 1.2 — CoA Biosynthetic Rath(47, 60, 67). 4'-
Phosphopantetheine, the portion of CoA that fumstias cofactors to ACP, is
synthesized in the first 3 enzymatic steps, wiiigefinal two enzymatic steps activate
phosphopantetheine for recognition and loading &@&. First, pantothenate kinase
(PanK; EC 2.7.1.330aA) phosphorylates pantothenate with consumption® Ao

yield phosphopantothenate (PPA&8). Second, an amide bond is formed between the

10



carboxyl group of PPA and the amino group of L-eyst by
phosphopantothenoylcysteine synthetase (PPCS; EEZ % coaB), with consumption of
another NTP33). Subsequent decarboxylation of the carboxylid awoiety on the
ligated cysteine of phosphopantothenoylcysteinphmsphopantothenoylcysteine
decarboxylase (PPCDC; EC 4.1.1.86aC) gives 4’-phosphopantethein@9j. Next, 4'-
phosphopantetheine is adenylated by phosphopaimetagenylyltransferase (PPAT; EC
2.7.7.3;coaD) to generate dephospho-coenzyme A (deC8B). Finally, the 3’
hydroxyl group on the ribose sugar is phosphorglébegenerate coenzyme A by
dephospho-CoA kinase (DPCK; EC 2.7.1.849E) (70). The enzymes in the CoA
biosynthetic pathway are discussed, focusing pdatty on differences between the
bacteria and human homologs as well as their patexst antibacterial targets.

Pantothenate Kinase

Pantothenate kinase, the first enzyme of the pathtas been extensively
studied 71-75). Phosphorylation of pantothenate by PanK is itts¢ committed step in
CoA biosynthesis. Pantothenate kinases from diftespecies have been categorized into
four distinct classes by substrate affinity, pathvieedback, and structural homology.
Type | PanK, represented by tBecoli PanK and includes most bacterial PanK, have
high affinity for ATP and experiences feedback bition by CoA and CoA ester§§,
76). Eukaryotic PanK is similar to class | PanK biectically, but lacks structural
homology 5, 77). Type Il PanK, includingaph. aureus and several other gram
positive bacteria, has limited sequence and straichwmology to eukaryotic PanK, but
is not inhibited by CoA and CoA estef®l]. A few other unrelated bacteria such as

Pseudomonas aeruginosa, Bacillus anthracis, andHelicobacter pylori possesses type Il

11



PanK, also referred to @saX, that has poor ATP affinity (and potentially lack
nucleotide specificity) with no structural or segae similarity to the other three classes
(71-73, 78).

The structural and biochemical differences betwberPanK have allowed the
discovery and synthesis of bacterial-selective Pahibitors. Pantoyltaurine, an
analogue of pantothenate where the carboxyl greugplaced with a sulfate, is the first
pantothenate analogue discovered to inhibit migaoism growth9). Pantothenate
was found to anatagonize the antibacterial actnifyantoyltaurine, supporting the anti-
PanK mechanism of pantoyltaurine. Other pantotleeanflogues have shown selectivity
for different organisms. For instance certain ptr@onamide inhibitors show good
selectivity for bacterial PanK, particulaf®aphyl ococcus (58). Some pantoyl analogues
are selective fotreptococcus speciesg7). Interestingly, CJ-15,801, anp —
unsaturated natural product analogue of pantotbenats found to haveg/mL MIC
against MDRStaph. aureas (56). While no pantothenate analogues have becomalactu
antibiotics, the existence of natural productseting the pathway as well as the ability
to synthesize bacterial selective inhibitors sutgysgt PanK, and possibly the pathway,
is a feasible target for drug development.

Phosphopantothenoylcysteine Synthetase and Phosphopantothenoylcysteine
Decarboxylase

The last enzymes to be elucidated in CoA biossishare
phosphopantothenoylcysteine synthetase and phoaptatbenoylcysteine
decarboxylases@, 69). Like PanK, there are significant structural dnmatchemical

differences between bacterial and human PPCS/PP&DRacteria besides

12



Streptococci andEnterococci encode PPCS and PPCDC as a bifunctional fusideipro
with PPCS encoded in the C-terminal domain and RP€fcoded in the N-terminal
domain 63, 69, 80, 81). This bifunctional protein associates as a hordedamer, with
the PPCS domain expressed as a homodimer and €i@@®Bomain expressed as a
homododecamer. In contrast, eukaryotes express BRCBPCDC as separate proteins,
with PPCS associating as a homodimer and PPCDCiatiag as a homotrimeb2).
The eukaryotic enzymes has little sequence homolothythe bacterial enzymeg3).

Besides structural and sequence differencesnprelry studies found that
bacterial and human PPCS also have different satbstpecificities. In the earlier
characterization of the CoA biosynthetic pathwawas found that ATP, pantothenate,
and cysteine are the only required substrates &nmalian CoA biosynthesisQ).
However, additional CTP was required for bactetiaA biosynthesisgD). Later, PPCS
was identified as the bacterial enzyme requiring®@B). Preliminary studies found that
human PPCS was four times faster when using AT wheen using CTP, but the
guestion of nucleotide selectivity was not furtbgamined $2). While there have been
some studies on PPCS in literature, including sdeeystal structures as well as the
characterization of the enzyme intermediate, thehaeism as well as the substrate
selectivity of PPCS has not been examined in dé&3h However, the reported
nucleotide selectivity differences coupled with ke sequence and structural homology
between bacterial and human PPCS suggest that B&t@Ebe an interesting
antibacterial target.

Like PPCS, PPCDC also has not been extensivehactaized. The chemical

reaction catalyzed by PPCDC - the decarboxylatfarysteine — is unusual. Only one

13



other enzyme identified so far, peptidyl-cysteieeatboxylase (EpiD), catalyze the
decarboxylation of another cysteine moied§)( Characterizations of PPCDC have found
that flavin mononucleotide (FMN) is required fotigity (69, 85). Based on spectral and
labeling studies, PPCDC was suggested to catahgzddcarboxylation reaction via a
thiol-carbonyl intermediate mediated by FMN, butremmechanistic data are needed
(67). Whether PPCDC would make an ideal antibactéaiget is difficult to assess
currently. Even with low homology between human badteria orthologs, there is a lack
of data suggesting differences in the biochemistthe orthologs, particularly since the
same cofactor, FMN, is involved in the reaction.

Phosphopantetheine Adenylyltransferase and Dephospho-CoA Kinase

PPAT and DPCK is also encoded and expressedetitigrfor humans and
bacteria. In mammals, PPAT and DPCK are encodadbifsinctional protein referred to
as CoA synthase on chromosome 17, although an fimoed monofunctional DPCK
was found on the same chromosos 86). In contrast, bacteria PPAT and DPCK are
expressed monofunctionallgq). Bacterial PPAT is a homohexamer in solution,levhi
bacterial DPCK is a monomer after purification, batomes a homotrimer at high
sulfate concentration88-91). Mammalian CoA synthase is a monomer in solutioar,
is localized to the outer mitochondrial membrareimsertion of the N-terminus of the
protein into the organelle membra®2); Again, bacterial and human orthologs share
little sequence homology.

PPAT is another well-studied enzyme, with purificas and characterizations for
both bacterial and mammalian species, some meditatidda, and a few characterized

inhibitors 65, 88, 89, 92-94). Based on sequence homology, PPAT is a memlbeof

14



nucleotidyltransferase/ phosphodiesterase superfamily (which many amire&dyA
synthetase belong to), with kinetic studies offtheoli enzyme finding that PPAT
follows a Random Bi Bi mechanism and that CoA fsexdback inhibitor of PPATO4).
Structure studies with substrates and productsestigljat PPAT exhibits half site
reactivity, as bound phosphopantetheine and deploeSpA only appear in one trimer
of the hexamer, while ATP appears in all suburithe hexamer, but have only partial
density 88, 89). Based on a structure where phosphopantetheiadanad in the active
site of one trimer and CoA is found in the actiite sf the other trimer, CoA is
suggested to act as an allosteric inhibitor of PPa#lthough the kinetic nature of the
proposed allosteric inhibition as well as whetHersteric inhibition is observed in PPAT
orthologs is not explored. PPAT is believed to bed®al antibacterial target due to the
availability of structures and biochemical datavadl as the poor homology and
differences in expression between bacterial andamuonthologs.

The adenylylation reaction to make dephospho-CpRIBAT is reversible,
requiring the phosphorylation of dephospho-CoA BAK to shift the equilibrium
towards biosynthesis of CoR4). Several structures of DPCK have been solved, but
detailed mechanisms have not been publisB&d Since relatively little is known about
the biochemistry of DPCK, more studies are needddrb DPCK can be examined as a

potential drug target.

Objectives

Due to the reported nucleotide-selectivity diffeze as well as the inherent

structural differences between human and bactertblogs, we studied PPCS as an

15



antibacterial target. Several bacterial PPCS alatigthe human PPCS were cloned,
overexpressed, and purified. The mechanism anctotidé selectivity of different PPCS
was studied in depth. A high throughput screen e@ased out to discover novel
inhibitors of bacterial PPCS. The mechanism ofbitlan of interesting compounds
discovered in the screen was characterized. Tleetefof knocking out PPCS on the
phenotype of the bacterial cells are also examined.

Furthermore, kinetic and inhibition studies weaeried out ork. faecalis PPAT,
leveraging some of the methods that we developstutty PPCS. In particular, we
examined the mechanism Bffaecalis PPAT, the kinetic nature of the proposed
allosteric CoA inhibition, as well as carry outaeen to find and characterize potential

inhibitors of PPAT.
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Chapter 2
Characterization and Kinetics of Phosphopantothenoylcysteine Synthetase

from Enterococcus faecalis

BACKGROUND

PhosphopantetheineR)-3-hydroxy-4-(3-(2-mercaptoethylamino)-3-
oxopropylamino)-2,2-dimethyl-4-oxobutyl dihydrogghosphate) is an essential
molecule for all living organismd.{3). Phosphopantetheine is found as a part of
coenzyme A (CoA), as well as a prosthetic groupoyt carrier protein (ACP)jj. Both
CoA and ACP play essential roles in various a@hsfer reactions required for many
biochemical reactions associated with intermedmagyabolism and cell membrane
assembly in living organismg)( The essential nature of phosphopantetheinecto th
viability of cells makes the CoA biosynthetic pathyan intriguing target for
antimicrobial developmenb( 6).

While it has been known for decades that CoA isynthesized from nucleotide
triphosphates (NTPRQ-pantothenate, andcysteine, the genes involved have only been
identified in recent yearg{9). In eukaryotic systems that have been charaetdrihe
phosphopantetheine portion of CoA is biosynthesfrath pantothenate via three

chemical reactions catalyzed by three polypeptiiggire 2.1 10, 11). First,

The work described in this chapter has been pudisfyao, J., Patrone, J. D., and
Dotson, G. D. (2009) Characterization and kineticeshosphopantothenoylcysteine
synthetase frorknterococcus faecali8iochemistry48, 2799-2806.]
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pantothenate is phosphorylated by pantothenates&i(fanK; EC 2.7.1.38paA), using
ATP as the phosphate donor, to yield phosphopasatie (PPA). Second, an amide
bond is formed between the carboxyl group of PPéthe amino group af-cysteine
catalyzed by an ATP-dependent phosphopantothersigiog synthetase (PPCS; EC
6.3.2.5;coaB. Subsequent decarboxylation of the carboxylid acoiety on the ligated
cysteine of phosphopantothenoylcysteine by phosattophenoylcysteine decarboxylase
(PPCDC; EC 4.1.1.3&0aQ gives 4’-phosphopantetheine. In bacterial systems
characterized so far, the second and third bioctemeactions — the amide bond
formation between phosphopantothenate and cysi@snsell as the subsequent
decarboxylation of cysteine by PPCS and PPCDC €atedyzed by a single bifunctional
polypeptide 9, 12. Furthermore, CTP, rather than ATP, is requirgedhe bifunctional
PPCST, 9.

PPCS from a few species have been characterizedorbposed mechanism of
PPCS involves the formation a 4’-phosphopantothecytidylate intermediate in the
first half reaction from the nucleophilic attack thea-phosphate of CTP by the
carboxylic acid group of phosphopantothenate, Withconcomitant release of
pyrophosphate. In the second half reaction, theamioup of_-cysteine attacks the
cytidylate intermediate to yield phosphopantothéeysteine and CMP, Figure 2.2. The
proposed mechanism is supported by the observatithre 4’-phosphopantothenoyl
cytidylate intermediate in CTP and phosphopantateersoakedt. coliN210D PPCS
domain crystal structurd.8). However, there has been no complete study okitietic
mechanism of PPCS or attempts to examine the pedpatermediate in the course of

the enzymatic reaction. Here, we overexpress, yuifd characterize PPCS from

27



Enterococcus faecalisvhich is a monofunctional bacterial PPCS withpo@mology to
both human monofunctional PPCS and bacterial bifanal PPCS/PPCDG( 10. In
this study we use initial velocity, product comfpieti, and titration experiments to
elucidate the kinetic mechanism of PPCS fienfiaecalis Furthermore, isotope transfer
studies are used to study the nature of the enayt@enediate. Here we report for the
first time the chemical mechanism and nucleotideBjgity of a monofunctional
bacterial PPCS.
MATERIALSAND METHODS

Materials. The chemicals used were of reagent grade oredhitfhest purity
commercially available, and were not further pedfi Source 15Q, Source 15S, and
Superdex 200 were from GE Healthcare. Calanipantothenate, HEPES, Tris base,
ATP, CTP, Pyrophosphate Reagent, ampicillin, sodthioride, sodium hydroxide,
methanol, formic acid, sodium pyrophosphate, dftiriitol, L-cysteine, and 97%490]
water were from Sigma-Aldrich. Lauria agar (Lenna€d Lauria broth (Lennox) were
from Difco. Restriction and DNA modifying enzymegre from New England Biolabs.
TheEscherichia colBL21 Al was obtained from Invitrogen aiid coli XL1 Blue was
obtained from Stratagene. Polymerase Chain Reastismperformed using an
Eppendorf Gradient Mastercycler aRtliTurbo Hotstart DNA polymerase (Stratagene).
Oligonucleotides were synthesized by Invitrogerag@n minispin kits were used for
DNA purification and PCR reaction cleanup. Eleghray mass spectral analysis was
performed at the University of Michigan Mass Speatetry Facility, Department of
Chemistry. DNA sequencing was performed by the Braiy of Michigan, Biomedical

Research Resources Core Facility.
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Cloning, Overexpression, and Purification of E.daks PPCSThecoaBgene
was amplified fronE. faecalisgenomic DNA (strain ATCC 700802), via PCR, usihg t
forward primer GCGCCATATGATGTTTTAGTTACTGCTGGCGG and the reverse
primer GCGCCTCGAGCATTGTTGTTCTCTCCATTTCTTTTC to introduce axdd
site (shown underlined) upstream of the gene an¢hahsite downstream of the gene.
The resulting PCR product, encoding the erdoaBgene, was digested wibhdd and
Xhd, and ligated into pET23a(+) (Novagen) which hésbdeen restricted withdd
andXhd. The desired plasmid was designated pUMGD1 aadribert was confirmed by
DNA sequencingE. colistrain BL21 Al harboring the plasmid pUMGD1 wasubated
in four 1 L flasks containing 250 ml each of LB-amitin media (5 g of NaCl, 5 g of
yeast extract, 10 g tryptone, and 100 mg of anlpigiker L) at 37°C with vigorous
shaking (250 rpm) until the optical density at 800 reached 0.6 - 0.8. The culture was
cooled to 17°C and induced with a final concentratf 0.065% w/\L-arabinose.
Incubation (17°C, 250 rpm) was continued overni@lals from the 1 L of culture were
harvested by centrifugation at 10,000 x g, washitd 20 mM HEPES pH 8.0, and
suspended in 80 ml of 20 mM HEPES pH 8.0. The eafise disrupted by French Press,
and the resulting suspension was centrifuged @020 g for 30 minutes to separate the
crude cytosol (supernatant) from cellular debrelgh). The cytosol was
chromatographed on a Source 15Q column (8 mL af pes 250 mL of cell culture)
equilibrated with 20 mM HEPES pH 8.0, washed wiiteé column volumes of
equilibration buffer, and eluted over a 10 colunatume linear gradient of 0 - 0.5 M
NaCl in 20 mM HEPES pH 8.0. Fractions were analyzg&DS-PAGE and fractions

containing PPCS were pooled, and passed througb an& Superdex 200 prep grade
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column equilibrated in 20 mM HEPES pH 8.0 contagni®®0 mM NacCl. The purified
fractions were dialyzed against 20 mM HEPES pH &, stored at -80°C.

Cloning, Overexpression, and Purification of thegphosphate dependent
fructose-6-phosphate kinase (PPi-FPKheE. colicodon optimized PPi-PFK gene
(DNA 2.0) of Propionibacterium freudenreichicontaining aNdd site upstream and a
Xhd site downstream of the gene, was digested WdH andXhd and ligated into
pET23a(+) via the same sites. The resulting vests designated pUMJY901. Growth,
expression, and purification protocols used weeesdime as for PPCS (above).

Cloning, Overexpression, and Purification E. fags@lantothenate kinas&he
coaAgene was amplified fror. faecalisgenomic DNA (strain ATCC 700802), via
PCR, using the forward primer CGTACATATGACGATAAAATGAATTAC and the
reverse primer CGTACTCGAGIAATATTTACGTAGATAG to introduce arNdd site
(shown underlined) upstream of the gene anXlah site downstream of the gene. The
resulting PCR product, encoding the entio@Agene, was digested wiNdd and Xhd,
and ligated intdNdd and Xhd digested pET23a(+) (Novagen). The resulting veatas
designated pUMJYO010 and verified via DNA sequenc@gwth, expression, and
purification protocols used were the same as f@ $above).

High Resolution Mass Spectrometfhe purifiedE. faecalisPPCS was dialyzed
against HO, and brought to 50/50 methanol/water containi#gf@rmic acid. The
sample (final protein concentration of 0.2 mg/mlgsmsubmitted for positive-ion ESI-
MS.

Synthesis of 4’-phosphopantothendtePhosphopantothenate was synthesized

via previously published proceduré&s.(
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Synthesis of [carboxyfO]Phosphopantothenat®lethyl D-pantothenate (18.6
mg, 80 pmole) was treated with 0.4 M*R@H in 200 pL final volume (8 pL of 10 M
NaOH and 192 pL of 97%40 for a final concentration of 93.28%0) for 2 hours at
room temperature. The reaction was then neutrabyeapplying to an AG MP-50 resin
spin column (H form; 1 mL) and centrifuged at 100Qyxor 2 minutes to yield
[carboxy}'®0] p-pantothenate. The labeled pantothenate was thereded,
biochemically, into §arboxyt-%0] b-phosphopantothenate by incubating at 30°C
overnight in the presence of 1.1 equivalent ATP BddM E. faecalispantothenate
kinase in 50 mM HEPES, pH 8.0 (5 mL final volumEfe reaction was separated on a
Source 15Q column (8 mL) via a linear gradientielubf O - 0.4 M NaCl in water.
Fractions containing labeled phosphopantothenatected enzymatically using the
PPCS assay (described below), were combined apdilized. The lyophilized fractions
were subjected to gel filtration on a BioGel P-2uaan (240 mL) in water to remove
NaCl. The relevant fractions were lyophilized ahdracterized"H NMR (500 MHz,
D,0): 80.82 (s, 3H), 0.99 (s, 3H), 2.41 (t, 2H), 3.39,(&H), 3.42 (dt, 2H), 3.75 (dd,
1H), 4.1 (s, 1H)**C NMR (125 MHz, BO): 5 17.96 (s), 21.42 (s), 36.12 (s), 36.72 (),
38.35 (d), 70.69 (d), 74.77 (s), 174.76 (s), 188.@6 caboxylatéfO), 180.295 (s,
caboxylate’®0), ratio of carboxylate species 92 to D(to*°0; Figure 2.5).

30 Transfer ReactiorReaction mixture of 10 mM CTP, 10 mM MgC12 mM
[carboxy}+®O] b-phosphopantothenate, 10 mMysteine, 10 mM DTT, and 2.4 p&l
faecalisPPCS in 500 pL of 100 mM Tris HCI pH 7.6 was inatga for 1 hour at 37°C.
The reaction was then filtered through a Microcdavi-YO membrane (Amicon) at 13,000

x g and 15°C for 30 minutes to remove the enzyme h&dittrate was added 120 pL
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H,0, and the solution was analyzed Y8 NMR. Analogous control experiments with
unlabeled-phosphopantothenate or without enzyme were aldorpeed.

NMR spectroscopyProton-decoupletfP NMR spectra were recorded on a
Bruker DRX500 spectrometer (11.75 T) at a probegenature of 298 K, tuned to 202.4
MHz, using 5-mm high resolution NMR tubes. Speetese obtained with a spectral
width of 80000 Hz, 1.0 s relaxation delay, and 88,Zomplex points in the time domain
using simultaneous detection of real and imagicangponents. The time domain data
were apodized with an exponential (0.5 Hz) priozeoo-filling followed by Fourier
transformation. Chemical shifts are reported re¢ato an external sample of 10 mM
inorganic phosphate (0.0 ppm) in 100 mM Tris-HG (p.6) and 10%H,0.

Proton-decouple®C NMR spectra were recorded on a Bruker DRX500
spectrometer (11.75 T) at a probe temperature ®K2%uned to 125.7 MHz, using 5-
mm high resolution NMR tubes. Spectra were obtaimigld a spectral width of 25000
Hz, 1.0 s relaxation delay, and 32,768 complexfgsamthe time domain using
simultaneous detection of real and imaginary corepts1 The time domain data were
apodized with an exponential (0.5 Hz) prior to zkitong followed by Fourier
transformation. Chemical shifts are reported reéato tetramethylsilane (0.0 ppm).

Enzyme Assayrhe PPCS reaction was observed in the forwardioravia an
enzyme linked assay, where the production of pyssphate from PPCS activity was
coupled to the oxidation of NADH, which could bemitored as a disappearance of
absorption at 340 nm. All of the components ofgiiophosphate detection system are
available commercially as the Pyrophosphate Regd§é&tfrom Sigma-Aldrich. It was

necessary that additional units of PPi-PFK be addé¢lde commercial preparation in
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order to use it as a continuous assay. With thidification, PPCS activity could be
observed in real time under our experimental caoiit The assays were performed on a
SpectraMax M5 (Molecular Devices) microplate reag®ng 96-well half-area plates
(Costar UV), where each assay has lD@inal volume. Each vial of the PR was
resuspended in 4.5 mL of 100 mM HEPES pH 7.6. Hsaymix consisted of 30 PR,
1U of additional PPi-PFK, 10 mM DTT, and varyinghcentrations of the substrates
(CTP,L-cysteine, and PPA) in a volume of ZD buffered in 50 mM Tris-HCI and pH
7.6. All assay mixes contained Mg@h 1:1 molar stoichiometry with nucleotide
triphosphate in addition to the 2 mM Mg@lready present from the PR. The assay mix
and the enzyme solution (275 nM PPCS in 50 mM A@&-pH 7.6) were incubated at
37°C for 15 min before the assay. Reactions watiatied by adding 3QL of enzyme
solution to the assay mix. The oxidation of NADHymitored by a decreasing UV
absorbance at 340 nm ¥ 6.22 mM'cm™), was measured over the course of the assay
and the activity of the enzyme was calculated Qysdohg for pathlength (0.5 cm) and
taking into account that each mole of pyrophosppatduced leads to the oxidation of 2
moles of NADH. Assays were run in duplicates, viit average velocities reported.

Initial Velocity StudiesPairwise analysis, where initial velocities wareasured
with varying concentrations of one substrate ded#int fixed concentrations of a second
substrate while holding the third substrate atrsdéitan, were conducted. For instance,
initial velocities as a function [CTP] were measliat several fixed levels of [PPA] (0.6,
0.3, 0.15, 0.075, and 0.0375 mM) with constantlle¥¢cysteine] (1 mM). Pairwise

analyses were performed for all three substratiss se
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Product Inhibition Studiednitial velocities were measured against différen
concentrations of one substrate with fixed conegimins of the other two substrates and
different fixed concentrations of the product intob For example, initial velocities
versus [CTP] were measured at 0.15 mM PPA, 1 mNeoys, and several fixed levels of
[CMP] (O, 250, 500, and 10Q@M).

Data Analysisinitial velocity was first graphically analyzed hineweaver-

Burke double reciprocal plots. Velocity versus ¥aeying [substrate] data was fit to
equation 1 to determine ti&,>*® andk., ", which was in turn used to derive the fitting
lines in the Lineweaver-Burke plots. The differpatterns in the Lineweaver-Burke plots
arising from the pairwise or inhibition analysissuzsed to determine which terreactant
kinetic mechanism describes PPCS. The initial vglatata from the three sets of
pairwise analysis was fit to the initial velocitgueation (equation 2) describing the
appropriate mechanism (Bi Uni Uni Bi Ping Pongylegermine the relevant kinetic
parameters. Likewise, product inhibition data wted to the appropriate product

inhibition equations (equation 3-5) to determine télevant kinetic parameters.

_ VialAl
Vg
- V... [AIBI[C] (2)
KoK alCl + K o[AI[B] + K [AI[C] + K, [BIIC] +[AIBI[C]

KmA(l_'_ KiaKmB + KiaKmB[R] +|R]J+[A](1+ KmB + Kij
KnalB] KoK [B] K, [B] [C]

Ir
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V= Vmax[B] ( 4)

KmB[1+Kia+ Kia[R]J"'[B](l"‘ KmA + KmC + KmA[R]j
[Al K, [A] Al [C] K [A]

Vmax [C]

V= )
ch +[c][1+ KmA + KmB + KiaKmB + KiaKmB[R] + KmA[R]j
[Al [B] [AIIB] K{[AIIB] K;[A]

In these equations,is initial velocity andVmax is maximum velocityKma, Kmg,
andKc are the Michaelis constants for substrates Anl,@, respectivel\Kia is the
dissociation constant of substrate A &qds the inhibition constant of the product R.

Isothermal Titration Calorimetryisothermal titration calorimetry (ITC) was
performed to determine the dissociation constagtpKCTP to theE. faecalisSPPCS
enzyme. The experiment was conducted on a VP-I'§€ument from MicroCal. The
titration experiment was run at 30°C with 50 iBMifaecalisPPCS enzyme and 15 mM
Mg-CTP, both in 50 mM sodium phosphate buffer, p6l The solvation energy of
injecting Mg-CTP was determined by performing thene above experiment, except
substituting the dialysis buffer for enzyme in gaanple cell. The solvation energy was
subtracted from the corresponding titration ene¢ogget the energy of binding. The
collected result is analyzed via the Origin sofvé@riginLab Corp), using the one site

model with the stoichiometry of binding, n, heldlatequation 6.

oo (MIAHVG) | 11, 1 ‘J(“ L, , 1 j A
2 v, kM1, U M, (K, ) i,

RESULTS
Expression and Purification of recombinant E. fdecBRPCS From the Source

15Q anion exchange column, PPCS eluted at 200 m®.Naactions containing PPCS
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from the anion exchange column were further putifiea gel filtration chromatography,
and PPCS was >98% pure as determined by SDS-PAG& ¢F2.3) after gel filtration
chromotography. Approximately 30 mg of soluble PR@S obtained per liter of cell
culture from our purification procedure. The natolgjomerization state of PPCS was
determined via gel filtration, where the elutiofurae of PPCS on a Superdex 200 HR
column was compared to the elution volumes of knpvatein standards (Bio-Rad gel
filtration standard). Compared to the known staddaPPCS eluted as an approximately
60 kDa molecule, which is suggestive of a homodi(menomer weight of 28.5 kDa for
a theoretical mass 57 kDa).

The molecular weight of PPCS was determined bytipesion ESI-MS, Figure
2.4. The purified PPCS has a molecular mass of2840a, corresponding to the
calculated mass of the recombinant protein (285Pa)associating with one molecule
of sodium (23 Da) and without the amino terminatmanine (133.2 Da). The mass
determination shows th&t faecalisPPCS has no additional mass from the likes of
attached prosthetic group, in agreement with preshocharacterize#. coliPPCS 9).

ATP/CTP Specificity of E. faecalis PP ®cause the sequence homologi of
faecalisPPCS is similarly divergent from both human &aaoli PPCS, the nucleotide
specificity ofE. faecalisSPPCS was determined. ThRefaecalisenzyme was assayed in
the presence of either 10 mM ATP or CTP, 0.6 mM P&Al 1 mM cysteine (saturating
conditions for all substrates). The PPCS reactith &TP showed only 8% of the
activity compared to the PPCS reaction using CTlifgssting that thE. faecalis

enzyme is highly selective for CTP like other baele®PCS.
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Oxygen Transfer during PPCS Catalydisom the**C NMR spectrum of
[carboxy}®O] phosphopantothenate, two NMR resonances sepdrgt@.027 ppm,
corresponding tocarboxyt°0] phosphopantothenate arwhifboxyt°0]
phosphopantothenate are observed. These two resmiategrate to a ratio of 1 to 9.2,
signifying that the labeled phosphopantothenatéatos 90% %0 distributed between
the two carboxylate oxygens, consistent with thegetage ot’0 (93%) contained in
the saponification reactioncdrboxyt®0] Phosphopantothenate was used as a substrate
for theE. faecalisPPCS enzymatic reaction to observe the formatidheo
phosphopantothenoyl cytidylate intermediate. Atehd of the reaction, the PPCS
protein was filtered out of solution aftlP NMR spectra was taken on the remaining
solution. Two NMR resonances, 0.025 ppm apart, wbserved corresponding to CMP
labeled with one or zer8O atom, Figure 2.5. The upfield shifted CMP resaean
corresponding t6%0 labeled CMP, represents approximately 45% ofdate CMP
resonances, consistent with the transfer of otbeofwo equivalent carboxylate oxygens
of PPA. A single resonance corresponding to un&b&€MP was observed in ti#®
NMR spectra of the control reaction, where unlagkphosphantothenate was used as
substrate. The incorporation 80 from [carboxy}+?0] phosphopantothenate into CMP
over the course of the PPCS enzymatic reactioansistent with the formation of the
proposed phosphopantothenoyl cytidylate intermediat

Enzyme Mechanisnnitial velocity was measured against varyingaamtrations
of one substrate at fixed, changing levels of @asdsubstrate. The resulting data was
plotted as a double reciprocal plot and the resuifatterns were used to diagnose the

enzyme mechanism. In the double reciprocal platigal velocity against [CTP] at
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various [PPA] with saturating [cysteine], the fittknes intersect to the left of the y-axis,
consistent with CTP and PPA having a sequentiatiogiship to each other, Figure 2.6.
Thus, in the overall mechanism, both CTP and PPAtromd to the enzyme before
potential product release steps. In the doublgrecal plot of initial velocity against
[cysteine] at various [PPA], the fitted lines aaralel, consistent with a mechanism
where PPA and cysteine are Ping-Pong with respezac¢h other, Figure 2.7. In the
overall mechanism, the binding of PPA and the lgdif cysteine are interrupted by a
product release step. Likewise, the double recadrplot of initial velocity against
[cysteine] at various [CTP] also exhibits a patgiiattern, consistent with a mechanism
where PPA and CTP are Ping-Pong with respect to ether, Figure 2.8. Given that
CTP and PPA must both bind to the enzyme beforegpasguct can release, the only
terreactant mechanism consistent with the obsgraedise relationships between the
substrates is the Bi Uni Uni Bi Ping Pong mechanism

To determine the order of CTP and PPA bindingptteeluct inhibition patterns
of CMP with respect to the three substrates aremaa. In the double reciprocal plot of
initial velocity against [CTP] at various [CMP].gliitted lines intersect on the y-axis,
consistent with CMP as a competitive inhibitor wiéispect to CTP, Figure 2.9. In the
double reciprocal plot of initial velocity agaifBtPA] at various [CMP], the fitted lines
intersect in the second quadrant, suggesting thR S a noncompetitive inhibitor with
respect to PPA, Figure 2.10. Finally, in the doublgprocal plot of initial velocity
against [cysteine] at various [CMP], the fittedelinare parallel, suggesting that CMP is
an uncompetitive inhibitor with respect to cysteiRgure 2.11. Together, the three sets

of inhibition patterns are consistent with a Bi Wmi Bi Ping Pong mechanism where
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CTP binds first to the free enzyme and CMP is saddast to give the free enzyme
(Figure 2.12).

The steady state kinetic parameters are deternbpditting the collected data to
the initial velocity equation of a Bi Uni Uni Bi Bg Pong mechanism, equation 2, and are
collected in Table 2.1. The inhibition patterng<GMP with respect to the three
substrates, as well as the calculdfedf CMP from each set of inhibition data are
collected in Table 2.2.

Isothermal Titration ColorimetryThe dissociation constantgkfor Mg-CTP
binding toE. faecalisPPCS was determined via isothermal titration caletry. The heat
of binding from injecting Mg-CTP was integratedgiwe the binding isotherm, Figure
2.13. The binding isotherm was fit to a one sitelelpand the association constant, K
was calculated to equal 1.55%101.4x1G M™. The dissociation constantg,kof Mg-
CTP was determined to be 645 uM by taking the swer K, This Ky is extremely
close to the dissociation constant of CTP calcdl&iem the kinetic studies (defined as
Kia), 650 UM, despite minor differences in experimeotaditions. The matching
dissociation constants from two independent expamisistrongly support a mechanism
where CTP binds first to the enzyme, as the caledl&;, variable of a similar random
ordered binding mechanism would consist of a coation of different rate constants
and thus be expected to have a different valuettheiiy of CTP calculated from the
ITC.

DISCUSSION
Phosphopantothenoylcysteine synthetase catalyeesntide bond formation

between 4’-phosphopantothenate arntd/steine in the second enzymatic step of CoA
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biosynthesis{, 9. Because of the essential function of CoA inghewth and survival

of all living organisms, selective inhibitors ofdbarial PPCS activity could be broad
spectrum antibioticsd( 6). PPCS fronk. faecalisrepresents a previously
uncharacterized class of bacterial PPCS, foundversl clinically and bioterrorism
relevant bacteria, such 8sreptococcus pneumoniaedBacillus anthracig5, 10. This
class of PPCS is expressed monofunctionally, inrashto other bacterial PPCS, which
are expressed as a fusion protein with phosphottertoylcysteine decarboxylase, the
next enzyme in the pathway. In order to better wstdad the biochemistry of PPCS to
facilitate inhibitor designk. faecalisPPCS has been cloned, overexpressed, and purified.
The purified protein underwent kinetic and isotdiceling studies to better understand
the mechanism of this novel class of monofunctiduaaiterial PPCS.

Even thougtE. faecalisPPCS has similarly distant homology to both the
bifunctional bacterial PPCS and the monofunctidnathan PPCS, our kinetic studies
found thatE. faecalisPPCS is CTP specific like all other bacterial PRG&acterized to
date B). Thus, it’s likely that all bacterial PPCS, whetlexpressed as a bifunctional
polypeptide with PPCDC or as a monofunctional pmtare CTP-specific. In contrast,
the monofunctional human PPCS has been reportieel £IP selectivé(-7). The
observed difference in nucleotide specificity bedwéhe bacterial and mammalian PPCS
likely have implications regarding the evolutiordaegulation of the CoA biosynthetic
pathway, and could also offer the biochemical déifees required to develop selective
bacterial PPCS inhibitord 4).

To establish the formation of the proposed phosphtgthenoyl cytidylate

intermediate in the PPCS enzymatic reactté@, transfer studies were conducted on the
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PPCS enzymatic reaction. Becal® has a significant one-bond nuclear shielding
effect upon carbon and phosphorus atoms, the grasthe'®O atom can be observed
via NMR in terms of the resulting upfield shift thiese nucleil5-19. When farboxyt
180]-labeled phosphopantothenate was used for thé&SRPEymatic reaction,
approximately half of th&°0 were incorporated into the phosphate group ofehetion
product CMP. This is consistent with a kinetic metsm where the
phosphopantothenoyl cytidylate intermediate is farfrom the attack of the carboxylate
of PPA on thai-phosphate of CTP with release of pyrophosphatthdrsecond half
reaction, attack from-cysteine on the intermediate produces
phosphopantothenoylcysteine and CMP, with one@bttygen in the carboxyl group of
PPA transferred into the product CMP. The phosphtmthenoyl cytidylate intermediate
has been observed in the crystal structure of 0B mutank. coliPPCS which
cannot complete the enzymatic reaction, but hershegv that the phosphopantothenoyl
cytidylate intermediate is formed over the coursthe PPCS enzymatic reactialsj.

Our kinetic and ITC studies found tHatfaecalisPPCS follows a Bi Uni Uni Bi
Ping Pong kinetic mechanism where CTP bindings dinsl CMP releases last. The
observed structural changes of the previously alygtd N210D mutanE. coliPPCS is
consistent with our proposed mechanidi®) (In the structure of the apo-form of the
coli PPCS, residues 284-299 and residues 354-363 egsalved and presumed to be
disordered. Since several of these disordereduesitbrm contacts with the substrate
PPA, the cleft where PPA eventually binds is not feemed and solvent exposed as a
result. In contrast, the CTP binding pocket is ydstrmed, and CTP presumably can

bind. In the CTP bound structure, residues 284-288, and 299 become ordered and
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interact with the binding site on the other dineehelp fully form the PPA binding cleft.
From the crystal structure, the binding of CTPeiguisite for the binding of PPA,
consistent with the ordered binding mechanism vop@se.

The Ping-Pong portion of the proposed kinetic maidm refers to the release of
PR prior to the binding and attack of cysteine. TWas observed in the crystal structures
as well. When both PPA and CTP were soaked witlptbin crystal, 4'-
phosphopantothenoyl cytidylate was resolved irbihding site, with pyrophosphate no
longer present, consistent with the release gbBfére the nucleophilic attack from
cysteine 13). In the same structure, residues 354-363 becadszanl so most of the
phosphopantothenoyl cytidylate intermediate waknger solvent exposed, except for
the activated acid group which the cysteine wottigick in the second half reaction.
When all three substrates were soaked with theaisysonly CMP is observed in the
active site, suggesting that phosphopantothenagieswas released first, same as the
order proposed in our kinetic mechanism.

From our kinetic, chemical, and ITC studies, weedrined thak. faecalisSPPCS
follows a Bi Uni Uni Bi Ping Pong mechanism with EDbinding first and CMP releasing
last. Our proposed mechanism is consistent with fitatn literature, including a series of
crystal structures of the N210D mut&ntcoli PPCS. In our proposed mechanism, CTP
and PPA bind sequentially to the PPCS enzyme td egal form the proposed 4'-
phosphopantothenoyl cytidylate intermediate wileased of pyrophosphate. Neixt,
cysteine attacks the carbonyl group of the mixddsdnde to form the reaction products
phosphopantothenoylcysteine and CMP, with phospitogfzenoylcysteine released

before CMP.
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Figure 2.1: Biosynthesis of 4’-phosphopantetheinenfpantothenate.
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Table 2.1: Kinetic Parameters 6f faecalisPPCS at pH 7.6 and 37°C

Kictp 650 + 350uM
KmcTp 160 + 20uM
Kmbpa 17 + 6uM
Kmeys 86 £ 7uM
Keat 2.9+0.1 set
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Table 2.2: Product Inhibition Patterns forfacaelisPPCS

inhibitor variable fixed pattern calKicup
substrate substrates

CMP CTP PPA, comp 760 + 9QuM
cysteine

CMP PPA CTP, mixed 520 + 2QuM
cysteine

CMP cysteine CTP, uncomp 730 + 10QM

PPA
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Chapter 3

Characterization of Human Phosphopantothenoylcysteine Synthetase

BACKGROUND

Phosphopantothenoylcysteine synthetase (PPCS;EZHcoaB) is the second
enzyme in the biosynthetic pathway of coenzymenfessential biological moleculé-(
3). CoA functions as a biological acyl carrier, ugefunctions both essential, such as
fatty acid metabolism and pyruvate oxidation, andessential, such as polyketide and
non-ribosomal peptide biosynthesis4). CoA is synthesized from pantothenate (vitamin
Bs) via five enzymatic stepd.( 2, 5-3. The first three enzymatic steps result in the
synthesis of phosphopantetheine, which containgaapy thiol group that is responsible
for the chemical reactivity and biological activitf CoA and acyl carrier proteins (ACP)
(5, 6. The final two enzymatic steps result, overallthe ligation of phosphopantetheine
to an adenosine-3,5-diphosphate group, which fanstprimarily for substrate
recognition by CoA-utilizing enzymes and as a lag\group for phosphopantetheine
loading onto carrier proteing,(6). Because molecules containing the
phosphopantetheine group are vital to life, the @asynthetic pathway presents an
interesting antimicrobial target (2, 8, 9.

Preliminary studies on the human PPCS found thadewhe human enzyme can

use both ATP and CTP, under saturating substratéittons, the observed enzyme

The work described in this chapter has been pudisfyao, J., and Dotson, G. D.
(2009) Kinetic characterization of human phosphopi#uenoylcysteine synthetase.
Biochim. Biophys. Acta, Proteins Proteomld94 1743-1750.
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turnover is four times faster under ATP condititimsn under CTP condition§)( In
contrast, bacterial PPCS, whether monofunctiorexd|yressed, like iEnterococcusand
Streptococcuspecies, or bifunctionally expressed with phospind@thenoylcysteine
decarboxylase (PPCDC), like in the majority of othacterial species, are CTP specific
(5, 10-13. This difference in nucleotide specificity betwmdauman and bacterial PPCS
raises the possibility of designing selective intioits of bacterial PPCS.

Recent studies carried out on theterococcus faecaliBPCS showed that the
monofunctional bacterial PPCS catalysis proceeas\Bi Uni Uni Bi Ping Pong kinetic
mechanism, which involves the formation of a phaggamtothenoyl cytidylate
intermediate, Figure 3.1.8). However, detailed kinetic and chemical charaza¢ions of
PPCS from human have not been reported. In théystborough steady-state and
inhibition kinetic studies are performed on theifoed human PPCS to determine its
overall kinetic mechanism. Also, isotopic oxygesmsfer studies are carried out to
establish the chemical mechanism, as well as thkiation of divalent metals to
determine those that support enzymatic catalyssilll, the nucleotide specificity of the
human PPCS relative to tke faecalisSPPCS is assessed to determine the feasibility of
designing bacterial selective PPCS inhibitors baseducleotide selectivity differences.
MATERIALSAND METHODS
Materials

The chemicals used were of reagent grade or battdrused without further
purification. The Mono Q 5/50 GL column was puradt&om GE Healthcare. Ni-NTA
resin was from Qiagen. Calcium pantothenate, ATH; Pyrophosphate Reagent,

ampicillin, isopropylp-D-1-thiogalactopyranoside, sodium chloride, magmas
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chloride, imidazole, sodium hydroxide, methanotni@ acid, dithiothreitol,.-cysteine,
HEPES, Tris HCI, and 97%%D] water were purchased from Sigma-Aldrich. Luria-
Bertani agar and broth were from Difco. UTP, GTij 8L21(DE3)Escherichia coli
cells were purchased from Invitrogen. DNA restdntand ligation enzymes were from
New England Biolabs, while XL-1 Blug. colicells were from Stratagene. Qiagen
minispin kits were used for DNA purification anegtahup, while DNA sequencing was
performed by the University of Michigan DNA SequergcCore facility.
Cloning, Overexpression, and Purification of hunRCS

TheE. colicodon optimized human PPC&&B) gene, engineered withNdd
restriction site upstream andad restriction site downstream of the gene (no stop
codon), was obtained from DNA 2.0, Inc. (Menlo R&K, USA). The synthesized gene
was restricted witiNdd/Xhd and ligated into pET23a(+) (Novagen) restrictathw
Ndd/Xhd. The resulting construct was sequenced and dasdrpUMJY 120hoE. coli
strain BL21(DE3) carrying plasmid pUMJY120ho waswgn in four 1 L flasks each
containing 250 mL of LB broth with 100 mg/L of amilin. The cultures were incubated
at 37°C with shaking (250 rpm) to an optical dgnait600 nm of 0.6. The cultures were
then cooled to 25°C, induced with a final concergraof 0.5 mM IPTG, and allowed to
grow overnight at 25°C and 250 rpm. Cells from¢h&ures were harvested by
centrifugation at 5,000 x g, washed with 50 mL 6f@M HEPES pH 8.0, and finally
resuspended in 15 mL of 20 mM HEPES pH 8.0 for digehof culture. The cells were
mechanically lysed via French Press, and the iegudtuspension separated at 20,000 x g
for 30 min. The crude cytosol was rocked gentlyhvii-NTA resin (4 mL per 1 L

culture) in a solution of 10 mM imidazole and 20 MEPES pH 8.0 for 15 minutes.
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The resin mix was placed in an empty 20 mL chrograehy column and the flow
through volume collected. The column was washel witolumn volumes (CV) of 50
mM imidazole, 20 mM HEPES pH 8.0, followed by 5 G¥50 mM imidazole, 500 mM
NaCl, 20 mM HEPES pH 8.0, and 2 CV of 20 mM HEPHES8X. Finally, the column
was eluted with 250 mM imidazole, 20 mM HEPES p8Bl he eluted fractions were
diluted 4-fold, and loaded onto a Mono Q 5/50 Gluom pre-equilibrated with 3 CV of
20 mM HEPES pH 8.0 buffer. The column was washet @iCV of equilibration buffer
and eluted over a 10 CV linear gradient of 0 —Nd.BlaCl in 20 mM HEPES pH 8.
Electrospray Mass Spectrometry (ES-MS).

Protein mass spectrum was acquired by the UntyasEMichigan Protein
Structure Facility. Purified human PPCSgH#5 uM) was analyzed by LC-MS on a
nanoAcquity/Qtof premier instrument. The sample diaged 1:10 with 0.1% formic
acid and a 1@l aliquot was chromatographed on a C8 column. TRE€ ¥ peak was
analyzed by ES-MS in positive ion mode.

Synthesis of 4’-phosphopantothenate.

4'-Phosphopantothenate (PPA) andrpoxyt?0] phosphopantothenate were
synthesized as previously descrid)( The'?0-labeled PPA contains 93%0 in the
carboxylate group as measured'fy-NMR analysis %, 13.

80 Transfer Reactions.

Reactions, consisting of 7.1 uM human PPCS, 10 njClM 12 mM [carboxyt
'%0] phosphopantothenate, 10 mM L-cysteine, 10 mM Dard either 10 mM ATP or
CTP in 500 pL of 200 mM Tris HCI pH 7.6, were inadéd for 60 min at 37°C.

Reactions were then filtered via centrifugatiorotigh a Microcon YM-10 membrane
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(Amicon) at 13,000 x and 15°C for 30 minute&,0, 120 pL, was added to the filtrate,
and the mixture analyzed B{P NMR. Control reactions were performed containing
either no enzyme or unlabeled phosphopantothenate.

Proton-decoupletfP NMR spectra were recorded on a Bruker DRX500
spectrometer (11.75 T) at a probe temperature ®K29uned to 202.4 MHz, using 5-
mm high resolution NMR tubes. Spectra were obtaumiglal a spectral width of 80000
Hz, 1.0 s relaxation delay, and 32,768 complexfgsamthe time domain using
simultaneous detection of real and imaginary corepts1 The time domain data were
apodized with an exponential (0.5 Hz) prior to zkitong followed by Fourier
transformation. Chemical shifts are reported re¢ato an external sample of 10 mM
inorganic phosphate (0.0 ppm) in 100 mM Tris-HG (p.6) and 10%H,0.

Enzyme Kinetics

The previously optimized enzyme linked assay, whiaegoroduction of
pyrophosphate in the PPCS reaction is linked tm#i@ation of two molecules of
NADH, was used for kinetic studie$d). Assays were performed in 96 well format in a
final volume of 100 pL, using the SpectraMax M5 roplate reader from Molecular
Devices. Enzyme solutions, (1.16 uM PPCS for ATRt&@ioing experiments and 1.55
UM PPCS for CTP containing experiments and inlohigxperiments) buffered in 100
mM Tris HCI pH 7.6, and assay mix, consisting & flyrophosphate linked assay
components, 10 mM DTT, and various concentratidrsaibstrates and inhibitor, were
incubated at 37°C for 15 minutes before the reaclibe reactions were started by
adding 30 pL of the enzyme solution to 70 pL obgssix. The oxidation of NADH, as

monitored by the decreasing absorbance at 340 ms\nveasured over the course of the
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reaction. The activity of the enzyme was calculdtgdaking into account that each mole
of pyrophosphate causes the oxidation of 2 mol@$AddH, with £340= 6.22 mM'cm’™
for NADH. The average activity of duplicate assagg is reported.

Pairwise and inhibition kinetic studies were cortdddo determine the
mechanism of the enzyme. In pairwise kinetic stsidi@tial velocities were measured as
a function of a first substrate, with changing camtcations of a second substrate and
fixed concentrations of a third substrate. Foransg, initial velocity versus [ATP] were
measured at several different [PPA] (50, 75, 160,200 uM) at 1 mM cysteine.
Pairwise analyses were performed for the threeilplessubstrate combinations under
both ATP and CTP substrate conditions. For infobistudies, initial velocities as a
function of one substrate is measured at fixed eotrations of the other two substrates
and various concentrations of the desired inhibFor example, initial velocity against
[CTP] was measured at several different concentratof [CMP] (0, 1.5, 3, 5 mM), 0.1
mM PPA, and 0.1 mM cysteine. Inhibition kinetics@¥IP and AMP with respect to
ATP and CTP are examined. Inhibition of UTP and GgRinst CTP was also studied.
Initial velocities from pairwise and product inHibn experiments were plotted as
double-reciprocal Lineweaver-Burk plots. Nonlinéato equation 1 was used to
determineK,,"**P andk.s** for each set of initial velocity data, with thdaadated
parameters used for fit in the Lineweaver-Burk gldthe patterns of the Lineweaver-
Burk plots were used to diagnose the inhibitiokioetic mechanism, and the initial
velocity data was fit to the relevant kinetic egoias of the determined mechanism,
equations 2 and 3. In cases where cooperativityolbasrved, the data was fit to the

analogous equations modified for cooperativityarisimple Hill model where the Hill

65



constant, n, was used to measure cooperativitgtems 4 and 5. Lineweaver-Burk plots
of cooperative substrates were modified by makiegx-axis a function of 1/[Sfather
than 1/[S]. In some cases, the data was plottétllBBlots to compare the degrees of
cooperativity, and fits in the Hill plot was deténad using the calculated K;,>* and

at"". The inhibition equation of inhibitors competitit@the first substrate was derived
via the same logic and method used to derive forpsditive inhibitors of bisubstrate
enzyme reactionld). The resulting equation is the same as the itibibequation for the
last product to release, equation 3. This was drdexs under steady state initial velocity
conditions, the last product to release only irdesravith the free enzyme as a competitive
inhibitor to the first substrate that binds. Thilg inhibition constant of competitive

inhibitors to ATP/CTP was calculated via fittingeéquation 3.

VAl
ke Y
Vil AlIBIIC] @
" KK olCl+ K o[AI[B] +Ko[AIIC] + K ,[BI[C] +[AI[BI[C]
V: Vmax[A] (3)
Km{1+ KiaKns , KiaKpelRI [R]]HA](HKMKWJ
KmA[B] KmAKir [B] Kir [B] [C]
o VAT

( app) +[A]"

VinalAl " [BI[C]
K "KrelCl + K [A]"[B] + K o [A]"[C] + K,,,,"[BI[C] +[A]"[BI[C]

Eikonogen Assay.he Eikonogen assay, which allows for direct quenatiion of
pyrophosphate, was used to study the effects alelv metals on PPC35, 16.

Eikonogen assay components were made as desaniliegtature. The assay was
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performed by quenching the volume of interest \Bidhu L of 2.5% w/v ammonium
molybdate in 5 N sulfuric acid. Next 50 pL of 0.5@Mnercaptoethanol and 20 pL of
Eikonogen solution were added sequentially to thé¢ure. The mixture was incubated at
37°C for 10 minutes, and then absorbance at 58Wasiread to quantify the amount of
pyrophosphateségo = 25,000 M* crri?).

PPCS Metal Dependencéhe activity of human and. faecalisPPCS in the
presence of 100 pM to 1.25 mM of RigMn?*, zr**, F&*, and Cd" as well as no
divalent metal was measured via the previouslynitest Eikonogen assay. A 40 pL
enzymatic reaction containing 100 nMm@ffaecalisPPCS or 600 nM of human PPCS,
300 pML-cysteine, 300 uM phosphopantothenate, 1 mM DTT, 5@ CTP, 5 mM
DTT, and one of the above divalent metals overrecentration of 100 uM to 1.25 mM
in 100 mM HEPES, pH 8.0 was run at room temperatfline reaction was quenched
with the Eikonogen assay after 25 min at room tegatpee, and the activity was
determined. The results were compared to a cowitbino divalent metals and a control
with no enzyme. The enzyme turnover was calculaginigess, = 25,000 M* cmi* for
the detection of pyrophosphate by the Eikonogeayassd that adding 120 uL of the
various Eikonogen components to the 40 L aligiogaction dilutes the original
reaction volume by 4 fold. Assays were performeduplicates with the averages
reported.

Metal Inhibition ExperimentPairwise competition experiments, where initial
velocity against [M§] is measured at fixed, changing concentratior€ef] and 1.25

mM CTP, 0.6 mM PPA, and 0.6 mM L-cysteine with 100 E. faecalisPPCS (or 400
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nM human PPCS), was conducted using the EikonoggayaAssays were performed in
duplicates with the averages reported.

Inductively Coupled Plasma Mass Spectrometry of PR€luctively coupled
plasma mass spectrometry (ICP-MS) were performegaluoified human ané&. faecalis
PPCS to determine the amount of various divalenaisia@ssociated with the enzymes.
ICP-MS was performed by the W. M. Keck Elementab&eemistry Laboratory at the
University of Michigan. Samples containing approately 100 uM of enzyme, along
with the blank purification buffer, were submittdthe concentration of the metals and
mole equivalent of metals reported are adjustedh®ibasal amount of metals present in
the purification buffer.

RESULTS
Purification of Recombinant Human PPCS

A T7-RNA polymerase promoter based expression pthgpET23a) was used to
overexpress human PPCSHNcoli BL21(DE3). TheE. colicodon optimized open
reading frame expressed very well upon inductiam W TG at 25°C, yielding 10 mg of
soluble purified PPCS per liter of cell culture eT@-terminal histagged protein was
purified by metal affinity chromatography (Ni-NTA9llowed by an anion exchange
column to remove imidazole and trace protein impsi The protein was >95% pure as
determined by SDS-PAGE gel, with a specific agsiat 0.9 umol/min/mg.

Electrospray mass spectrum of the purified PPCSefaige a molecular mass of
34,939.5 + 3.5 Da, and is consistent with the mdéganass of the engineered protein

predicted from the DNA sequence, minus the N-teatmmethionine, Figure 3.2.
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Nucleotide Selectivity and ATP Cooperativity

In the presence of the same amount of PPCS, thsureshmaximal velocities
utilizing either ATP or CTP as a substrate weréini80% of each other, suggesting that
the human PPCS enzyme does not have a significef@rence for ATP or CTP, and can
use either nucleotide with similar efficiencies.w&ver, neither GTP nor UTP supported
enzyme activity with the human enzyme, as wasthisecase for th&. faecalisPPCS
(data not shown). Pairwise and inhibition kinetiperiments were then conducted to
determine the steady state kinetic constants ofitinean PPCS enzyme under both ATP
and CTP substrate conditions.

While the velocity versus [CTP] curve is a standayderbolic curve that fits to
the form of a standard Michaelis-Menten equatiba,velocity versus [ATP] curve is
more sigmoidal, indicative of cooperativity in ATihding. This apparent cooperativity
was observed consistently at different concentnataf PPA and cysteine. Fitting the
velocity versus [ATP] curve to a Michaelis-Mentequation modified for cooperativity
via the Hill model, equation 4, we found that thé ebnstant, n, is equal to
approximately 1.7 for ATP at varying concentratiofgysteine and PPA. In
comparison, the theoretical maximum Hill constamtdositive cooperativity is equal to
the oligomeric state of the enzyme, which woul®ler the dimeric human PPCS. Thus,
the human PPCS has strong positive cooperativitpA1d?, but is not cooperative for
CTP. Additional kinetic experiments found that e@yseé and PPA do not exhibit

cooperative behavior under ATP or CTP conditions.
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Enzyme Mechanism

In the double reciprocal plot of initial velocitgainst [CTP] with changing
[PPA], the initial velocity patterns intersect teetleft of the y-axis, Figure 3.3. This
pattern supports a mechanism where CTP and PPBoarel to the enzyme sequentially,
prior to chemical reaction and product releasehéndouble reciprocal plot of initial
velocity against [CTP] with changing [cysteine]etimitial velocity patterns at different
[cysteine] are parallel, Figure 3.4, which is sugjye of a Ping Pong relationship where
there is a product release between CTP and cydteideng. Likewise, the double
reciprocal plot of initial velocity against [PPAJith changing [cysteine] also has parallel
patterns, so PPA and cysteine also have a Ping etatgonship with respect to each
other, Figure 3.5. Overall, the pairwise kinetialgsis of human PPCS gives patterns
expected for a Bi Uni Uni Bi Ping Pong kinetic manfsm.

Since human PPCS exhibits apparent cooperativityl.7, for ATP, the double
reciprocal plots of velocity vs. ATP was plottediwi/[ATP]*" on the x-axis rather than
1/[ATP] as usual. With this modification, the exfegtpatterns from the pairwise kinetic
analysis was observed (Figure 3.6-3.8). Thus, botter ATP and CTP conditions, the
enzyme follows a Bi Uni Uni Bi Ping Pong mechanisxcept that ATP binds with an
apparent positive cooperativity of n = 1.7.

The steady state kinetic constants under ATP d® €3nditions were calculated
via nonlinear fit to the velocity equations of tBeUni Uni Bi Ping Pong mechanism
(modified for cooperativity for ATP), and collectedTable 3.1. The calculated steady

state constants for tie faecalisPPCS are included in Table 3.1 for comparison.
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Inhibition kinetics of the last product releaseiher CMP or AMP, against the
first substrate expected to bind, ATP or CTP, veet@mined. To further investigate the
ability of the enzyme to use ATP and CTP with sewly equal proficiency, the
inhibition of CMP on ATP as well as the inhibitioh AMP on CTP was studied. Starting
with CTP, the double-reciprocal inhibition plotsw@locity vs. [CTP] with varying
[AMP] or [CMP] have the fitted lines intersect drety-axis, demonstrating the
competitive inhibition of AMP or CMP on CTP (FiguBeQA-B). Under ATP conditions,
the fitted lines of the double-reciprocal inhibitiplot of velocity vs. [ATP] at various
[CMP] also intersect on the y-axis, consistent V@YiP as a competitive inhibitor of
ATP, Figure 8C. The observed inhibition pattern&bfP on ATP were more
complicated than the other inhibition patterns. N@ar fitting to equation 4 of initial
velocity vs. [ATP] at different concentrations oM found that in addition to increasing
the apparent K of ATP, increasing concentrations of AMP also wealecreased the
apparent Hill constant n, from n = 1.68 at no AMt= 1.38 at 5 mM of AMP.
However, at up to even 5 mM of AMP, there seentsetminimal effect on the
calculated apparent\x, so AMP was classified as a competitive inhibitat also
decreases the apparent cooperativity. This dateesented as a Hill plot to show the
change in cooperativity (Figure 3.10).

Oxygen Transfer during PPCS Catalysis

[carboxy}®0] PPA (93%°0) was used as a substrate for the human PPCS
reactions, under both CTP and ATP conditidf8.labeling experiments were conducted
in a way to help corroborate the calculated\kalues, specifically that the reaction rates

under ATP and CTP are similar. Enough PPCS enzyaseused so that if the reaction
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with CTP were 4 times slower than with ATP, as ssjgd in literature, then the CTP
reaction would not have reached completion. As Beth of reactions reached
completion as detected Vit® NMR (data not shown), PPCS turnovers with eifiEP
or CTP as substrate are similar in rate. Figuré/8dhows thé'P NMR spectrum of the
product CMP formed during the PPCS reaction witlPG@hd labeled PPA. Two NMR
resonance peaks 0.025 ppm apart corresponding ©NtP labeled with and withotfto
atom in the phosphate group. The upfield resonaagesponds to CMP labeled with
one'®O atom and integrates to approximately 46% of oh&@l CMP peaks, consistent
with the transfer of one of the two carboxylate garys of PPA to CMP. The control
reaction, ran with unlabeled PPA, Figure 3.11Bydvds a single resonance peak for the
CMP produced from the reaction. Likewise, for PRE€&tions under ATP conditions
with [carboxy}®0] PPA, an analogous set of spectra were obseRigdre 3.11C-D).
These experiments support the formation of a phosgitothenoyl adenylate or
cytidylate intermediate in the human PPCS reactiechanism. Thus, both ATP and
CTP undergo similar chemical mechanisms.
UTP and GTP Inhibition

In addition to determining whether UTP or GTP supgd PPCS activity, the
ability of UTP or GTP to inhibit human PPCS actitas also examined. In the double
reciprocal plot of initial velocity against [CTP{ @arying concentrations of either UTP or
GTP, the fitted lines intersect on the y-axis, aading that UTP and GTP are competitive
inhibitors with respect to CTP (Figure 3.12). Thhibition constants of UTP and GTP,
as well as the product inhibition constants of Cafid AMP, were determined via

nonlinear fit to equation 3. Table 3.2 shows therehentioned inhibition constants along
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with the calculated dissociation constantg, & CTP and ATP. These
dissociation/inhibition constants present the &ffiof the particular nucleotide to the
free enzyme.
ICP-MS of Purified PPCS

Samples of purifiedt. faecalisand human PPCS were submitted for ICP-MS
analysis for detection of associated divalent nsefBhble 3.3. No divalent metals were
found to be associated with the purified enzymesgpt for calcium. Approximately
0.25 mole equivalents Eawere detected with the purifidl faecalisPPCS. In
comparison, only 0.05 mole equivalents of Gaere detected with the purified human
PPCS. Due to the observed binding of‘@a PPCS, inhibition of Gaon theE. faecalis
PPCS was examined.
PPCS Metal Dependence

The activity of theE. faecalisand human PPCS in presence of a concentration
range of various biologically relevant divalent alstwas determined, Figure 3.13. For
both species of PPCS, minimal pyrophosphate produattivities were observed under
no divalent metal or any concentration of Zar Cd* that we tested. Activities were
supported by Mg, Mn?*, and F&" for both PPCS homologues. Increasing concentrstion
of Mg?* and Mrf* is correlated with increased activity, although®fMreached saturating
activity at lower concentrations compared to“fMd\lthough increasing Félevels
increased activity at low concentrations, at ab®@0.6 mM, increasing Béstarted to
cause a decrease in observed activity. Also, theman level of activity supported by
Fe?* is lower than the maximum level of activity supigorby Md™ or Mr®*. For theE.

faecalisPPCS, the highest activity observed witfi*fig approximately 60% of the
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highest activity observed for Mgor Mr**. For the human PPCS, the highest activity
observed with Fg is less than 50%
Calcium Inhibition.

Because calcium was found to bincBofaecalisPPCS, but not human PPCS,
whether calcium inhibited the PPCS reaction wasnined. We found Cé to be an
inhibitor of theE. faecalisPPCS, but no inhibition of the human PPCS wasrgbdeat
up to 0.5 mM of C&. From the M§" - C&* competition experiments, increasing
concentrations of Gaincreased the apparent,f Mg?* but did not affect the My
while the fitted lines interested at the y-axistio@ double reciprocal plot of the initial
velocity data. The observed data is consistent @ifi as a competitive inhibitor of
Mg?*, Figure 3.14. Since both €and Md" have binding affinities for CTP, the actual
underlying mechanism of &ainhibition is complicated, with Gapossibly binding to
either the PPCS enzyme or CTP. Furthermore, CTRtdngh concentrations due to the
sensitivity limitation of the Eikonogen assay, nrakit impossible to determine the
binding affinities from the experiment.

DISCUSSION

Previous studies have found that bacterial PPC, honofunctional and
bifunctional, are CTP specific, while preliminaydies with the human PPCS suggests
that the human PPCS prefer AT® 6, 10, 13 This potential difference in substrate
selectivity suggests that PPCS could be a novédatterial target, so studies were
carried out to examine the substrate selectivityasas the kinetic and chemical

mechanisms of the human PPCS.
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Different classes of aminoacyl-tRNA synthetasedk@), which also proceed via
an acyl adenylate intermediate, have been showndergo varied kinetic mechanisms.
Most show a Bi Uni Uni Bi ping pong mechanism agales to that determined f&r.
faecalisPPCS 17, 18. However, a number of aaRSs display a sequangahanism
where all three substrates bind prior to the foromabf the acyl adenylate intermediate
(19). From our steady state kinetic studies, the lgradta suggests that the human PPCS
follows an ordered Bi Uni Uni Bi Ping Pong mechamigsnder both ATP and CTP
conditions, similar to the kinetic mechanism deteed forE. faecalisPPCS previously
reported, Figure 3.118). The steady state constants under the two condifATP/CTP)
were calculated for human PPCS (Table 3.1). Inreshto previous studies, the human
PPCS seems to be equally proficient with eithefeutle. Overall, the d; values are
similar under both conditions (0.56 + 0.01 8éar ATP vs. 0.53 + 0.02 sédor CTP),
and the K, for CTP (269 + 14M) and ATP (265 = 2@M) are also comparable. The,K
for PPA is somewhat lower under ATP conditions £1BuM) than CTP conditions (57
+ 5 uM), although the relevance of this difference ungleysiological conditions may be
indistinct.

%0 transfer studies were conducted to establisfottmeation of a
phosphopantothenoyl cytidylate or a phosphopantayleadenylate intermediate during
human PPCS catalysis under CTP or ATP conditi@spectively. Under the proposed
kinetic mechanism, the carboxylate of PPA attabksitphosphate on ATP/CTP to form
an adenylate/cytidylate intermediate. Since the RR&beled with°O on the
carboxylate group, upon the formation of a nuct®tctivated intermediate th&©

atom would reside in the bridging oxygen of the @banhydride intermediate. Upon
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reaction with cysteine in the second half reactienbridging oxygen would be
incorporated into the product AMP/CMBince’®0 has significant one bond nuclear
shielding effect on phosphorus atoms that it isdeaito, the incorporation 41O into the
phosphate of AMP/CMP causes a measurable upfididisthe NMR resonance of the
phosphorus atom to which it is directly bou@,(21). As only about 50% of the
nucleotide monophosphates would be incorporateld i@, two adjacent resonance
peaks for the phosphorus atom of the product CMA?PANbuUld be expected. When the
PPCS enzymatic reaction, under both CTP and ATHEitons, were conducted with
labeled PPA, two resonance signals of similar ntageifor the phosphate group of the
product CMP/AMP were indeed observed, supportiegdnmation of a
phosphopantothenoyl cytidylate or a phosphopantayieadenylate intermediate in the
human PPCS reaction mechanism. From the colleatedi&kand chemical data, it seems
that PPCS catalysis using either CTP or ATP proseedthe same chemical mechanism.
There is, however, one major difference between A& CTP conditions. In the kinetic
experiments, ATP demonstrates positive cooperaiivéing, with a Hill constant of 1.7,
while CTP shows no cooperativity. Since the diffex@between ATP and CTP is the
nucleobase, adenosine must somehow be resporsittteefcooperativity. This idea is
somewhat supported by the inhibition study of AMPAIP. As expected, AMP is a
competitive inhibitor of ATP. However, increasingncentrations of AMP also weakly
decreases the apparent cooperativity of ATP, wisictonsistent with the adenosine
moiety being responsible for the observed coopatgati

For the human PPCS, the calculateguvélues for CTP and ATP, as well as the

calculated Kfor GTP, UTP, CMP, and AMP, are comparable bectusgeach measure
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the affinity of that nucleotide to the free enzyrarthermore, GTP, UTP, CMP, and
AMP are competitive with respect to CTP and/or AS®they likely bind similarly to the
free enzyme as ATP and CTP, with the caveat tleatriphosphate group of GTP and
UTP must bind differently enough to not supportyene turnover. When comparing the
Kia values of CTP and ATP to the ¥alues of GTP and UTP, it becomes apparent that
the human enzyme has little nucleotide binding sicég. The K, of ATP (465 + 89
KM) is similar in magnitude to the; kf GTP (372 £ 11 uM) and the Kf UTP (662 + 47
KM). While the K, of CTP (74 = 30 uM) is somewhat smaller, the cspomding K of
CMP (4.69 = 0.55 mM) is actually larger than theoKAMP (3.70 £ 0.43 mM)
suggesting that cytidine does not bind tighteh®ftee enzyme than any other
nucleotide. This lack of nucleotide discriminatisrconsistent with structural data for the
human PPCS. While only the structure of the hunpenemzyme (PDBID 1P90) is
available, from structural comparisons to the phogantothenoyl cytidylate bourkel
coli structure (PDBID 1U7Z2) it has been noted thatrtheleotide binding pocket of the
human PPCS is bigger than that of Ehecoli PPCS, and thus capable of accommodating
both purines and pyrimidineg%, 23. Furthermore, the amino acid residues forming the
nucleotide binding pocket of the human PPCS wasrebd to have significantly higher
temperature factor compared to the rest of theeprpsuggesting flexibility for those
amino acids residues. Our finding that all fourleatides can bind to the human PPCS is
consistent with a flexible nucleotide binding poicke

When comparing the affinities of the human PPCSJf6P and CMP to the
affinities of the bacterial PPCS (represented l®yghfaecalisPPCS as it has calculated

affinity values) for CTP and CMPRhe K, of CTP for the human PPCS is 74 uM which is
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tighter than the K of CTP for theE. faecalisPPCS at 65QM. However, the human
PPCS binds to CMP much more weakly, withoKCMP for the human PPCS at 4.7
mM. In contrast, the Kof CMP forE. faecalisPPCS is approximately 670, (13). E.
faecalisPPCS binds CMP approximately 7 times as tightlthashuman PPCS,
suggesting that the CMP has selectivity towarddtwterial enzyme. Furthermore, the
larger pool of ATP (1-10 mM) in mammalian cellsygoared to the smaller pool of CTP
(~100uM) in bacterial cells, would reduce the inhibit@fyects of a competitive
inhibitor directed against the nucleotide bindiitg f human PPC24, 25. This along
with the weaker binding of CMP to the human PPGX(mpared to thE. faecalis
PPCS) suggests that it may be feasible to develofebal selective inhibitors by
mimicking the cytosine or CMP group.

From the metal studies, we found that bBtaecalisand human PPCS require
either Md" or Mr?* for enzymatic activity. The metal profile is costsint with other
pyrophosphate producing enzymes, in particularqgihahate synthetase, also involved in
the biosynthesis of CoA2(, 2. F&* supported some activity, but only at low
concentrations. ICP-MS did not detect Mgvin®*, or Fé* associated with PPCS at
above baseline levels, suggesting that these ditvaileals did not associate tightly with
PPCS. Interestingly. faecalisPPCS was associated with approximately 0.25 mole
equivalents of C&, while the human PPCS did not. Competition expenits found that
C&* was a competitive inhibitor with respect to Mépr theE. faecalisPPCS, but did
not inhibit human PPCS to an observable extentsatnM. In the x-ray crystal structure
of theE. coli Asn210Asp PPCS mutant in complex with CTP, a eivametal assigned

as C&" was observed in the active site binding todh@ndp-phosphates of CTP and
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Asp279 of the enzyme8), which is consistent with our findings that calti is
associated witlk. faecalisPPCS. However, the lack of calcium association and
inhibition for the human PPCS is surprising, sibeeterial and human PPCS catalyze the
same reaction via a similar mechanism.

Kinetic and labeling studies support that the hufRBES follows an ordered Bi
Uni Uni Bi Ping Pong mechanism like its bacterialinterpart. However, in contrast to
bacterial PPCS which are essentially CTP spetii'shuman enzyme uses ATP and
CTP with similar affinity and chemical mechanismighlighting the differences in the
nucleotide binding between the respective enzyMese interesting is that the human
enzyme has an apparent positive cooperativity foP Aout no cooperativity for CTP.
These findings raise interesting questions abouthvhucleotide triphosphate is used
predominantly in vivo as well as the evolutionaggsons for the human PPCS to become

less nucleotide specific.
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Figure 3.1: Kinetic and chemical mechanisniofaecalisPPCS.
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Figure 3.2: Positive-ion ESI-MS of purified HumaR®S. The observed mass (34939.5
Da) corresponds to the calculated mass of the rer@tion PPCS (35072.7 Da) without
the N-terminal methionine (133.2 Da).
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Figure 3.3: Pairwise analysis of CTP and PPA.ahitelocity of PPCS at various [CTP]
and [PPA] and 1 mM cysteinA. Double-reciprocal plot of initial velocityd. Secondary
plot of intercept versus reciprocal [PPA]. Secondary plot of slope versus reciprocal
[PPA].
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Figure 3.4: Pairwise analysis of CTP and cystdimé&al velocity of PPCS at various
[CTP] and [cysteine] and 0.3 mM PPA. Double-reciprocal plot of initial velocitys.
Secondary plot of intercepts versus reciprocaltpge].
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Figure 3.9: Product inhibition analysis of humarCSP Double reciprocal plot of
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Figure 3.11°"P NMR spectra of PPCS0 transfer reactiorA.

3P NMR (proton-

decoupled) spectrum of CMP produced in the PPC8iogausing CTP ancchrboxyl-

'80] phosphopantothenatB. **P NMR (proton-decoupled) spectrum of CMP produced
in the PPCS reaction using CTP and unlabeled plupsptiothenateC. *'P NMR
(proton-decoupled) spectrum of AMP produced INRRES reaction using ATP and
[carboxyl*®0] phosphopantothenatB. **P NMR (proton-decoupled) spectrum of AMP
produced in the PPCS reaction using ATP and urgdb@hosphopantothenate.
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Table 3.1: Kinetic Parameters of PPCS at pH 7.638G

Human Human E. faecalis

(A = ATP) (A = CTP) (A = CTP)
Kia 470 + 90uM 74 + 30uM 650 + 350uM
Kima 270 + 10uM 270 + 20uM 160 + 17uM
Kerppa 13 + 1uM 57 + 5uM 17 + 6uM
Kimeys 14 + 0.7uM 16 + 1uM 86 + 7uM
Keat 0.56 + 0.01 set 0.53 +0.02 set 2.9+0.1 se¢
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Table 3.2: Nucleotide affinity of human PPCS.
Calculated dissociation constants and Michaelis
constants of various nucleotides to human PPCS.

Ki Km
CTP 74 +30 uM 270 £ 20 pM
ATP 470 + 90 uM 270+ 10 pM
GTP 370 £10 pM -
UTP 660 = 50 pM -
CMP 4.7 +0.6 mM -
AMP 3.70 £ 0.4 mM -
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Table 3.3: ICP-MS of purified PPCS enzymes

Baseline PPCS EF Metal:PPCS EFPPCSHS  Metal:PPCS H

Mg®* (uM) 29.6+15 7.51+0.38 0% 1.38 +0.13 0%
c&'(uM)  6.23+0.31  30.1+15 27% 11.6+0.1 5%
Mn®" (uM) 0.028 + 0.0040.024 + 0.004 0% 0.019 + 0.004 0%
Fe* (uM)  0.08 +0.01 <0.04 0% 0.13+0.01 0%
Co™ (UM) <0.006 0.098+0.005 0% < 0.007 0%
Ni?* (uM)  0.21 +0.03 <0.10 0% <0.10 0%
CU (uM) 0.014 + 0.0010.184 + 0.009 0% 0.350 + 0.017 0%
Zn®* (uM)  0.073 + 0.0040.202 + 0.010 0% 0.230 + 0.012 0%
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Chapter 4
High-Throughput Screening for Inhibitors of Bacterial

Phosphopantothenoylcysteine Synthetase

INTRODUCTION

Antibiotic resistance is a major problem worldw{de3). Antibiotics have been
effective treatments for bacterial infections sittee 1930s, improving the quality of life
for millions of people. However, the inevitable spd of antibiotic resistance in common
bacterial pathogens coupled with the slow ratentibaotic discovery recently have lead
to the spread of pathogenic bacteria that aretaggito antibiotic treatments. For
example, recent estimates have found that currantilynd 60% o&aphylococcus
aureus infections in hospital intensive care units agstant to penicillin and
cephalosporin, the current frontline drugs agaimsty bacterial infections, with high
frequencies of additional resistance against tgttae and erythromycin4( 5). Around
30% ofEnterococci infections, which are inherently resistant to péim and
cephalosporin, are also resistant to vancomycia,afithe last-line drugs against
bacterial infectionsZ, 3). The recent introductions of linezolid and dapyom have
alleviated some of the need for new antibiotics viith resistance against linezolid and
daptomycin already observed clinically, there il stgreat need for new antibiotics and

antibiotic targetse, 7).
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An antibiotic target should be essential for theveval of the pathogenic bacteria
and allow selectivity between human and bacterilobogs. One potential antibiotic
target is coenzyme A biosynthesis, particularlyggimpantothenoylcysteine synthetase
(PPCS), the second step of the biosynthetic path@agnzyme A is an indispensible
metabolite for all living organisms, involved insestial functions such as fatty acid
metabolism &, 9). Deprivation of CoA leads to cell stasis or impeo cell development,
while knockouts of CoA biosynthetic genes are le(h@, 11).

PPCS, the second step of the five-step CoA bioggmhcatalyzes the formation
of an amide bond between phosphopantothenate ateirny using the energy derived
from hydrolyzing an ATP/CTP into AMP/CMP and pyra@phate, Figure 4.12-14).

In the first half-reaction, the carboxylic acid gpoon phosphopantothenate (PPA) attacks
thea-phosphate on ATP/CTP and displaces pyrophospbditernh an activated mixed
anhydride intermediate. In the second step, cystaitacks the activated anhydride and
displaces AMP/CMP to make the amide bond. Kinét@racterizations of human and
bacterial PPCS have found that while bacterial PRCI P specific, human PPCS can
use both ATP and CTP and binds all four NTE% {4-16). The difference in nucleotide
selectivity suggests that it should be possiblgesign bacterial selective inhibitors. This
idea is validated by a series of intermediate-mkimig inhibitors. The intermediate-based
inhibitors contained a cytidine moiety, and showedo 1,000 fold selectivity for

bacterial PPCSL{).

Here, we screen for novel inhibitors of bacteriBld% against a library of 41,000
small molecules and 11,000 natural extracts. Hashfthe primary screen were

confirmed in triplicates and counterscreened tauenthat the hit does not interfere with
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assay components. Top small-molecules hits ren@inare tested in dose-response,
with compounds obtained from commercial suppliend @etested. The organism
producing the top natural product hits were regroav the natural products produced
were retested. Here, we present the developmerd@piatation of our screen as well as

the hits identified from our screening efforts.

MATERIALSAND METHODS
Materials

Cytidine triphosphate, HEPES, cysteine, dithiatot€DTT), MgCl,, bacterial
inorganic pyrophosphatase, ammonium molybdate,adrated HCI, and malachite
green carbinol hydrochloride were reagent grad@girer and purchased from Sigma
Aldrich. 384-well polystyrene nonbinding surfacatelk were purchased from Corning
(cat. 3640). PPA was synthesized as previouslyrtepdl4). Synthesis of compound
JDPO03, a mimic of the 4’-phosphopantothenoyl cyitlyimmediate with the carbonyl
group of mixed anhydride removed, was describegidisre 17).

The malachite green reagent used here consistefirtdl concentration of
0.1125% w/v malachite green carbinol hydrochloadd 2.1% w/v ammonium
molybdate in 3 M HCI. After mixing the components . hour, the final mixture is
filtered through a 0.22 uM filter and stored at 47l use.

Strep. pneumoniae PPCS was cloned, overexpressed, and purifiecbads-
tagged protein as previously describgd)( The concentration was determined using

absorbance at 280 nm (12,150'&m™), while the purity was checked by SDS-PAGE
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gel. The purified protein was >95% pure, and wasestin 20 mM HEPES, pH 8.0 and
-80°C.
Inorganic Pyrophosphatase — Purine Nucleoside Phbepylase Continuous Assay

The inorganic pyrophosphatase — purine nucleqdidsphorylase continuous
assasy (PBse - PNPase assay) was used for some inhibithati&istudies. In this assay,
the pyrophosphate produced from the PPCS reactsncleaved into two inorganic
phosphate molecules. Then, purine nucleoside plooglalse catalyzes the
phosphorolysis of a nucleoside with consumptiophadsphate into ribose-1-phosphate
and the nucleobase. The nucleoside used in owy a&sa7-methyl-6-thioguanosine
(MESG), which was cleaved into 7-methyl-6-thioguemieading to an increase in
absorbance at 355 nmdsss = 12,000 M! cmit). This assay was run on a 96-well, 300
format. The final concentration of the enzyme ldhk®mponents was 1 U/ni coli
inorganic pyrophosphatase, 3 U/&Lcoli purine nucleoside phosphorylase, 2 mM
MgCl,, and 20QuM MESG in 100 mM HEPES, pH 8.0 buffer along witle ppropriate
concentrations of PPCS, substrates, and inhibitorthe particular experiment.
Malachite Green Assay

For determining the steady state kinetic parametePPCS, the previously
reported continuous pyrophosphate detection aggsfre the production of
pyrophosphate is linked to the oxidation of NADHyswsed¥4). The continuous assay
is advantageous since it can detect pyrophosppatfieally without interference from
phosphate contaminants. However, this assay isuitatble for high throughput
screening. The NADH signal at 340 nm is prone terfierence from compounds in small

molecule libraries, while the multiple-read fornahthe assay is not convenient for high
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throughput. Instead, a coupled inorganic pyrophatgg®e and malachite green reagent
assay was chosen. The pyrophosphate produced lifRCS reaction is cleaved into
two phosphates in the presence of inorganic pyrspiatase. At predetermined time
points, malachite green reagent is added to thgnesitzc reaction to both quench the
reaction and quantify the amount of phosphate preduwith the malachite green
reagent, production of phosphate is determinedosprdance readings between 600 —
660 nm, a region that suffers from much less isterice from small molecules. Since
each PPCS turnover produces two phosphates, thg iassxtremely sensitive, capable
of detecting low micromolar concentrations of pywopphate produced by the enzymatic
reaction.
High Throughput Assay Protocol

High throughput assays were performed in 384-p@lstyrene NBS plates.
Dispensing of the assay components were perforniioaw hermo Scientific Multidrop
dispenser. First, 30 puL of the enzyme mix, consgstif inorganic pyrophosphatase
(PRase), PPCS, and Mg&buffered in 100 mM HEPES pH 8.0, was added tqthtes.
Then, compounds from the library (stored at 5 mNDMSO solution) were added into
the plates to a final concentration of cauM with a BioMek FX automation working
with high density replication pintool. The enzynecateaction was started by adding 10
pL of substrate mix, consisting of CTP, cysteineAPand DTT also buffered in 100
mM HEPES pH 8.0, to the plate. The reaction wagmstd and the amount of phosphate
produced (after 25 minutes for the actual screexy determined by quenching the 40 pL
reaction with 40 puL of malachite green. This migtwas incubated at room temperature

for 5 min, and the absorbance at 600 nm was redaydea PHERAstar microplate reader
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(BMG Labtech). Different amounts of reaction comgots were used for the
development of the assay, but the final concewinatdf the 40 pL enzyme reaction used
in our high throughput screen was 12.5 nM PPCSUIL PRase, 2 mM MgGl, 250
UM CTP, 250 uM DTT, 150 uM cysteine, and 150 uM PB@Acause phosphate
contamination was a concern, the substrate mixmase up and kept on ice until used to
minimize the hydrolysis of CTP and PPA. For eveatey the 32 wells of the left two
columns were run as positive inhibition controle #PCS enzyme) while another 32
wells of the right two columns were run as negaiiNebition controls (no compounds,
0.5% DMSO)
Confirmation and Counterscreen

Hits selected from the primary screen were cordarhy repeating the assay on
those compounds in triplicates. Since compoundsrthéit inorganic pyrophosphatase
would also show as positives in our screen, hitewealuated for inorganic
pyrophosphatase inhibition in a counterscreen. iMais done in the same 40, 384-
well format where a final concentration of 250 u ®as added to a solution of 10
pU/mL PRase, 1 mM MgGCl and the hit compound in 100 mM HEPES, pH 8.0dauff
The reaction was incubated for 20 minutes, and tjuemched with malachite green
reagent and absorbance was determined at 600 mti#at showed inhibition against
PRase or did not confirm in the confirmation screeaswot pursued further.
HTS Dose Response and Determination of pAC

Hit compounds were tested in dose response usmgsprotocols as the
primary assay, except performed as duplicates settal dilutions of the hit compound

ranging from 80 nM to 10AM final concentration. The activity versus inhibito
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concentrations was plotted and fit to a four vdaaiigmoidal dose response model,
equation 1, where pAfis defined as —log [l&], n is the Hill slope, max is the activity
observed under no inhibition, and min is definedha&sactivity observed under full
inhibition of a particular compound (which is udyalet to no enzyme activity except for
a few partial inhibitors).

(max—min)

activity = min + (1+ 10PACoosll <ny

Equation 1

Continuous Assay Dose Response

Compounds that showed activity in the dose resparese obtained from the
manufacturer and retested using the previouslyrdestcontinuous pyrophosphate
detection assay. This assay, which has differemplaty components, allows
independent verification of inhibitor activity. Asgs were run in 100L, 96 well-format
with 80 nM Strep. PPCS, 25@M CTP, 250uM PPA, 250uM cysteine, and 10 mM DTT
against varying concentrations of compoundse as determined by fitting the initial

velocity data to a standard four parametep Egjuation.

RESULTSAND DISCUSSION
Kinetic Determination of Streptococcus pneumonia®S

PPCS fronttreptococcus pneumoniae was selected over other characterized
bacterial PPCS3rep. pneumoniae PPCS was more stable and exhibited better linearit
thanE. coli PPCS, as well as less non-productive CTP hydmsolgsbur assay than tite
faecalis PPCS. The apparentKand k4 at conditions similar to those used for the
primary assay were determined, Figure 4.2. Foffié dimension, K**° of CTP is 55

UM with a strong positive cooperativity, measureagdill constant of 2 and.{*is
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2.65 set at 150 uM PPA and 200 pM cysteine. For the PPAedsion, K.2*° of PPA is
22 uM and k2Pis 1.98 sectat 400 uM CTP and 200 uM cysteine. For the cysteine
dimension, k2P of cysteine is 282 uM and £ is 3.55 set at 150 uM PPA and 400
UM ATP.
Assay Development

To ensure that enzyme activity is linear over therse of the reaction, reactions
were run with different concentrations of enzymed quenched at different times (n =
4), Figure 4.3. We found that activity was lineatiuthe amount of pyrophosphate
produced saturates the limit of optical detectOD{y, > 2.5). We also observed a linear
relationship between PPCS concentration and vglotithe reaction. The concentration
of PPCS was selected as 12.5 nM and reaction tiaseselected as 25 min for the
primary assay to maximize our assay sensitivitythnoughput. Reactions were also
evaluated in presence of up to 7.5% DMSO to enfiateDMSO world not interfere, and
no statistical difference was observed when reastwith DMSO were compared with
reactions without DMSO. The Z'-factot) for the screen was determined by running
the primary assay, as described, in 384 well gateat, using reactions with PPCS
enzyme as positive signal control and without PRGE/me as negative signal control.
With 192 samples (half the plate) each for thetpasiand negative controls and using
equation Z'-factor = 1 — [3 xof, + on)/|up + pnl]], Z'-factor = 0.83, Figure 4.4.

Finally, the assay was used to determine thg d€Ca previously characterized
inhibitor, JDPO03, to verify the robustness andlftgef the assay, Figure 4.5. Because
JDPO03 was previously determined to have a low natemaffinity, the assay was run

with 8.75 nM of PPCS and fit to the Morrison eqaatfor tight-binding inhibitors19).
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The calculated 163 from the assay was 1.3 nM, a close match wittptegiously
reported value (<10 nM).
HTS for small molecule inhibitors of bacterial PPE

Bacterial PPCS was screened against approxim&ied0 small molecules from
a number of commercially available libraries (Maglige McMaster and HitFinder,
Chembridge 3028, ChemDiv 20K, MicroSource 2000, BindFocus NCC). Z'-factor
was calculated from the positive and negative abstvn every plate, and values varied
from 0.55 to 0.8 with median of 0.65 over the ceuwthe screen. Compounds that
exhibited more than 25% inhibition of PPCS actiatygreater than 4 standard deviations
over the negative control were selected as hits. With reactive structural alerts were
eliminated. There were 1,470 hits, or 3.6% of thealy, using these criteria.

The 1,470 hits were counter-screened for pyrophaisige activity and confirmed
in triplicates. A total of 908 of the hits were ¢omed to have greater than 25%
inhibition of PPCS activity or greater than 4 starttideviations over the negative
control. Of these remaining hits, 14 showed greidt@an 20% inhibition of
pyrophosphatase activity, and were eliminated. Gmmgds that violated the promiscuity
index where they showed activity in greater tha#3d the over 60 screens previously
performed at the Center for Chemical Genomicseatthiversity of Michigan were
eliminated as well. Compounds with SlogP of gretitan 6 or contained 5 or more rings
were also eliminated. A total of 510 compounds weifteat this point. For these 510
compounds, the percent activity observed in the@ry screen was plotted against the
median percent activity (n = 3) observed in theficoration screen. The correlation

coefficient, £, is determined to be 0.375, Figure 4.6.
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The 240 of the 510 hits with the highest activitythe confirmation screen were
measured for dose response inhibition. Of thes@ hit6 showed concentration-
dependent inhibition, but many had exhibited poabrhition — 35 compounds have
pPACso < 4 and 86 compounds have pAGetween 4 and 5, with distribution of hits
based on pAg; given in Table 4.1. The Kgof 30 compounds with pAdg of 5 to 8,
corresponding to micromolar or lowersiGralues, are presented in Table 4.2.
Compounds from similar structural families (simithaiof 70% or more based on
Tanimoto algorithm) are denoted by having the saymebol in the structure class
column. Representative dose response of 6 compdrordghe dose response are
plotted, Figure 4.7.

Our primary screen hit rate of 3.6% is significgrttigher than most published
primary assays, which tend to be 1% or |85 21). Originally, we hypothesized that the
hit rate might be because inhibition of inorganyegphosphatase would also show up as
hits, so the assay is effectively screening foiibrs of two enzymes and thus would
have twice the hit rate. However, very few compauid of 908 that confirmed)
showed pyrophosphatase inhibition in the countezest while confirmation rates were
as expected with 908 confirmed out of 1470 printaty for 62% reconfirmation rate.
During the dose-response measurements, the reasthefthigh-hit rate became
apparent. Because of the high assay sensitivityvere able to detect many marginal
inhibitors, with pAGo < 5 (IGso > 100 uM), when screening at {61 of compound.
Preliminary Properties of Hit Compounds

The 160 compounds with §g£< 100 uM in the screen exhibited overall diverse

structural and physiochemical properties. Of thie30 compounds, however, half of the
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identified compounds are structurally related ve#ith other with 70% or more
similarity. Of this class of structurally similaompounds, the compound with the best
potency has I of 10.2 nM (pAGo = 7.99). More structurally similar compounds were
identified outside of the top 30 as well. Two othempounds showed structural
similarity in the top 30, and a few more relatediciures appeared in the dose response
as well. These two compounds were less potent, tivtlmost potent member having
ICs0 Of 1 uM (pACso = 6.01). From the dose response titrations, thesd 1G, identified
for hit compounds is 8.9 nM (pAg= 8.05), with several more in the tens of nanomola
range. This is near the limit of detection of tesay — it is impossible to getdgralues
less than half of the 12.5 nM of PPCS enzyme usé¢ldd assay.
Retest of Hit Compounds — First Set

Due to the large number of hits we obtained, ammared our hit list to the
results of anti-bacterial screens that have bedonpeed at the CCG. We were able to
identify 20 compounds that showed inhibition in eareen and in antibacterial screens.
Of these compounds, 11 were ordered and retestedinhibition of four compounds
was reconfirmed using the protocol for the HTS. Gfuthe four, only two showed
inhibition in the continuous assay, and the twa thd not reconfirm were presumed to
be pyrophosphatase inhibitors. CCG-17201 had gnafCL96 uM and a Hill slope of
0.71, while compound 18864 had ardGf 90 uM and a Hill slope of 3.23, Figure 4.8.
Upon further examination, CCG-18864 formed aggregat the assay solution and the
aggregates were responsible for the observed tidnbICCG-17201 was tested against

E. facaelis PPCS, and exhibited gof approximately 175 uM and a Hill slope of 0.9.
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Due to the poor inhibition of CCG-17201 and theraggte formation of CCG-18864,
neither was followed up.

Compounds were retested after soaking in DMS@a@hrtemperature for a
week. This time, compounds 25131 and 22784, whiehmeembers of a group of
approximately 20 structurally similar compoundsw@d inhibition. However, these
compounds were clear initially, but become a dadeg color when retested a week
later. The two compounds hadsialues in the 100 uM range, but more detailed
characterization was difficult due to the dark cabthe compound interfering with the
assay signal.
Second Pyrophosphatase Counterscreen

The counterscreen did not remove all the inhibitadfrinorganic pyrophosphatase,
as evidenced by inorganic pyrophosphatase inhgottaat were found in the retest of hit
compounds. The likely explanation is that in tharderscreen, pyrophosphate is added at
a large dose initially, while pyrophosphate is progdd in small doses over time in the
PPCS screen. Thus, competitive inhibitors of inoig@yrophosphatase would appear as
hits in the primary screen, but missed in the cexsttreen. A counterscreen that could
simulate the slow production of pyrophosphate wdagdnore efficient at identifying
pyrophosphatase inhibitors. Since the malachitergreinorganic pyrophosphatase assay
has been optimized for finding inhibitors of PPAEé Chapter 5), which also produces
pyrophosphate, the PPAT — Malachite Green — inacgayrophosphatase assay was
used as the counterscreen.

The family of compounds that showed activity oafter an extensive DMSO

soak as well as compounds already tested was rehficma the set of 160 compounds
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showing a dose-response. The dose-response iohiiif the remaining 120 hits were
tested against the PPAT screen (described in Ghapt€ompounds that demonstrated
inhibition against both PPCS and PPAT were assumbéd nonspecific inhibitors or
inhibitors of pyrophosphatase and eliminated. G@ly}compounds remained on the hit-
list after this counterscreen.
Retest of Hit Compounds — Second Set

Of the 80 compounds, 48 were available and puechtem ChemDiv or
Maybridge. These compounds were brought up in DME®mM concentration, and the
dose response inhibition of these compounds weesuned (with final compound
concentration ranging from 1 uM to 125 pM) via thalachite green HTS assay. Nine
compounds were found to have;@ess than 50 uM, Table 4.3. Of these compounds,
four looked promising - with Hill Slopes betwee@ @nd 1.3 and 1§ values ranging
from 1 uM to 20 pM, Figure 4.9. Of these four, C@&365 (IG, = 3.8 uM, Hill slope =
0.7) had solubility problems in aqueous solution@to 125 yuM, which might account
for the observed Hill slope of less than 1. Theeothree compounds - CCG-202954JC
=10.1 uM, Hill slope = 1.1), CCG-43108 g 18 uM, Hill slope = 1), and CCG-
44564 (1Go = 0.9 uM, Hill slope = 1.2) — were soluble up t&6 thM and had a weak
yellow or pink color. Efforts are currently undemgv& determine the mechanism of
inhibition of these compounds.
Natural Product Screening

The PPCS screen was also run against a colledtibh,000 natural product
extracts collected by Dr. David Sherman. The napn@duct extracts were stored in

DMSO at 10 mg/mL, and screened at a final concgatraf 0.1 mg/mL using the same
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protocol as described above for small moleculesufdbextracts showing greater than
50% inhibition were retested in triplicates andmeu-screened to remove inorganic
pyrophosphatase inhibitors. Extracts demonstragregter than 80% PPCS inhibition in
the retest and less than 10% pyrophosphatase tiohilm the counterscreen were
selected as hits. A total of 68 hits were obtaifgtause some extracts came from
different solvent extractions of the same orgarssmain, the natural products produced
from 22 strains were pursued.

Natural product extracts from the 22 strains wdraioed from Dr. Fengan Yu in
Dr. Sherman’s group. These natural product extnaete dissolved in 10% methanol/
90% water to a final concentration of 1 mg/mL alnel dose response inhibitions of these
compounds (from 2 pg/mL to 200 pg/mL final concatitm) were measured via the
HTS malachite green assay. Extracts from sevemstshowed dose response inhibition,
with ICsg values lower than 62.5 pg/mL. Of these extradf3; &.269 showed an kg of
0.03 mg/mL and a Hill Slope of 2.6, Figure 4.10d avas chosen for further analysis.
SID-21269 was fractionated via reverse phase HRt&E5 fractions by Dr. Yu, and the
fractions were retested. After fractionation, thewees not enough material to get an
accurate mass. Fractions were dissolved suchitbatdck concentration would be
approximately 0.25 mg/mL if the original mass wgsally distributed across the
fractions. However, since the exact mass was unkntve 1G, values for the fractions
were reported as the percent of the stock solutidhe fraction in the final assay volume
rather than a concentration in further experiments.

The dose response inhibitions of the 65 fractioomfSID-21269 were measured

using the HTS Malachite Green assay. InhibitioRBLCS activity was observed in
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fractions 37 — 45, with the greatest inhibitionridun fractions 41 — 42, Figure 4.11. The
observed Ig, for the most potent fraction (fraction 42) was r@pgmately 1% of the

stock solution in the final assay volume, and thiedtbpes were approximately 1 for
these fractions. Assuming that the inhibition foumdhe set of fractions was from one
inhibitor, the relative concentration of the inlhdsiin each fraction must be inversely
related to the observeddg£ Therefore, the inverse of 4for each fraction was plotted
against the fraction number to get a sense of hevirthibitor eluted from the column,
Figure 4.12. From this plot, the inhibitor appeat@@lute as one peak centered on
fractions 41 — 42.

Fraction 41 was chosen for further analysis. Tibition against PPCS was
reconfirmed. Enzymatic reactions with 80 nM PPC8&M MgCl,, 250uM CTP, 250
uM PPA, and 25@M cysteine in 100 mM HEPES, pH 8.0 with and witht&®%6 final
solution of fraction 41 were run for 25 minutesgddahen quench with the Eikonogen
assay (Chapter 3) to determine the amount of pyrgiate produced. With 15% final
solution of fraction 41, no pyrophosphate produciias observed, compared to
approximately 10@M pyrophosphate production without inhibitor.

Inhibition kinetic study of fraction 41 against CWWRs conducted for the.
faecalis PPCS enzyme via the @Be - PNPase assay at 30°C. Velocity versus [CEB] w
measured at 0%, 2%, 4%, and 6% final concentratidraction 41 at 30@M PPA, 300
uM cysteine, and 35 nM PPCS. Increasing concentraitod fraction 41 increased the
apparent k of CTP with minimal effects on the apparent.Y As a result, the replot of
the data as a Lineweaver-Burk plot, Figure 4.18y&d that the fitted lines intersected

on the y-axis, consistent with a mechanism whee AI269 fraction 41 acts as a
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competitive inhibitor of CTP. Kinetic experiment&rg run with and without
preincubating fraction 41 with PPCS for 15 minuteg] no significant change in
inhibition effects was observed, suggesting thatitihibitor is not a slow binding or
covalent inhibitor.

Based on the available kinetic data, the natuiayct inhibitor contained in
SID-21269 fraction 41 inhibits PPCS by bindinglte free enzyme form of PPCS in a
manner that prevents CTP binding (and thus PPCGfver), Figure 4.14. The inhibitor
binding is also rapid and reversible. This propasédbition mechanism is the only
simple kinetic mechanism that is consistent withabserved kinetic data. If the inhibitor
bound to other enzyme forms over the PPCS enzymestion, the observed inhibition
pattern against CTP would be uncompetitive or noneetitive. Furthermore, a clear
competitive inhibition pattern suggests stronglgtth single inhibitor (or a class of
inhibitors with very similar affinities) from thedction is responsible for the observed
inhibition. Efforts are currently underway to idéynthe structure of the natural product

responsible for the PPCS inhibition activity.
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Figure 4.1: PPCS HTS assay. PPCS catalyzes theedmomd formation between
phosphopantothenate and cysteine, proceeding thrap@osphopantothenoyl cytidylate
intermediate. The pyrophosphate formed from the P R{@ction is cleaved by inorganic
pyrophosphatase and then detected via malachiéa goemonitor PPCS activity in our

HTS assay.
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Figure 4.3: HTS Assay development. A. Absorband&28tnm as a function of time for
the reaction with 35 nM (circle), 17.5 nM (squa)d 8.75 nM (triangle) of PPCS. B.
Plot of velocity vs. enzyme concentration.
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Figure 4.5: Dose response curve for previouslyaittarized inhibitor JDP03 using our
malachite green HTS assay. The calculated iKCconsistent with the previously
determined IG.
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4 <pAGo<5 b5<pAGy<6 6 <pAGo<7 7 < pAGo
Number of Hits 86 53 16 5

Table 4.1: Distribution of hits from the HTS dossponse based on pALC
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Compound 1Go MW structure class

CCG-3624 9nM 228.27
CCG-22766 10 nM 324.79 a
CCG-25131 56 nM 318.4 a
CCG-56283 60 NnM 260.29
CCG-16474 98 nM 230.24 a
CCG-22779 0.2M 318.4 a
CCG-24714 0.2M 304.37 a
CCG-22805 0.2M 372.37 a
CCG-4848 0.2M 391.36
CCG-15821 0.3M 308.33 a
CCG-4653 0.3 399.43
CCG-22780 0.4M 320.37 a
CCG-47490 0.4M 399.4
CCG-22801 0.aM 291.33 a
CCG-22785 0.uM 338.81 a
CCG-19554 0.8M 328.35
CCG-25908 0.9M 302.31
CCG-49366 0.9M 262.27
CCG-17248 M 354.36 B
CCG-22783 M 354.81 o
CCG-19743 M 314.36
CCG-22800 M 286.31 a
CCG-22804 1.1uM 358.34 o
CCG-17201 1.2M 340.33 B
CCG-22782 1.22M 308.33 a
CCG-22768 1.3M 362.41 o
CCG-52408 1.3M 307.8
CCG-2587 1.4M 226.28
CCG-45886 1.4M 262.26
CCG-44564 1.5:M 307.69

Table 4.2: Top hits identified from the screen.dd&ted 1G, from the HTS dose
response and molecular weight of the hits are tedo€Compounds with similar
structures have the same symbol under structuss cl@umn.
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Compound 1Go Hill Slope MW

CCG-49183 6.6 uM 0.49 347.4
CCG-48365 3.8 uM 0.7 415.4
CCG-45252 14.5 uM 0.61 274.3
CCG-44564 0.9 uM 1.2 307.7
CCG-43108 18 uM 1 264.3
CCG-24518 10.9 uM 0.53 412.2
CCG-20295 10.2 uM 11 457.5
CCG-18227 14.3 uM 0.41 420.4
CCG-17074 37.5 uM 0.85 320.3

Table 4.3: Reconfirmed top hits. Fresh compound® wbtained and went dose
response. Calculated €and Hill from dose response and molecular weid@lh® hits
are reported.
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Chapter 5
Characterization, Kinetics, and Screening of Phosphopantetheine

Adenylyltransferase from Enterococcus faecalis

BACKGROUND

PPAT catalyzes the adenylylation of 4’-phosphogt@ine using an ATP to form
dephospho-coenzyme A (dPCoA) and pyrophosphateipénultimate step of CoA
biosynthesis. PPAT from several species have lmbstified and characterizetl, (4-6).
In the first published kinetic study of tike coli PPAT, the PPAT enzymatic reaction was
measured in the reverse (ATP formation) to deteerttie kinetic mechanism of PPAT
(5). It was found that pyrophosphate and dPCoA esduba sequential binding
mechanism consistent with the formation of a teramplex, so the kinetic mechanism
was either an ordered Bi Bi mechanism or a randoBi Biechanism. Another kinetic
study found that ATP, PPan, pyrophosphate, and 4Rf@a all bind to the free PPAT,
and that the products are competitive inhibitorthefsubstrates, supporting tlatcoli
PPAT follows a random Bi Bi kinetic mechanism, Fig®.2 7). In the same study, the
thermodynamic equilibrium (&) of the PPAT reaction was determined to be betvieen
and 2, suggesting that the phosphorylation of dgpho-CoA (dPCoA) by DPCK is
necessary to drive the overall equilibrium towatdsformation of CoA. CoA was also

found to be a competitive inhibitor to ATP and PPan
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Crystal structure studies where taecoli PPAT is cocrystallized with substrates
and products suggest that PPAT exhibits half sietivity, because ATP is found in all
subunits of the hexamer but only with partial dgndiut phosphopantetheine was found
only in the active site of one trime8,(9). CoA was found to bind in a distinctly different
mode than dPCo0A and suggested to act as an aitostieibitor of PPAT, although the
nature of the proposed allosteric inhibition aslhaeslwhether allosteric inhibition is
observed in PPAT orthologs is not well explored.

In contrast, human PPAT and DPCK are expressed#srectional fusion
protein, called CoA synthasé)( CoA synthase is expressed as a monomer thdizesa
to the outer mitochondrial membrane via insertibiisoN-terminus ). PPAT from
different bacteria genus exhibits medium to higmbtogy (40% or higher) when
compared, but bacterial PPAT has essentially nodhagy when compared to human
CoA synthase. Due to differences between humarbacigrial homologues, PPAT could
be a possible antibacterial target, which warrantsstigation on PPAT from other
species. Furthermore, type Il pantothenate kinasefiactory to CoA feedback,
suggesting that CoA inhibition on PPAT could be ¢inéy regulatory step in CoA
biosynthesis for some organisms. A better undedstgrof the nature of CoA inhibition
on PPAT would help elucidate how CoA biosynthesisegulated. Here, we clone,
overexpress, and purify PPAT fraBmterococcus faecalign organism whose upstream
CoA biosynthesis enzymes exhibit differences froeE. colihomologues¥0). We
present the characterization of the enzyme mecimaamnl the mode of CoA inhibition

for E. faecalisPPAT, the metal dependencyffaecalisPPAT, as well as optimize a
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high throughput assay and conduct a pilot screattéonpt to identify inhibitors dt.

faecalisPPAT.

MATERIALSAND METHODS

Materials. The chemicals used were of reagent grade or tieeki grade
available and not further purified. Source 15Q,r8el5S, and Superdex 200 resin and
columns were from GE Healthcare. AG MP-1M and Biel-82 resin were from Bio-
Rad.p-Pantethinel-arabinose, HEPES, ATP, Pyrophosphate Reagentcdimpi
sodium chloride, sodium pyrophosphate, bacter@iganic pyrophosphatase,
ammonium molybdate, concentrated HCI, malachitergearbinol hydrochloride, and
dithiothreitol were from Sigma-Aldrich. 384-well lystyrene nonbinding surface plates
were purchased from Corning (cat. 3640).

Biosynthesis of 4’-phosphopantetheitePhosphopantetheine (PPan) was
biosynthesized via the phosphorylation of pantethéy pantothenate kinase (PanK). In
a 15 mL reaction, 7.5 mM pantethine, 20 mM ATPn2@ MgCl,, 20 mM DTT, and 0.5
UM E. faecalisPanK were incubated in 100 mM HEPES, pH 8.0 atrtemperature for
72 hours. The reaction was chromatographed viarall3G MP-1M column, pre-
equilibrated with 100 mL deionized water, over acbfumn-volume linear gradient of O
to 1 M NaCl at 1 mL/min flow rate. Eluted fractiongre tested with Ellman’s reagent,
which detects thiol groups, such as on phosphofiaite. DTT eluted first from the
column, and was reactive with Ellman’s reagent. 3&eond set of fractions
(approximately 40 mL volume) that were reactivelviliman’s reagent was assumed to

be phosphopantetheine, and was freeze-dried. Tihefractions were run over a 250 mL
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Bio-Gel P2 column at 1 mL/min to desalt the phogntetheine, which was again
detected with Ellman’s reagent. Fractions with gihapantetheine (approximately 100
mM) were freeze-dried, and purified phosphopantathe/as stored at -80°C until used.
NMR spectra were taken on approximately 2 mg ofrésallting phosphopantetheine
dissolved in deuterated DMSO to confirm the idgmaitthe purified compound.
Cloning, Overexpression, and Purification of E.daks PPAT.ThecoaDgene
was amplified fronE. faecalisgenomic DNA (strain ATCC 700802), via PCR using pf
DNA polymerase with the forward primer CGTAAAATTGCTATTTCC and the
reverse primer TGCACTCGAGIAGCTCCAGTCATTCTTC to generate the insert
starting at the second codon of tteaD gene and with Xhd site after the stop codon of
the gene. Plasmid pET23d(+) (Novagen) was sequigrdigested withNcd, treated
with T4 DNA polymerase to fill in sticky ends, attten digested witlikhd. The
resulting plasmid with a blunt end an&lhd sticky end was ligated with théha
digested insert to generate the desired plasmsiguigted as pUMJY 13&. coli strain
BL21 Al transformed with pUMJY130 was grown in LBedtia with 100 mg ampicillin
per liter media at 37°C with 250 rpm shaking utfitd optical density at 600 nm reached
0.6-0.8. Then, the culture was cooled to 17°C, eeduvith a final concentration of
0.065% w/wvL-arabinose, and shaken at 250 rpm overnight at. M€ cell culture was
harvested via centrifugation at 5,000 x g, washed 20 mM HEPES pH 8.0, and
suspended in 20 mM HEPES pH 8.0 (80 mL per litéuce). The cells were lysed via
French press, the lysate was centrifuged at 20@Pfor 30 minutes to separate the
cytosol (supernatant) from cellular debris (pell@t)e cytosol was chromatographed on a

Source 15Q column (8 mL of resin per 250 mL of calture), preequilibrated with 20
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mM HEPES pH 8.0, over a 10 column-volume lineadgmat of O - 0.5 M NaCl in 20
mM HEPES pH 8.0. Fractions were analyzed by SDSHPAE and fractions containing
PPAT were pooled, and further purified through @ B#. HiLoad 26/60 Superdex 200
prep grade column in 20 mM HEPES pH 8.0 contaidis@ mM NaCl. The purified
fractions were stored at -80°C.

Enzyme Assayhe previously optimized enzyme-linked continuagsay, where
production of pyrophosphate is linked to the oxmtabf NADH, was used to study the
kinetics and inhibition of PPAT. The assays werdgrmed in 96-well format in a final
volume of 150 uL, using the SpectraMax M5 microplaader from Molecular Devices.
The assay components were preincubated at 37°Thforin and the enzymatic reaction
was started by adding PPAT (75 nM final concerargtio the assay mix, consisting of
the enzyme linked assay components, 10 mM DTT yvandus concentrations of
substrates and product/inhibitor. The activity 8T was calculated by observing the
oxidation of NADH at 340 nmefso = 6.22 mM'cm™ for NADH) and taking into account
that each mole of pyrophosphate produced leadsetoxidation of 2 moles of NADH in
the assay. The average activity of duplicate assay is reported.

To determine the kinetic mechanism and the stetdg kinetic parameters of
PPAT, initial velocity was measured against varygogcentrations of ATP (0.075 mM,
0.1 mM, 0.15 mM, 0.2 mM, 0.25 mM, 0.5 mM, and 1 maé)ixed, changing
concentrations of phosphopantetheine (5 uM, 7.5 10M4M, 20 uM, and 80 uM). To
determine the order of substrate binding and prodalease, the inhibition by dPCoA
with respect to the substrates was determinedinfleition by CoA, previously reported

to be a feedback inhibitor of PPAT, with respedth® substrates was also determined.
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Initial velocity was measured against varying conicgions of one substrate (ATP or
PPan) at fixed, changing concentrations of thebitdn (dPCoA or CoA) and a fixed
concentration of the other substrate (PPan or ATP).

Data analysisInitial velocity was first graphically analyzed hineweaver-Burke
double-reciprocal plots using Kaleidagraph 4.0.0¢#l versus [substrate] data were fit
to equation 1 to determine thg " andk.."", which were in turn used to derive the
fitting lines in the Lineweaver-Burke plots. Thdfdrent patterns in the Lineweaver-
Burke plots arising from the pairwise and produatiilbition experiments were used to
determine which Bi Bi kinetic mechanism properlgdebes PPATX1). ATP displayed
apparent positive cooperativity, so the data wigite a modified Michaelis-Menten
equation (equation 2) and plotted to a modifiedad@weciprocal plot where the x-axis
has dimension 1/[ATP]where n is the Hill constant for cooperativity€Tinitial
velocity data were fit to the initial velocity edien (equation 3) describing the
appropriate mechanism to determine the relevamtikiparameters using PSI-Plot 8.81.
Likewise, inhibition data were fit to the appropegroduct inhibition equations

(equations 4-5) to determine the relevant kineti@meters.

_ VialAl
e
_ VA
K+ (A"
v Ve [A]'[B] .
Kia KmB + KmB[A] "+ KmAn [B] + [A] n[B]
V= Vmax[A] " (4)

KmAn{l-'-[Q]J[l"' KianKmBJ +[A] n[l_'_ KmBj
Kig Kna [B] [B]
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V= Vmax[B] (5)

Km3{1+ K [1+ [Q]J] +[B]{1+ Ko (1+[Q]H
A" Ky A" Ky

In these equations,is initial velocity andVmax is maximum velocityK,a and

Kms are the Michaelis constants for substrates A andd®dperativity is modeled via the
Hill model, with the Hill constant, n, used as aasgre of cooperativit)Kia is the
dissociation constant of substrate A dglis the dissociation constant of the product Q.

Inductively Coupled Plasma Mass Spectrometry of PRAductively coupled
plasma mass spectrometry (ICP-MS) were performgoloified E. faecalisSPPAT to
determine the amount of various divalent metals@ated with the purified enzymes.
ICP-MS was performed by the W. M. Keck Elementab&emistry Laboratory at the
University of Michigan. Samples containing approately 250 uM of PPAT, along with
the blank purification buffer, were submitted.

Metal Dependence AssayEhe activity of PPAT in the presence of fMgvin®*,
Zn**, F&¢*, and Cd" as well as no divalent metal was measured viptéeously
described Eikonogen assday?). A 40 pL enzymatic reaction containing 150 nM of
PPAT, 600 uM ATP, 600 uM PPan, 5 mM DTT, and onthefabove divalent metals
(over a concentration range of 78 uM — 1 mM) im@4 HEPES, pH 8.0 was run at
room temperature. The reaction was quenched witlttkonogen assay after 10 min,
and the activity was determined. The results werepared to a control with no divalent
metals and a control with no enzyme. The enzymmeoiter was calculated usiagso =
25,000 M* cm* for the detection of pyrophosphate by the Eikomoggsay and
accounting for the dilution of the original enzymataction by the assay quench. Assays

were run in duplicates with averages reported.
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High throughput screen for inhibitors of E. fagsd®PAT.E. faecalisPPAT was
screened against the MicroSource 2000 collectidnadbgically active compounds to
identify novel inhibitors via the previously dedmd inorganic pyrophosphatase —
malachite green assay (Chapter 4), where the pgsmtate produced in the PPAT
reaction is cleaved into 2 inorganic phosphatesdatelcted via the malachite green
reagent. The assays were run in 384 well platdah, 2@ L enzymatic reaction quenched
with 20 pL of malachite green reagent. The reactvans started by adding 5 pL of
substrate mix (composed of ATP, phosphopantotheim&DTT) to 15 pL of enzyme
mix (composed of B&se, PPAT, and Mgg)l The reaction was incubated for 25
minutes, and then quenched with malachite greayergaThe final concentration of the
enzymatic reaction is 300 uM ATP, 100 uM phosphogaeine, 0.5 mM DTT, 0.1
U/mL PRase, and 30 nM PPAT buffered in 100 mM HEPES, @#H I8.the primary
screen, compounds were dispensed into the platesavBioMek FX automation
workstation to a final concentration of 25 pM andubated with the enzyme mix for 15
minutes prior to starting the reaction. Positive @mzyme) and negative (no inhibitor)
inhibition controls were included in each plated @ompounds showing greater than
25% inhibition of activity were considered hitsdaimderwent further dose response.

Hits underwent dose response using a similaopobias the primary assay, but
performed in duplicates with serial dilutions o thit compounds ranging from 100 uM
to 80 nM final concentration. The activity versaokibitor concentration data was fit to a
four variable sigmoidal dose response model, egndj where pAg is defined as —log
[ICsq), N as the Hill slope, max as the activity obsdruader no inhibition, and min as

the activity observed under full inhibition.

141



(max—min)
(1 + 10(PAC50—|09[|])XH )

activity = min +

(6)

RESULTS

Expression and Purification of Recombinant E. fisd@PAT. RecombinanE.
faecalis PPAToverexpressed well in our system, with PPAT cormupef
approximately 50% of expressed proteins. A majarftthe PPAT protein was soluble,
with only a small fraction found in the crude pelRPAT is eluted off the Source 15Q
anion exchange column centered around 200 mM Nsf€&r anion exchange and gel
filtration chromatography, PPAT was >98% pure aemeined by SDS-PAGE, Figure
5.3. Approximately 45 mg of purified PPAT was ohtd per liter of cell culture. The
native oligomerization state of PPAT was determivi@edgel filtration. The elution
volume of PPAT on a Superdex 200 HR column was ewetpto the elution volumes of
a known protein standard (Bio-Rad gel filtratioarstard) in order to determine its
apparent molecular weight. PPAT eluted as a 105rkDigcule based on comparison
with the protein standard, suggesting a homohexamee monomers are 18.5 kDa each
for a theoretical homohexamer mass of 111 kDa.

Kinetic MechanismWhen plotting the initial velocity against [ATP{he data
were not found to fit to standard Michaelis-Mengguation (equation 1). Rather, the
curve was sigmoidal, typical of a ligand with pagtcooperativity. When fit to a
Michaelis-Menten equation modified to a simple Kddloperativity model, we found that
the Hill constant, n, is approximately 2.2 for A®fer the different fixed concentrations
of PPan, Figure 5.4A. In contrast, initial velocyainst [PPan] fit to a standard

Michaelis-Menten equation, suggesting that PPadibinis not cooperative. Initial
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velocity against [ATP] at different [PPan] was m@&ped as a double reciprocal plot
(modified for n = 2.2), and the fitted lines intecs to the left of the y-axis, Figure 5.4B,
suggesting that ATP and PPan bind sequentiallgrim fa ternary complex. To determine
whether the mechanism is ordered or random, cotigregxperiments between the
product, dPCoA, and the substrates ATP and PPaa ceerducted. In the double-
reciprocal replot of initial velocity vs. [ATP] aifferent [dPCoA], the fitted lines
intersect at the y-axis, signifying competitiveilition of dPCoA with respect to ATP,
Figure 5.5A. In the double-reciprocal replot ofa@ty vs. [PPan] at different [dPCoA],
the fitted lines intersect left of the y-axis, sfgimg mixed inhibition of dPCoA with
respect to PPan, Figure 5.5B. The resultant inbibpatterns are consistent with an
ordered mechanism. The steady-state kinetic coisstaere calculated by fitting to the
equation (equation 3) of an ordered Bi Bi mechangsna collected in Table 5.1. The
dissociation constant of dPCoA, from the two comtjoet experiments, were determined
via fit to the equations (equations 4 and 5) cdestswvith the mechanism, and collected
in Table 5.2.

Inhibition by CoAlt has been shown that CoA inhibiEs coli PPAT with low
micromolar affinity. Here, the dissociation congtand the mechanism of CoA inhibition
onE. faecalisPPAT was determined. Inhibition experiment ofialivelocity vs. [ATP]
at different [CoA] gave double-reciprocal plots wiéhe fitted lines intersect on the y-
axis, signifying that CoA is a competitive inhibitdTP, Figure 5.6A. Inhibition
experiment of initial velocity vs. [PPan] at diféeit [CoA] gave double-reciprocal plots
where the fitted lines intersect left of the y-ax@sggesting mixed inhibition of CoA on

PPan, Figure 5.6B. Together, the inhibition patesmggest that CoA binds to only the
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free enzyme, similar to how dPCoA inhibits the eney The dissociation constant of
CoA was determined via fit to the relevant equati(equations 4 and 5), and collected in
Table 5.2.

Metal DependencyCP-MS analysis found that no more than the bagel lof
magnesium, manganese, cobalt, and cadmium wereiassbwith the purified.
faecalisPPAT. Low levels of iron (0.479 uM) and zinc (37M) were found with the
purified PPAT (250 uM), suggesting that none ofthdivalent metals associated
strongly with the enzyme. The metal dependencyRAPwas determined. Minimal
pyrophosphate production was detected in the corgaation with no PPAT, but a low
level of activity was observed in the control réactwith no divalent metal (~ 0.1 s&c
The reactions with B& Cd®*, and ZiA* did not show any additional activity than the no
divalent metal control. The reactions with Mand Mrf* showed good activity (from 0.2
sec' to 1 set) depending on the concentration of the metal, feigu7. Interestingly, the
PPAT activity was the highest at around 0.25 mN¥igf* or Mr**. Increasing
concentrations of Mg did not affect the observed velocity significantihile increasing
concentrations of Mii caused a noticeable drop in the observed actiVitg. activity at
1 mM Mr** is approximately 75% of the activity at 0.25 mMN\hHZ".

High throughput screerPrior to conducting the screen, the Z'-factor HPEAT]
versus signal of the assay was determined to agsesensitivity of the HTS assay. For
[PPAT] vs. velocity, the assays were run as desdribut with 7.5 nM, 15 nM, 30 nM,
and 45 nM of PPAT and quenched after 5, 10, 15220and 30 minutes of reaction with
n = 16. The resulting signal versus time for deéferconcentrations of PPAT, as well as

the replot of rate of change in signal versus [PPAPresented in Figure 5.8. The Z'-
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factor of the assay was determined by runningdfatie 384-well plate with PPAT, and
half without PPAT. Z'-factor of the assay was foundequal 0.8113).

E. faecalisPPAT was screened against the MicroSource 2008ctioin. From
the primary screen, 67 compounds showed greater2b® inhibition of activity, and
were classified as hits. These compounds underces® response, and only seven hits
had pAG greater than 4 (corresponding tgdGf 100 uM or less). All seven hits also
appeared in the previously conducted PPCS scraggesting that the hits are either
promiscuous inhibitors or inhibitors of assay comgas.
DISCUSSION

PPAT fromE. faecaliswas cloned, overexpressed, and purified. The ikinet
mechanism of PPAT was studied via steady statdigmdairwise kinetic study with the
two substrates, ATP and PPan, found that ATP arah Bihd sequentially to form a
ternary complex. Inhibition studies with one of greducts of the enzymatic reaction —
dPCoA, found that dPCoA is a competitive inhibibdd ATP and a mixed inhibitor of
PPan. The observed kinetic patterns — the formati@nternary complex, competitive
inhibition of dPCoA with ATP, and mixed inhibiticaf dPCoA and PPan are consistent
with an ordered Bi Bi mechanism and eliminate npastsibilities of a random binding
mechanism, Figure 5.9. From a purely theoretialdpoint, mixed inhibition patterns of
a product with respect to a substrate can be obdenva random binding mechanism if
the particular product and substrate do not ovendpeir binding. However, since
dPCoA contains both the AMP portion of the ATP ncale as well as the entirety of the
PPan molecule, it must overlap in binding with AZitl PPan, and thus should

demonstrate competitive inhibition to both ATP &Helan if substrate binding is truly
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random (as was reported for tBecoli PPAT). Overall, an ordered Bi Bi mechanism is
the only minimal mechanism that is consistent \aitithe experimental data. We also
found that CoA was a competitive inhibitor of ATMAth a mode of inhibition and
dissociation constant similar to that of dPCoA.

Interestingly, the previously characteriZedcoli PPAT was found to have a
random Bi Bi mechanisn¥). We found thak. faecalisPPAT demonstrated an ordered
binding mechanism, where dPCoA was competitive vadpect to ATP and
noncompetitive with respect to PPan. Given thesd#ffit mechanisms exhibited by
different amino-acyl tRNA synthetases, the obsemedhanistic differences betweEn
coli andE. faecalisPPAT homologues is possible, although rather ususnceE. coli
andE. faecalisPPAT have 70% amino acid sequence similarity, W% sequence
identity (14-16.

Looking at the paper by Miller et al, we found sodnmgcrepancies between the
reported data and their proposed random bindindhamesm ¥). All substrate-product
pairs exhibited competitive inhibition relationsgjgxcept PPan (and CoA) was found to
be a noncompetitive inhibitor of pyrophosphateawerse kinetics, which suggests that
the enzyme mechanism is more complicated tharambktrforward random Bi Bi
mechanism. Also, no plots of the competition expents, except ATP versus CoA, were
provided in the paper, making it impossible to ipeledently verify their conclusions.
Furthermore, many of the calculated dissociatiamstants do not match in the paper. For
instance, PPan was determined to havg afi8.4 uM from competition experiment
against dPCoA, and4of 131 pM from competition experiment against pyrosphate,

which is over one order of magnitude apart. ThesmflTC experiments at similar
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temperatures, PPan was found to have afl0.27 uM, a difference of over another
order of magnitude. Similarly, theqkof CoA ranges from 11 uM to 117 pM in
competition experiments and 0.06 uM or less frod Experiments. While ITC
experiments showed binding, establishing that atsate binds to an enzyme does not
prove that the binding event is catalytically reley; particularly when the dissociation
constants differ so significantly between kinetncldinding experiments. It's impossible
to explain the discrepancies without access to thaa and fits, but one possibility is that
they are fitting their kinetic data to the incortregechanism.

Our metal dependency experiments found that whildied E. faecalisPPAT
showed a low level of activity without additionavalent metals, Mg or Mr** are
required to achieve full activity. However, higlvéds of Mrf* seem to decrease the
enzyme turnover. Other biologically relevant divalmetals, such as Zhor F&", did
not increase the observed activity.

A high throughput screen was conducted to findbidrs of E. faecalisPPAT.
The developed assay showed good sensitivity, bilgants were found from the pilot
screen against the MS2000 collection. Screens stgaiigger collections might lead to
suitable leads.

Here, we cloned, overexpressed, and puriiethecalisSPPAT. Kinetic studies
found thatE. faecalisPPAT follows an ordered Bi Bi mechanism, in costta the
random Bi Bi mechanism reported for tBecoli PPAT. Metal dependency studies found
thatE. faecalisPPAT requires Mg or Mr#* to achieve maximal activity. A high
throughput screen was optimized to identify inlatstof PPAT, but no PPAT inhibitors

were found in the pilot screen against the MS20Gi&ction.
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Figure 5.1: Final two steps of Coenzyme A biosyithegSoenzyme A is biosynthesized
from 4’-phosphopantheine by phosphopantetheineydyltansferase (PPAT) and
dephospho-CoA kinase.
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Figure 5.2: Thee. coliPPAT was proposed to follow a random Bi Bi Meclani
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Figure 5.3: PPAT SDS-PAGEanes SProtein weight standardsane 1 E. coliBL21
Al/ pUMJY 130 crude pellet expressing recombin@nfaecalisPPAT.Lane 2 E. coli
BL21 Al/ pUMJY130 crude extract expressing reconabit. faecalisSPPAT.Lane 3 E.
faecalisPPAT extract after purification through source 1&fon exchangeé.ane 4 E.
faecalisPPAT extract after both source 15Q and Superd&qg20filtration.
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Figure 5.4: Forward kinetics of PPAA. Initial velocity of PPAT vs. [ATP] at 5 uM
(open circle), 7.5 uM (square), 10 uM (diamond) 20 (triangle), and 80 uM (closed
circle) of PPanB. Double-reciprocal plot of velocity dat@. Secondary plot of slopes
versus reciprocal [PPar). Secondary plot of intercepts versus reciprocabffP
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dPCoA with 0.33 mM ATP. Double-reciprocal plot aftial velocity.
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Figure 5.6: Inhibition of PPAT by CoAA. Initial velocity of PPAT vs. [ATP] at O uM
(circle), 20 uM (square), 40 uM (diamond), and 80 (riangle) of CoA with 0.05 mM
PPan. Double-reciprocal plot of initial velocig. Initial velocity of PPAT vs. [PPan] at
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mM ATP. Double-reciprocal plot of initial velocity.
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Figure 5.7: PPAT metal dependency. Velocity of AT enzymatic reaction at various
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Figure 5.9: Thée. faecalisPPAT follows an ordered Bi Bi Mechanism.
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Table 5.1: Steady state kinetic constantg.decalisPPAT.

Kiatp 290 £ 20 uM

KmaTp 212 £ 9 uM

KmPPan 71 HM
Keat 1.69 + 0.05 set
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Table 5.2: Inhibition patterns and dissociationstants of dPCoA and CoA.

Inhibitor | Variable Fixed Inhibition Ki (UM)
Substrate| Substrate Pattern
dPCoA ATP PPan C 16.4+1.4
dPCoA PPan ATP NC 20.1+1.1
CoA ATP PPan C 24.4+1.6
CoA PPan ATP NC 26.1+1.1
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Appendix A

Virtual Screen for Inhibitors of Bacterial PPCS

BACKGROUND

Previous works on human akdfaecalis PPCS suggest that human and bacterial
PPCS have some differences in substrate seledthatycould allow the design of a
selective inhibitor of bacterial PPCS$ @). Here, we virtual screened tkecoli PPCS
structure against the NCI Diversity Library, FDApapved compounds, and Asinex

Platinum library to find potential inhibitors of ES.

MATERIALSAND METHODS

Computational Screen. A model of thek. coli PPCS enzyme was built based on
the published 4’-phosphopantothenoyl cytidylatermtediate boun#. coli crystal
structure (PDBID: 1U72)3). Coordinates of residues missing from the stmectvere
built in two ways. If the residues are resolveatherE. coli crystal structures, the
coordinates of the residues in that structure weeal after that structure was aligned
against the intermediate-bound structure. Coordsahresolved in any of ttie coli
PPCS structures were built in SYBYL 7.2 by searglagainst local similar sequences

with known coordinates in the Protein Database.
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The PPCS enzyme model was virtual screened aghmgtsinex Platinum
library, FDA approved compounds, and NCI Divergitgrary using Gold 3.11 with the
GS_3 protocol (automatic GA parameter settings, 2f@diency, 10 runs per
compound)4). In order to validate the docking method, thgghbsphopantothenoyl
cytidylate intermediate was docked against the ma@zgnodel to see if the
crystallographic pose can be reproduced. The tokidg pose for each compound was
further scored with X-score, M-score, and DrugSaoraddition to the Gold Score
generated from the docking, 6). The compounds were ranked relative to each dtner
each scoring function, and the rankings for théed#ht functions were averaged for each
compound. The top 50 compounds for each colleatiere further examined visually,
and the top compounds that were available werarsataand testemh vitro.

Compound Testing. A modified protocol of the enzyme-linked pyroppbate
detection assay previously described (Chapter 8)usad to measure the activity of the
PPCS enzymes in presence of the inhibitors. Foaisicreening, activity of thE. coli
enzyme at 0.6 mM CTP, 0.6 mM PPA, 1 mM cysteind, H0Opug/mL of the test
compound was measured and compared to the aatiithyno inhibitor. PPCS was
preincubated with the test compound for 15 minbtgsre the mixture was added to the
rest of the assay components to start the assapstlice that the test compound was not
inhibiting the enzyme-linked assay componentsiésecompound or a blank control
was preincubated with the assay mix for 15 minlRgsophosphate solution at a final
concentration of 25M was added to the assay mix to start the assaythanactivity

with the test compound was compared to the actwitly a blank control.
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Compounds that showed inhibition withs§& 100 uM against thi. coli PPCS
were further characterized. First, PPCS was in@dbaith the inhibitor for varying
lengths of time before starting the reaction tedwatne if there was time-dependent
inhibition. Then, the 16, of the compound against tEecoli and theE. faecalis PPCS
enzyme at 0.6 mM CTP, 0.6 mM PPA, and 1 mM cystagmeell as the human PPCS
enzyme at 1.2 mM ATP, 0.6 mM PPA, and 1 mM cysteas determined by measuring
velocity at varying concentrations of the compourakt, if the compound showed
selective inhibition for the bacterial PPCS, theetic mechanism of inhibition of the
compound against tHe faecalis PPCS enzyme was studied.

Inhibition Sudies. Initial velocity of theE. faecalis PPCS enzyme against varying
concentrations of one substrate with differentdixencentrations of the inhibitor and
fixed concentrations of the other two substrates maasured. The data were plotted in
double-reciprocal Lineweaver-Burk form, and thdet#nt patterns of the Lineweaver-
Burk plots for each substrate and inhibitor comtorawere used to deduce the

mechanism of the inhibitor.

RESULTSAND DISCUSSION

The phosphopantothenoyl cytidylate intermediate eaaked against thie. coli
PPCS model to validate that GOLD could reprodueectiystallographic pose. In 10
docking runs, 3 runs reproduced poses for the ygtiel intermediate that were within 2.0
RMSD of crystallographic pose. One of these 3 pat&shad the most favorable
docking score of the 10 runs, showing that GOLD regamoduce the crystallographic

pose using the GS_3 protocol.
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NCI Diversity Set. From the NCI Diversity Set, 38 of the top 40 ranked
compounds were test@alvitro. Only one compound, 211736, showed in vitro afgtivi
againstt. faecalis andE. coli PPCS. The I of 211736 was estimated to be around 50
uM, but the full range of inhibition was not expldrbecause the compound was not
soluble at above 100M. Because of the poor solubility, 211736 was dbfved up.

Asinex Platinum Library. From the Asinex Platinum Library, 13 of the top 20
ranked compounds were tested. Five compounds (A8Z1.35, 03970073, 08914269,
07029331, 155364903) showed low levels of inhibitiith 1G5 values between 100
uM to 1 mM. These compounds also had poor solukalitfigher concentration ranges,
and were not followed up. A list of these weak mtars is collected in Table A.1.

FDA Approved Compound Set. Seven of the top 20 compounds from the FDA
Approved Compound set was tested. Only one compdalwic acid was found to
inhibit E. coli PPCS activity. Further characterization found tbahic acid was a fast
on/off inhibitor with an 1@, of approximately 5uM against thee. coli PPCS, an I3 of
approximately 7M against thee. faecalis PPCS, and less than 5% inhibition at 2 mM
folinic acid against the human PPCS. Competitigmeexnents of folinic acid against the
three substrates were carried out to determineng@hanism of inhibition.

Inhibition experiments where the initial velocityagrmeasured against changing
concentration of one substrate with fixed changiogcentration of inhibitor were carried
out and plotted in Lineweaver-Burk plot form. Iretlouble-reciprocal plot of initial
velocity against [CTP] with fixed, changing conaatibns of folinic acid and saturating
fixed concentrations of PPA and cysteine, theditiees showed a parallel pattern,

Figure A.1, consistent with a mechanism where folatid is an uncompetitive inhibitor

164



with respect to CTP. In the double-reciprocal pioinitial velocity against [PPA] with
fixed, changing concentrations of folinic acid aadurating CTP and cysteine, the fitted
lines intersect to the left of the y-axis, Figur& Andicative of a mechanism where
folinic acid is a mixed inhibitor with respect t®R. Likewise, the double-reciprocal plot
of initial velocity against [cysteine] with fixechanging concentrations of folinic acid
and saturating CTP and cysteine also intersectdtetteft of the y-axis, Figure A.3,
suggesting a mechanism where folinic acid is a thir&ibitor with respect to cysteine
as well. The observed inhibition patterns are carafgd and the inhibition mechanism
of folinic acid is unclear.

Several folinic acid analogues, including aminoiptefiolic acid, and
methotrexate, were tested for inhibition activigamst PPCS. None of them showed any
inhibition activity. Upon further examination, falc acid is a calcium salt, while all other
analogues were sodium salts. Calcium was testeddsegmoduced the observed inhibitory
activity of folinic acid. Further studies (as daked in Chapter 3) found that calcium
inhibitedE. faecalis PPCS by acting as a competitive inhibitor to magma. However,
calcium did not inhibit human PPCS noticeably atm@ mM concentration, raising

another interesting difference between human antébal PPCS.
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Table A.1: Identified PPCS hits. Observed inhilitaf hit compounds at 600 uM CTP,
300 uM PPA, 1 mM cysteine, and 100 pg/mL of compbagainst thé&. coli PPCS.
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Figure A.1: Product inhibition analysis of folinecid versus CTP. Initial velocity
analysis of PPCS versus varying [CTP] at O uM [e)f@25 uM (square), 50 uM
(diamond), and 100 uM (triangle) of folinic acidtwiD.3 mM PPA and 1mM cysteine.
Double-reciprocal plot of velocity data.
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Figure A.2: Product inhibition analysis of folirecid versus PPA. Initial velocity
analysis of PPCS versus varying [PPA] at 0 uM [e)t@25 uM (square), 50 uM
(diamond), and 100 uM (triangle) of folinic acidtiv0.3 mM CTP and 1mM cysteine.
Double-reciprocal plot of velocity data.
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Figure A.3: Product inhibition analysis of folirgcid versus cysteine. Initial velocity
analysis of PPCS versus varying [cysteine] at O(piktle), 25 uM (square), 50 uM
(diamond), and 100 uM (triangle) of folinic acidtiv0.3 mM CTP and 0.3 mM PPA.
Double-reciprocal plot of velocity data.
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Appendix B
dfp Gene Knockout

BACKGROUND

In E. coli, PPCS is expressed as a bifunctional fusion pretéh PPCDC 1).
The gene encoding the fusion protein is nadfpd2). Normally, coenzyme A is
biosynthesized from pantothenate via 5 enzymagigsstand the PPCS/PPCDC fusion
protein is essential in this pathway. However, ¢hstiterature precedent that CoA could
be biosynthesized from pantetheine via three entigraeps that bypasses the
PPCS/PPCDC enzymatic reactions, Figure B, ). In this alternative pathway,
pantetheine is phosphorylated by PanK to form phogantethine, which skips the need
for PPCS/PPCDC to generate the natural substrateHAT. With pantetheine as a
supplement, we were able to knockout the otheressentiatifp gene irE. coli strain
MG1655 using the lambda red recombinase sys&#nBy controlling the amount of
pantetheine supplement, we could control the amolU@bA theE. coli cell could
produce, which allowed us to observe how the leoE{S0A affect the growth and

antibiotic resistance d&. coli.

MATERIALSAND METHODS

TheE. coli MG1655dfp gene knockout was generated using the lambda red

recombinase system using a similar protocol asrdestin literatureg). To knockout
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the desired gene, the parent strain was first fiamed with the pKD46 plasmid, which
encodes for proteins Gam, Bet, and Exo (all ungerraC promoter) that carries out
recombination of homologous DNA. Next, the transfedE. coli strain was induced
with L-arabinose to express the Gam, Bet, and Egtems, and then electroporated with
a PCR insert containing a selection marker andédrwith 40 base pair nucleotides that
are homologous to the nucleotides flanking therddsgene in order to excise the desired
gene from the chromosome via DNA recombination. plasmids, pKD46 (described
above) and pKD4 (the DNA template to generate a PG&t with kanamycin resistance
marker), were obtained from tlke coli Genetic Stock Center.

Generating Homologous PCR Insert. The 3’ end of theifp gene overlaps with
the 5’ end of thelut gene. Therefore, the 5’ homologous region is thease pairs
sequence directly before the start codon ofifpegene, while the 3’ homologous region
ended at 20 base pairs before the start oflithgene. A PCR insert containing the
kanamycin resistance marker and flanked by the hmgoas regions described above
was generated via PCR usipig polymerase with the primers
AATCGCCAACTTCTGGTGTCACCCTACAGGAAAAATCATCGTGTAGGCTGAGCTGCTTCand
TTTCATCATAACGGGTCACGATCTCGTCGAGTAATAATTGATGGGAATTAGCATGGTCCOff
the pK4 template. The products of the PCR reactias gel-purified, quantified by
measuring absorbance at 260 nm, and stored at 12@fldise.

Transformation Protocol. E. coli MG1655 ATCC 47076) was grown in 100 mL
of LB media culture at 37°C until Qg reached 0.4. The culture was cooled on ice, and
then centrifuged at 5,000 g for 10 minutes to pefle cells. The cell pellet was further

washed with 25 mL of ice cold water twice and bintugp in 200 pL of ice cold water.
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An aliquot of 50 pL of the resuspended cell wastet@orated with 50 ng of pKD46 (0.2
cm cuvette and 2.5 kV, ~ 5 ms single pulse), recvén 1 mL SOC for 2 hours at 37°C,
and plated on LB-AMP plates overnight at 30°C. €bkrboring the pKD46 plasmid
were grown in 100 mL of LB-AMP media culture at 80antil ODsoo reached 0.1. The
culture was induced with a final concentration 0fiM arabinose, and grown at 30°C
until ODggo reached 0.4. The culture was made electrocompasetéscribed above, and
transformed with 200 ng of the PCR insert. Cellsenrecovered in 1 mL SOC for 3
hours, and plated on LB-Kan plates with 10 mM p#mite (the oxidized dimer of
pantetheine) supplement at 37°C overnight. Cologiies/ing on LB-Kan plate was
checked for proper recombination via colony PCR@s$he primers
CTCGGGAAGACGTTGCAGAG(sequence of the nucleotides immediately befazelfth
gene) andsAAGAACTCGTCAAGAAGGC (sequence of the reverse complement of portion
of thekan resistance marker) using HotStar Tag. Single ¢etowith thedfp gene
knockout were grown in 1 mL LB-Kan, 10 mM pantethimedia at 42°C overnight, and
then replated to check for the loss of the pK4&mia (reversion to AMP sensitivity) as
well as for pantethine auxotrophy.

Minimal Inhibitory Concentration. The antibiotic susceptibility of oulfp
knockout with 1 mM and 1M pantethine supplements was compared to the atitibi
susceptibility of the parent MG1655 strain. The imial inhibitory concentration (MIC)
against a panel of various antibiotics for Eaeoli strains was determined in a 384 well-
format. Each well was filled with 50L of LB media, the appropriate concentration of
antibiotic and pantethine supplement, &nhdoli (either the parent or knockout strain) at

a final concentration of Odgy of 0.004. Antibiotic concentration started fronn11000
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ug/mL, and the dilutions were made via a serieddadrial dilutions where the antibiotic
concentration was halved. The outer edge of the jdilled with media, but not used
for the experiment due to observed heating diffeesrbetween the edge and interior
wells. Plates were incubated overnight at 37°C, @ogitive bacterial growth was defined
as an Olgy of higher than 0.05. Experiments were run in cigtés, and the lowest

concentration of an antibiotic with no bacteriabgth is defined as the MIC.

RESULTSAND DISCUSSION

A dfp gene knockout strain &. coli MG1655 was generated. Ttip knockout
strain was unable to grow on M9, Luria-BertaniMareller Hinton cation adjusted media
without pantethine supplement. The concentratiopastethine supplement affected the
growth rate of the knockout strain, Table B.1. WithmM pantethine supplement, the
doubling rate and saturating concentration ofdfipeknockout strain was similar to the
parent MG1655. Decreasing concentrations of thégpl@ine supplement decreased the
growth rate, with the doubling rate and saturatiogcentration at less than 10% of the
parent MG1655 when supplemented with 10 uM parntethilo growth was observed at
lower pantethine levels. Pantethine deprivation m@dethal for thelfp knockout strain.
Cultures without pantethine grown for up to 2 day87°C with rigorous shaking (250
rpm) could be recovered by addition of 1 mM panteth

Using our gene knockout strain with a pantethungogement, we were able to
examine how decreased levels of CoA biosynthefestahe antibiotic susceptibility of
E. coli. The MIC of thedfp knockout strain with 10 uM and 1 mM pantethinegament

against a panel of antibiotics was compared tdvite of the parent MG1655 strain,
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Table B.2. Significant increases in antibiotic stwity were observed for a number of
antibiotics, such as novobiocin (256-fold increaggase inhibitor), erythromycin (64-
fold increase, protein synthesis inhibitor), trian (32-fold increase, fatty acid inhibitor),
tetracycline (32-fold increase, protein synthesksbitor), and cefaxin (32-fold increase,
cell wall synthesis inhibitor). However, very ldtincrease in sensitivity was observed for
some other antibiotics, such as rifampin (2-folcr@ase, RNA polymerase inhibitor),
gentamycin (2-fold increase, aminoglycoside), Imgain (2-fold increase, protein
synthesis inhibitors), polymyxin (2-fold increasgembrane depolarization), and
spectinomycin (2-fold increase, protein synthesishitor). No correlation between
mode of action of the antibiotic and increase mmsgevity was observed. For instance,
erythromycin and tetracycline both had significextrease in sensitivity, but lincomycin
and spectinomyin has little increase in sensitj\tyen though all four inhibit protein
synthesis. Likewise, antibiotic size also did natrelate with increased sensitivity. For
example, novobiocin had a 256-fold increase inisgitg, while rifampin only had a 2-
fold increase. Increased sensitivity also did maivg correlation with other common
chemical descriptors, such as LogP or polar sudaea. Because coenzyme A
availability effects a variety of biochemical pathys both directly and indirectly, the
complicated effects on antibiotic susceptibilitysebved is somewhat expected.
Inhibitors of PPCS/PPCDC (the proteins coded leydfph gene) are expected to
be bacteriostatic rather than bactericidal basedusriknockout study. Even if such an
inhibitor is not potent enough to be used alonamaantibiotic, increased antibiotic
susceptibility from partial inhibition of coenzymebiosynthesis means that it could be

valuable when used in conjunction with other aotilbs. Inhibition of coenzyme A
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biosynthesis might also have other unexpectedgdésitable therapeutic effects. For

example Mycobacterium tuberculosis that are auxotrophic for pantothenate have

decreased virulence and actually serve as vactimage models). The essential

function of thedfp gene, along with the observed increase in anitdsatsceptibility

when CoA levels are decreased, make CoA biosyrtlagsiomising target for

antibacterial therapy.
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Figure B.1: Alternative CoA biosynthetic pathwayACcan be biosynthesized from
pantetheine using only three enzymes of the no@oal biosynthetic pathway.
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Table B.1: Doubling times in LB media.

doubling Overnight

time (min) ODgoo
MG1655 35 5
dfp KO with
10 mM pantethine 36 5
1 mM pantethine 44 3
100 uM pantethine 77 1.2
10 uM pantethine >210 0.4
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