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ABSTRACT: The enzyme phosphopantothenoylcysteine synthetase (PPCS) catalyzes the nucleotide-dependent
formation of phosphopantothenoylcysteine from (R)-phosphopantothenate and L-cysteine in the biosynthetic
pathway leading to the formation of the essential biomolecule, coenzyme A. The Enterococcus faecalis
gene coaB encodes a novel monofunctional PPCS which has been cloned into pET23a and expressed in
Escherichia coli BL21 Al The heterologous expression system yielded 30 mg of purified PPCS per liter
of cell culture. The purified enzyme chromatographed as a homodimer of 28 kDa subunits on Superdex
HR 200 gel filtration resin. The monofunctional protein displayed a nucleotide specificity for cytidine
5’-triphosphate (CTP) analogous to that seen for bifunctional PPCS expressed by most prokaryotes. Kinetic
characterization, utilizing initial velocity and product inhibition studies, found the mechanism of PPCS to
be Bi Uni Uni Bi Ping-Pong, with the nucleotide CTP binding first and CMP released last. Michaelis
constants were 156, 17, and 86 uM for CTP, (R)-phosphopantothenate, and L-cysteine, respectively, and
the ke was 2.9 s~ !, [carboxyl-'80]Phosphopantothenate was prepared by hydrolysis of methyl pantothenate
with Na'80H, followed by enzymatic phosphorylation with E. faecalis pantothenate kinase (PanK). The
fate of the carboxylate oxygen of labeled phosphopantothenate, during the course of the PPCS-catalyzed
reaction with CTP and L-cysteine, was monitored by *'P NMR spectroscopy. The results show that the
carboxylate oxygen of the phosphopantothenate is recovered with the CMP formed during the reaction,
indicative of the formation of a phosphopantothenoyl cytidylate catalytic intermediate, which is consistent

with the kinetic mechanism.

Phosphopantetheine ((R)-3-hydroxy-4-(3-(2-mercaptoethy-
lamino)-3-oxopropylamino)-2,2-dimethyl-4-oxobutyl dihydro-
gen phosphate) is an fundamental feature in many biological
acyl transfer reactions (/—3). The molecule is found imbedded
within coenzyme A (CoA)," as well as on a posttranslationally
modified, conserved serine of acyl carrier protein (ACP) (7).
Both CoA and ACP play essential roles in activating various
acyl groups for enzyme-catalyzed transfer in several reactions
associated with intermediary metabolism and cell membrane
assembly in living organisms (4). The critical nature of
phosphopantetheine-containing molecules to the integrity and
viability of cells makes the biosynthetic pathway leading to the
production of these compounds an intriguing target for anti-
microbial development (5, 6).
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While it has been known for decades that CoA is
biosynthesized from nucleoside triphosphate (NTP), D-
pantothenate, and L-cysteine, the genes involved have only
been identified in recent years (7—9). In eukaryotic systems
that have been characterized, the phosphopantetheine portion
of CoA is synthesized from pantothenate via three chemical
reactions catalyzed by three polypeptides (Scheme 1) (0).
First, pantothenate is phosphorylated by pantothenate kinase
(PanK; EC 2.7.1.33; coaA), using ATP as the phosphate
donor, to yield phosphopantothenate (PPA). This is followed
by amide bond formation between the carboxyl group of PPA
and the amino group of L-cysteine catalyzed by an ATP-
dependent phosphopantothenoylcysteine synthetase (PPCS;
EC 6.3.2.5; coaB). Subsequent decarboxylation of the
carboxylic acid moiety on the ligated cysteine of phospho-
pantothenoylcysteine by phosphopantothenoylcysteine de-
carboxylase (PPCDC; EC 4.1.1.36; coaC) gives 4’-phospho-
pantetheine. In bacterial systems elucidated so far, the second
and third chemical steps, the ligation and decarboxylation
of cysteine by PPCS and PPCDC, are catalyzed by a single
bifunctional polypeptide (9, 11). Furthermore, CTP, rather
than ATP, is required by the bifunctional PPCS (7, 9).

PPCS from few species have been characterized. The
proposed mechanism of PPCS involves the formation of an
acyl cytidylate intermediate, 4’-phosphopantothenoyl cyti-
dylate, between the carboxylate moiety of D-pantothenate
and the a-phosphate of CTP, with the concomitant release
of pyrophosphate. Formation of the product occurs by
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transfer of the nucleotide-activated acyl group to the amino
group of L-cysteine, yielding phosphopantothenoylcysteine
and CMP (Scheme 2). This proposed mechanism is supported
by structural studies on the E. coli N210D PPCS domain,
where the acyl cytidylate intermediate was observed in the
active site when the crystal of the mutated PPCS was soaked
with CTP and PPA (/2). However, there has been no
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complete study on the kinetic mechanism of PPCS. In this
paper, we overexpress, purify, and characterize PPCS from
Enterococcus faecalis, which unlike most other bacterial
PPCS is encoded as a monofunctional protein and has
similarly distant homology from both the monofunctional
human PPCS protein and bifunctional bacterial PPCS
domains (5, 10). In this study we use initial velocity and
product competition experiments to elucidate the kinetic
mechanism of PPCS from E. faecalis and report for the first
time the chemical mechanism and nucleotide specificity of
a monofunctional bacterial PPCS.

MATERIALS AND METHODS

Materials. The chemicals used were of reagent grade or
of the highest purity commercially available and were not
further purified. Source 15Q, Source 15S, and Superdex 200
were from GE Healthcare. Calcium D-pantothenate, HEPES,
Tris base, ATP, CTP, pyrophosphate reagent, ampicillin,
sodium chloride, sodium hydroxide, methanol, formic acid,
sodium pyrophosphate, dithiothreitol, L-cysteine, and 97%
['®O]water were from Sigma-Aldrich. Lauria agar (Lennox)
and Lauria broth (Lennox) were from Difco. Restriction and
DNA modifying enzymes were from New England Biolabs.
The Escherichia coli BL21 Al was obtained from Invitrogen,
and E. coli XL1 Blue was obtained from Stratagene.
Polymerase chain reaction was performed using an Eppen-
dorf gradient mastercycler and PfuTurbo hotstart DNA
polymerase (Stratagene). Oligonucleotides were synthesized
by Invitrogen. Qiagen minispin kits were used for DNA
purification and PCR reaction cleanup. Electrospray mass
spectral analysis was performed at the University of Michi-
gan Mass Spectrometry Facility, Department of Chemistry.
DNA sequencing was performed by the University of
Michigan, Biomedical Research Resources Core Facility.
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Cloning, Overexpression, and Purification of E. faecalis
PPCS. The coaBgene was amplified from E. faecalis
genomic DNA (strain ATCC 700802), via PCR, using the
forward primer GCGCCATATGGATGTTTTAGTTACT-
GCTGGCGG and the reverse primer GCGCCTCGAGT-
CATTGTTGTTCTCTCCATTTCTTTTC to introduce an
Ndel site (shown underlined) upstream of the gene and an
Xhol site downstream of the gene. The resulting PCR
product, encoding the entire coaB gene, was digested with
Ndel and Xhol and ligated into pET23a(+) (Novagen) which
had been restricted with Ndel and Xhol. The desired plasmid
was designated pUMGD1, and the insert was confirmed by
DNA sequencing. E. coli strain BL21 Al harboring the
plasmid pUMGD1 was incubated in four 1 L flasks contain-
ing 250 mL each of LB—ampicillin media (5 g of NaCl, 5 g
of yeast extract, 10 g of tryptone, and 100 mg of ampicillin
per liter) at 37 °C with vigorous shaking (250 rpm) until the
optical density at 600 nm reached 0.6—0.8. The culture was
cooled to 17 °C and induced with a final concentration of
0.065% (w/v) L-arabinose. Incubation (17 °C, 250 rpm) was
continued overnight. Cells from the 1 L of culture were
harvested by centrifugation at 10000g, washed with 20 mM
HEPES, pH 8.0, and suspended in 80 mL of 20 mM HEPES,
pH 8.0. The cells were disrupted by French press, and the
resulting suspension was centrifuged at 20000g for 30 min
to separate the crude cytosol (supernatant) from cellular
debris (pellet). The cytosol was chromatographed on a Source
15Q column (8 mL of resin per 250 mL of cell culture)
equilibrated with 20 mM HEPES, pH 8.0, washed with 3
column volumes of equilibration buffer, and eluted with a
10 column volume linear gradient of 0—0.5 M NaCl in 20
mM HEPES, pH 8.0. Fractions were analyzed by SDS—
PAGE, and fractions containing PPCS were pooled and
passed through a 320 mL Superdex 200 prep grade column
equilibrated in 20 mM HEPES, pH 8.0, containing 150 mM
NaCl. The purified fractions were dialyzed against 20 mM
HEPES, pH 8.0, and stored at —80 °C.

Cloning, Overexpression, and Purification of the Pyro-
phosphate-Dependent Fructose-6-phosphate Kinase (PP;-
FPK). The E. coli codon optimized PP;-PFK gene (DNA
2.0) of Propionibacterium freudenreichii, containing a Ndel
site upstream and a Xhol site downstream of the gene, was
digested with Ndel and Xhol and ligated into pET23a(+)
via the same sites (/3). The resulting vector was designated
pUMIY901. Growth, expression, and purification protocols
used were the same as for PPCS (above).

High-Resolution Mass Spectrometry. The purified E.
faecalis PPCS was dialyzed against H,O and brought to 50/
50 methanol/water containing 1% formic acid. The sample
(final protein concentration of 0.2 mg/mL) was submitted
for positive-ion ESI-MS.

Synthesis of 4’-Phosphopantothenate. 4’-Phosphopantoth-
enate was synthesized via previously published procedures
9).

Synthesis of [carboxyl-*0 JPhosphopantothenate. Methyl
D-pantothenate (18.6 mg, 80 umol) was treated with 0.4 M
Na'®OH in 200 uL final volume (8 uL of 10 M NaOH and
192 uL. of 97% H,'30 for a final concentration of 93.2%
130) for 2 h at room temperature. The reaction was then
neutralized by applying to an AG MP-50 resin spin column
(H" form; 1 mL) and centrifuging at 1000g for 2 min to
yield [carboxyl-'30]-p-pantothenate. The labeled pantoth-
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enate was then converted, biochemically, into [carboxyl-'#0]-
D-phosphopantothenate by incubating at 30 °C overnight in
the presence of 1.1 equiv of ATP and 10 uM E. faecalis
pantothenate kinase in 50 mM HEPES, pH 8.0 (5§ mL final
volume). The reaction was separated on a Source 15Q
column (8 mL) via a linear gradient elution of 0—0.4 M NaCl
in water. Fractions containing labeled phosphopantothenate,
detected enzymatically using the PPCS assay (described
below), were combined and lyophilized. The lyophilized
fractions were subjected to gel filtration on a Bio-Gel P-2
column (240 mL) in water to remove NaCl. The relevant
fractions were lyophilized and characterized. "H NMR (500
MHz, D,0): 6 0.82 (s, 3H), 0.99 (s, 3H), 2.41 (t, 2H), 3.39
(dd, 1H), 3.42 (dt, 2H), 3.75 (dd, 1H), 4.1 (s, 1H). 3*C NMR
(125 MHz, D,0): 6 17.96 (s), 21.42 (s), 36.12 (s), 36.72
(s), 38.35 (d), 70.69 (d), 74.77 (s), 174.76 (s), 180.268 (s,
caboxylate '80), 180.295 (s, caboxylate '°0); ratio of
carboxylate species 92 to 10 (**0 to '°0).

80 Transfer Reaction. A reaction mixture of 10 mM CTP,
10 mM MgCl,, 12 mM [carboxyl-'80]-p-phosphopantoth-
enate, 10 mM L-cysteine, 10 mM DTT, and 2.4 uM E.
faecalis PPCS in 500 uL of 100 mM Tris-HCI, pH 7.6, was
incubated for 1 h at 37 °C. The reaction was then filtered
through a Microcon YM-10 membrane (Amicon) at 13000g
and 15 °C for 30 min to remove the enzyme. To the filtrate
was added 120 uL of ’H,0, and the solution was analyzed
via 3P NMR. Analogous control experiments with unlabeled
D-phosphopantothenate or without enzyme were also performed.

NMR Spectroscopy. Proton-decoupled *'P NMR spectra
were recorded on a Bruker DRX500 spectrometer (11.75 T)
at a probe temperature of 298 K, tuned to 202.4 MHz, using
5 mm high-resolution NMR tubes. Spectra were obtained
with a spectral width of 80000 Hz, 1.0 s relaxation delay,
and 32768 complex points in the time domain using
simultaneous detection of real and imaginary components.
The time domain data were apodized with an exponential
(0.5 Hz) prior to zero-filling followed by Fourier transforma-
tion. Chemical shifts are reported relative to an external
sample of 10 mM inorganic phosphate (0.0 ppm) in 100 mM
Tris-HCI (pH 7.6) and 10% *H,O0.

Proton-decoupled '*C NMR spectra were recorded on a
Bruker DRX500 spectrometer (11.75 T) at a probe temper-
ature of 298 K, tuned to 125.7 MHz, using 5 mm high-
resolution NMR tubes. Spectra were obtained with a spectral
width of 25000 Hz, 1.0 s relaxation delay, and 32768
complex points in the time domain using simultaneous
detection of real and imaginary components. The time
domain data were apodized with an exponential (0.5 Hz)
prior to zero-filling followed by Fourier transformation.
Chemical shifts are reported relative to tetramethylsilane (0.0
ppm).

Enzyme Assay. The PPCS reaction was observed in the
forward reaction via an enzyme-linked assay, where the
production of pyrophosphate from PPCS activity was coupled
to the oxidation of NADH, which could be monitored as a
disappearance of absorption at 340 nm. All of the compo-
nents of the pyrophosphate detection system are available
commercially as the pyrophosphate reagent (PR) from
Sigma-Aldrich. It was necessary that additional units of PP;-
PFK be added to the commercial preparation in order to use
it as a continuous assay. With this modification PPCS activity
could be observed in real time under our experimental



2802 Biochemistry, Vol. 48, No. 12, 2009

a) BC.NMR 0 S o
o ]

N

peoppa || [OIPPA

N

180.300 180.250180.200
ppm(f1)

T T T T T T T T T T T T T T T T
150 100 50
ppm (f1)

b) YP-NMR | ) P_NMR

[180]-CMP

[160]-CMP

T T T T T T T T T T T T T
360 350 340 330 3.20 3.10 3.60 350 3.40 330 3.20 3.10

Lopm (f1) ppm (f1)

FIGURE 1: *C and *P NMR spectra. (a) '*C NMR (proton-
decoupled) spectrum of [carboxyl-"*0O]phosphopantothenate. (b) 3'P
NMR (proton-decoupled) spectrum of CMP produced during PPCS
catalysis using [carboxyl-"*O]phosphopantothenate. (c) 3'P NMR
(proton-decoupled) spectrum of CMP produced during PPCS
catalysis using unlabeled phosphopantothenate. Experimental details
are listed under Materials and Methods.

conditions. The assays were performed on a SpectraMax M5
(Molecular Devices) microplate reader using 96-well half-
area plates (Costar UV), where each assay has 100 uL final
volume. Each vial of the PR was resuspended in 4.5 mL of
100 mM HEPES, pH 7.6. The assay mix consisted of 30 uLL
of PR, 1 unit of additional PP-PFK, 10 mM DTT, and
varying concentrations of the substrates (CTP, L-cysteine,
and PPA) in a volume of 70 uL buffered in 50 mM Tris-
HCI and pH 7.6. All assay mixes contained MgCl, in 1:1
molar stoichiometry with nucleoside triphosphate. The assay
mix and the enzyme solution (275 nM PPCS in 50 mM Tris-
HCI, pH 7.6) were incubated at 37 °C for 15 min before the
assay. Reactions were initiated by adding 30 uL of enzyme
solution to the assay mix. The oxidation of NADH, moni-
tored by a decreasing UV absorbance at 340 nm (¢ = 6.22
mM ™! em ™), is measured over the course of the assay, and
the activity of the enzyme is calculated by adjusting for path
length (0.5 cm) and taking into account that each mole of
pyrophosphate produced leads to the oxidation of 2 mol of
NADH. Assays were run in duplicates, with the average
velocities reported.

Initial Velocity Studies. Pairwise analyses, where initial
velocities were measured with varying concentrations of one
substrate at different fixed concentrations of a second
substrate while holding the third substrate at saturation, were
conducted. For instance, initial velocities as a function [CTP]
were measured at several fixed levels of [PPA] (0.6, 0.3,
0.15, 0.075, and 0.0375 mM) with a constant level of
[cysteine] (1 mM). Pairwise analyses were performed for
all three substrates.

Yao et al.

Product Inhibition Studies. Initial velocities were measured
against different concentrations of one substrate with fixed
concentrations of the other two substrates and different fixed
concentrations of the product inhibitor. For example, initial
velocities versus [CTP] were measured at 0.15 mM PPA, 1
mM cysteine, and several fixed levels of [CMP] (0, 250, 500,
and 1000 uM).

Data Analysis. Initial velocity was first graphically ana-
lyzed as Lineweaver—Burk double-reciprocal plots. Velocity
versus the varying [substrate] data was fit to eq 1 to determine
the K,,*P and k.,**?, which was in turn used to derive the
fitting lines in the Lineweaver—Burk plots. The different
patterns in the Lineweaver—Burk plots arising from the
pairwise or inhibition analysis were used to determine which
terreactant kinetic mechanism describes PPCS. The initial
velocity data from the three sets of pairwise analysis were
fit to the initial velocity equation (eq 2) describing the
appropriate mechanism (Bi Uni Uni Bi Ping-Pong) to
determine the relevant kinetic parameters. Likewise, product
inhibition data were fitted to the appropriate product inhibi-
tion equations (eqs 3—5) to determine the relevant kinetic
parameters.
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v %+ [A] (€Y
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In these equations v is initial velocity and Vi, is maximum
velocity. Kina, K, and K¢ are the Michaelis constants for
substrates A, B, and C, respectively. K;, is the dissociation
constant of substrate A, and K, is the inhibition constant of
the product R.

RESULTS

Protein Expression and Purification of Recombinant E.
faecalis PPCS. PPCS is eluted from the Source 15Q anion-
exchange column at 200 mM NaCl. After anion-exchange
and gel filtration chromatography the synthetase was >98%
pure as determined by SDS—PAGE. Approximately 30 mg
of soluble, purified PPCS was obtained per liter of cell
culture, with a specific activity of 5.2 units/mg. The native
oligomerization state of PPCS was determined via gel
filtration. The elution volume of the synthetase on a Superdex
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200 HR column was compared to the elution volumes of
known protein standard (Bio-Rad gel filtration standard) in
order to determine its apparent molecular weight. PPCS
eluted as an ~60 kDa molecule, suggestive of a homodimer
(theoretical mass 57 kDa).

The purified protein was further analyzed by positive ion
ESI-MS and found to have a molecular mass of 28415.0 Da.
This mass corresponds to the calculated mass of the
recombinant protein (28525.2 Da) associating with one
molecule of sodium (23 Da) minus the amino-terminal
methionine (133.2 Da). The mass shows that E. faecalis
PPCS has no attached prosthetic group, in agreement with
previous studies performed on the E. coli synthetase (9).

ATP/CTP Specificity of E. faecalis PPCS. Since the amino
acid homology of E. faecalis PPCS is equally divergent from
both human and E. coli PPCS, it was unclear whether the E.
faecalis enzyme would be ATP or CTP selective. To
determine its nucleotide specificity, the E. faecalis enzyme
was assayed in the presence of either 10 mM ATP or CTP,
0.6 mM PPA, and 1 mM cysteine, representing saturating
conditions for all substrates (particularly CTP, which is
present at a concentration approximately 65 times its
determined K,). Under these conditions, the ATP-containing
reaction showed only 8% of the activity of the CTP-
containing reaction, suggesting that the E. faecalis enzyme
is highly selective for CTP like other bacterial PPCS.

Oxygen Transfer during PPCS Catalysis. Figure 1a shows
the '*C NMR spectrum of [carboxyl-'3O]PPA synthesized
by hydrolysis of methyl phosphopantothenate with Na'8OH
(93% '*0). The inset shows two NMR resonances separated
by 0.027 ppm, which correspond to [carboxyl-'°O]PPA and
[carboxyl-"|O]PPA, and integrate to a ratio of 1 to 9.2,
respectively. Thus, the labeled PPA contains 90% 80O
distributed between the two carboxylate oxygens, consistent
with the percentage of '*0 (93%) contained in the saponi-
fication reaction. This compound was used as a substrate
for the E. faecalis PPCS reaction to confirm the formation
of a phosphopantothenoyl cytidylate intermediate. Figure 1b
depicts the 3'P NMR spectra of CMP formed during the
PPCS-catalyzed reaction. Two NMR resonances separated
by 0.025 ppm were seen corresponding to CMP labeled with
no and one '80 atom. The upfield-shifted '*O-labeled CMP
resonance represents approximately 45% of the total CMP
resonances, which is what would be expected from the
transfer of one of the two equivalent carboxylate oxygens
of PPA. The *'P NMR of the control reaction (Figure 1c),
in which unlabeled PPA was used as a substrate for PPCS,
shows a single resonance corresponding to unlabeled CMP.
From these results it was determined that the E. faecalis
PPCS-catalyzed reaction proceeds through the formation of
a phosphopantothenoyl cytidylate intermediate.

Enzyme Mechanism. In the double-reciprocal plot of initial
velocity against [CTP] at various [PPA] with saturating
[cysteine], the fitted lines intersect to the left of the y-axis.
Replots of intercept vs 1/[PPA] and slope vs 1/[PPA] both
have a good linear fit (Figure 2). Thus, CTP and PPA are
sequential with respect to each other, so in the overall
mechanism both CTP and PPA must bind to the enzyme
before a chemical reaction can occur. In the double-reciprocal
plot of initial velocity against [cysteine] at various [PPA],
the fitted lines are parallel, with replot of intersect vs 1/[PPA]
having a good linear fit, consistent with a mechanism where
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PPA. (a) Double-reciprocal plot of velocity data. (b) Secondary
plot of intercepts versus reciprocal [CTP].

PPA and cysteine are Ping-Pong with respect to each other
(Figure 3). Thus, in the overall mechanism, there is a product
release step between the binding of PPA and the binding of
cysteine. Likewise, in the double-reciprocal plot of initial
velocity against [cysteine] at various [CTP], the fitted lines
are parallel again, with a linear fit in the replot of intersect
vs 1/[CTP], consistent with a mechanism where PPA and
CTP are Ping-Pong with respect to each other (Figure 4).
Again, in the overall mechanism, there is a product release
step between the binding of CTP and the binding of cysteine.
Given that CTP and PPA must both bind to the enzyme
before the first half-reaction occurs, the only terreactant
mechanism consistent with the data is the Bi Uni Uni Bi
Ping-Pong mechanism.

The product inhibition pattern of CMP with respect to the
three substrates is examined to determine the sequence of
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FIGURE 7: Product inhibition analysis of CMP versus cysteine. Initial
velocity analysis of PPCS versus varying [cysteine] at different fixed
[CMP] with 0.3 mM CTP and 0.3 mM PPA. Double-reciprocal
plot of velocity data.

CTP and PPA binding. In the double-reciprocal plot of initial
velocity against [CTP] at various [CMP], the fitted lines
intersect on the y-axis, consistent with a mechanism where
CMP is a competitive inhibitor with respect to CTP (Figure
5). In the double-reciprocal plot of initial velocity against
[PPA] at various [CMP], the fitted lines intersect in the
second quadrant, consistent with CMP as a mixed inhibitor
with respect to PPA (Figure 6). Finally, in the double-
reciprocal plot of initial velocity against [cysteine] at various
[CMP], the fitted lines are parallel, consistent with CMP as
an uncompetitive inhibitor with respect to cysteine (Figure
7). Together, the inhibition patterns are consistent with a Bi
Uni Uni Bi Ping-Pong mechanism where CTP is the first
substrate to bind to the enzyme and CMP is the last product
to be released (Scheme 3).

The steady-state kinetic parameters determined from fitting
to the initial velocity equation of a Bi Uni Uni Bi Ping-
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Pong mechanism, eq 2, are summarized in Table 1. The
inhibition pattern of CMP with respect to the three substrates,
as well as the calculated Kicmp (K, in velocity equations), is
summarized in Table 2.

DISCUSSION

Phosphopantothenoylcysteine synthetase catalyzes the
second step of CoA biosynthesis, the amide bond formation
between 4’-phosphopantothenate and L-cysteine (7, 9).
Because of its essential nature in the growth and survival of
all organisms, selective inhibitors of bacterial PPCS activity
would be useful as broad spectrum antibiotics (5, 6). PPCS
from E. faecalis represents a heretofore uncharacterized, new
class of bacterial PPCS, found in several clinically and
bioterrorism relevant pathogens, such as Streptococcus
pneumoniae and Bacillus anthracis (5, 10). This class of
enzyme is uniquely monofunctional, in that it is not natively
expressed as a protein fusion with phosphopantothenoylcys-
teine decarboxylase as seen in a majority of bacteria.
Therefore, in order to gain a more complete description of
bacterial PPCS to be used in inhibitor design, the E. faecalis
enzyme has been cloned, expressed, purified, and subjected
to kinetic and isotopic labeling studies.

The E. faecalis enzyme shows very distant sequence
similarity to the PPCS domain of the bifunctional PPCDC/
PPCS proteins and, in fact, produces consistently higher
similarity scores with the human monofunctional PPCS (5, 10).
Nevertheless, our nucleotide utilization studies with the E.
faecalis PPCS show that the enzyme is CTP-specific at
physiological relevant concentrations. Thus, all bacterial
PPCS enzymes characterized so far, whether expressed as a
bifunctional polypeptide with PPCDC or natively expressed
as a monofunctional protein, are CTP-specific. This is in stark
contrast to the monofunctional human PPCS, which is
reported to be ATP selective (5—7). The difference in
nucleotide specificity between the bacterial and mammalian
PPCS may have important implications in protein evolution
and CoA regulation, as well as in developing selective
bacterial PPCS inhibitors based upon differences in the
nucleotide binding sites (10, 14).

To establish the formation of a phosphopantothenoyl
cytidylate intermediate formed during the E. faecalis PPCS-
catalyzed reaction, heteronuclear NMR was performed. 30
has a significant one-bond nuclear shielding effect upon
carbon and phosphorus atoms to which it is directly bonded,
resulting in an observable upfield shift in the NMR resonance
of such nuclei (15—19). Isotopic-shifted heteronuclear NMR
has been used in the present paper to study oxygen transfer
during PPCS catalysis. When carboxyl-'80-labeled phos-
phopantothenate was incubated with CTP in the presence of
PPCS, approximately half of the 0 ended up in the
phosphate group of the CMP formed. This is consistent with
our kinetic mechanism wherein a phosphopantothenoyl
cytidylate intermediate is formed during the first half-reaction
with the release of pyrophosphate and subsequent transfer
of the phosphopantothenoyl group to L-cysteine to yield
phosphopantothenoylcysteine and CMP. Previous structural
studies, using a mutant form of the E. coli PPCS domain
which in noncrystallographic studies was unable to form
phosphopantothenoylcysteine, also have shown a phospho-
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Scheme 3
CIF' F'IA F'fi CIS PP-Cys CMP
PPCS PPCS:CTP PPCS.CTP.PPA PPCS:CMP-PPA [ PPCS:CMP-PPA.Cys PPCS
PPCS:CMP:PP-Cys

Table 1: Kinetic Parameters of PPCS at pH 7.6 and 37 °C

Kictp 652 & 345 uM
KmCTP 156 + 17 ILLM
Kuppa 17 £ 6 uM
Kincys 86 & 7 uM
Keat 2940157

Table 2: Product Inhibition Patterns for PPCS

inhibitor variable substrate fixed substrates pattern calc Kicmp (M)

CMP CTP PPA, cysteine comp 766 £ 90
CMP PPA CTP, cysteine  mixed 522 +£23
CMP cysteine CTP, PPA uncomp 732 £97

pantothenoyl cytidylate intermediate formed within the active
site upon crystallization in the presence of CTP and PPA
(12).

Our steady-state initial velocity and product inhibition data
for E. faecalis PPCS fit very well with a Bi Uni Uni Bi Ping-
Pong kinetic mechanism. These kinetic findings very nicely
align with previous structural data from a series of crystal
structures of an E. coli PPCS mutant (/2). In the structural
studies it was found that the dynamics of two protein loops,
residues 284—299, which cover the binding site of the
opposite dimer subunit, and residues 354—363, which form
a pocket around the terminal phosphate on PPA, control
chemical reaction as well as substrate binding and product
release. In the apo form, residues 284—299 and residues
354—363 are disordered, and the cleft where PPA binds is
not well formed and almost entirely solvent exposed while
the CTP binding pocket is mostly formed. In the CTP bound
structure, residues 284—289, 298, and 299 become ordered
and interact with the binding site formed from the other dimer
(12). As aresult, the PPA binding cleft is more defined. Also,
the Ky determined from isothermal titration calorimetry (ITC;
see Supporting Information) matches well with the dissocia-
tion constant of CTP calculated from our kinetic studies.
Thus, consistent with our kinetic results, the ITC and
structural data suggest that CTP binds first and is prerequisite
to PPA binding.

The Ping-Pong portion of the kinetic mechanism also
correlates well with the literature. In the CTP-bound E. coli
PPCS structure, the newly ordered Lys289 hydrogen bonds
with the oxygen linking the o- and -phosphates, serving to
activate the pyrophosphate as a leaving group as well as to
help orient where PPA binds to the enzyme for the
subsequent attack on the a-phosphate of CTP to form the
4’-phosphopantothenoyl cytidylate intermediate. When both
PPA and CTP are soaked into the crystal, the intermediate
4’-phosphopantothenoyl cytidylate is observed in the binding
site, with pyrophosphate released (/2). Our kinetic data show
that PPA and cysteine have a Ping-Pong relationship,
indicating that there is a product release step between the
binding of PPA and the binding of cysteine. This is consistent
with the release of PP; before the substrate cysteine binds
and reacts.

In the acyl cytidylate intermediate bound structure, residues
354—363 become ordered and form a pocket around the
terminal phosphate, making the PPA portion of the molecule
no longer solvent accessible. Likewise, the CMP-bound
crystal structure obtained after all three substrates were
soaked has residues 354—363 ordered, similar to the
intermediate bound structure (/2). Since CMP is still bound
to the active site, while the other product phosphopantoth-
enoylcysteine is not observed, phosphopantothenoylcysteine
must be released first and CMP released last, same as the
order determined via kinetics.

Overall, the enzyme mechanism of the monofunctional E.
faecalis PPCS determined by our kinetic and isotopic studies
is consistent with previous structural studies with the PPCS
domain of the E. coli bifunctional protein. We have
determined that CTP and PPA bind in an ordered fashion to
the enzyme and react to form the intermediate 4’-phospho-
pantothenoyl cytidylate with concomitant formation of py-
rophosphate. Pyrophosphate is released before L-cysteine
binds and reacts with the carbonyl moiety of the mixed
anhydride to form the products phosphopantothenoylcysteine
and CMP in the second half-reaction. Further, product
binding and substrate release are ordered, with CTP binding
first and CMP released last.
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