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ABSTRACT. Pantothenate synthetase frdvtycobacterium tuberculosisatalyzes the formation of pan-
tothenate from ATPp-pantoate, anf-alanine. The formation of a kinetically competent pantoyl-adenylate
intermediate was established by the observation of a positional isotope exchange (PIX) reaction within
180-labeled ATP in the presence pfpantoate. Whenfy-180g]-ATP was incubated with pantothenate
synthetase in the presencempantoate, ad®O label gradually appeared in tlgd-bridge position from

both thef- and they-nonbridge positions. The rates of these two PIX reactions were followedPoy

NMR spectroscopy and found to be identical. These results are consistent with the formation of enzyme-
bound pantoyl-adenylate and pyrophosphate upon the mixing of xpBntoate, and enzyme. In addition,

these results require the complete torsional scrambling of the two phosphoryl groups of the labeled
pyrophosphate product. The rate of the PIX reaction increased agidetoate concentration was elevated

and then decreased to zero at saturating levetsgentoate. These inhibition results support the ordered
binding of ATP and-pantoate to the enzyme active site. The PIX reaction was abolished with the addition

of pyrophosphatase; thus, RRust be free to dissociate from the active site upon formation of the pantoyl-
adenylate intermediate. The PIX reaction rate diminished when the concentrations of Abpantbate

were held constant and the concentration of the third subsgiatianine, was increased. This observation

is consistent with a kinetic mechanism that requires the binding-afanine after the release of
pyrophosphate from the active site of pantothenate synthetase. Positional isotope exchange reactions have
therefore demonstrated that pantothenate synthetase catalyzes the formation of a pantoyl-adenylate
intermediate upon the ordered addition of ATP and pantoate.

Pantothenate synthetase (EC 6.3.2.1) is an ATP-dependenBcheme 1
enzyme that catalyzes the formation of the amide bond of OH
pantothenate from-pantoate ang-alanine in the final step P ® o
of the pantothenate biosynthetic pathway (Scheme 1). MgATP +  HO + Hng\n/o
Pantothenate, a member of the B group of vitamins, is a key o] o
precursor in the biosynthesis of coenzyme A and acyl carrier D-pantoate l B-alanine

protein, two essential cofactors involved in numerous
metabolic reactionsl( 2). These reactions include fatty acid

synthesis and oxidization, transcription, cell signaling, and OH

the biosynthesis of polyketides and nonribosomal peptides ',:', ok
(3—7). Pantothenate is synthesized de novo in bacteria, yeast, AMP + MgPP; + HO \/\n/
and plants, but mammals must obtain it from their digt ( o o}
Pantothenate is synthesized via three enzymatic steps from D-pantothenate

a-ketoisovalerate, which is also an intermediate in the

biosynthesis of the branched chain amino acids valine and Pantothenate synthetase has been purified and partially
leucine (). The biosynthesis of pantothenate is essential for characterized fronEscherichia coli Lotus japonicusand

the growth ofMycobacterium tuberculosisuggesting that ~ Oryza satium(8, 9). Mg*" is required for pantothenate syn-
the enzymes involved in the pantothenate biosynthetic thetase activity, and the three-dimensional structure of un-

mycobacterial agents. member of the cytidylyltransferase family of enzym&s (
10). We have previously cloned, expressed, purified, and ki-
; netically characterized pantothenate synthetase fvbrtu-
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Mechanism of Pantothenate Synthetase
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be found in theoS-bridge position upon reformation and
dissociation of ATP I{). Alternatively, if the PPthat is
formed within the active site can flip so as to interchange
the positional identities of the origing+ andy-phosphoryl
groups of ATP, then atfO will be found in they-phosphoryl
group of ATP (Il ) upon reformation and dissociation of this
labeled substrate. Therefore, if the rotation of the initially
formed pyrophosphate product is unrestricted (either through
dissociation/reassociation or tumbling within the active site),
then an equilibrium mixture of ATP molecules will form
with 180-labeling patterns represented by structuiréls, and

[l . However, if the PHs so tightly bound that only torsional
equilibration of thef-phosphoryl group is kinetically sig-
nificant, then the formation ofil is not possible. In this
case, isotopic equilibration would be restricted to the
equilibrium formation ofl andll . In this paper, we report
the results of positional isotope exchange experiments using
M. tuberculosispantothenate synthetase to establish the
participation of pantoyl-adenylate as a kinetically competent
intermediate and to demonstrate that the RPfree to
dissociate and then reassociate with the pantoyl-adenylate
enzyme complex.

consists of two sequential steps, pantoyl-adenylate formation,\JATERIALS AND METHODS

and the subsequent nucleophilic attack on the mixed anhy-
dride byg-alanine to form pantothenat8, (11). The forma-

Materials Myokinase, carbamate kinase, pyrophosphatase,

tion of pantoyl-adenylate, proposed as a required intermediateand -alanine were purchased from Sigma Chemical Co.

in the kinetic mechanism, was supported®®#y NMR spec-
troscopy of the product}§O]-AMP, produced by®O trans-
fer to AMP from [carboxyl®O,]-pantoate. The rates of the

Oxygen-18 labeled water (90%) was obtained from Cam-
bridge Isotope Laboratories. Oxygen-18 labeled potassium
phosphate was prepared using the method outlined by Risley

two single reactions (pantoyl-adenylate formation and break- and Van Etten18). The synthesis offy-1#0¢]-ATP (I) was
down) determined under presteady-state conditions are con-accomplished by following the procedure of Cohn and Hu
sistent with the rate of the overall reaction, indicating that with slight modifications {9). Pantothenate synthetase from
pantoyl-adenylate is a kinetically competent intermediate M. tuberculosiswas expressed k. coli and purified as

(11).

The positional isotope exchange (PIXpchnique is a

previously describedl). Phosphorus pentachloride and all
other chemicals were purchased from Aldrich Chemical Co.

method that can be used to determine the kinetic competence S5'P Nuclear Magnetic Resonance MeasuremétfisNMR
of reaction intermediates and establish kinetic mechanismsspectra were acquired using a Varian Inova-400 multinuclear

in enzyme-catalyzed reaction$2-14). For example, the

NMR spectrometer operating at a frequency of 162 MHz.

ordered binding of ATP and XMP during the reaction Acquisition parameters were 5000-Hz sweep width, 6.0 s
catalyzed by GMP synthetase was established by PIX acquisition time, 2.0 s delay between pulses, 1&Pulse

experiments 15). The PIX reaction within fy-1%Qg]-ATP

width (pulse width 90 = 25 us), and Waltz decoupling (35

was observed with GMP synthetase only in the presence ofdb).

XMP, and the exchange reaction did not require sNH

Positional Isotope Exchange Reactiofihe positional

Increasing concentrations of XMP suppressed the PIX isotope exchange reaction as a function of time was measured

reaction within the labeled ATPLE). PIX experiments have
also been used to assess the obligatory formatiaraényl
phosphate as an intermediatepiila-p-X ligase reactions

(16, 17).

by following the incorporation of thg and/ory-nonbridge
oxygens from By-180g]-ATP (1) into thea3-bridge position
(Scheme 2). The reaction mixtures contained 10 n@iy+ [
180g)-ATP (1), 10 mM MgCh, 15 mM KCI, 0.1 mM

An outline of the two PIX reactions that could be catalyzed p-pantoate, 50 mM HEPES, pH 7.8, and pantothenate
by pantothenate synthetase is presented in Scheme 2. Whenmynthetase at a final concentration of ABl. The volume

[By-180¢)-ATP (1) is incubated withp-pantoate in the
presence of enzyme, P&d pantoyl-adenylate are antici-

of the assay mixture was 4.0 mL, and the sample was
incubated at 30C for up to 8 h. Aliquots of 50QL were

pated to form within the active site. The oxygen-18 labels removed every hour, and the reaction was quenched by

within the newly formed PRcan positionally scramble via

adding two drops of CGlwith vigorous vortexing. The

two possible routes from this intermediate complex. If there precipitated protein was removed by passage through a 0.45
is unrestricted rotation about the bond connecting the um Corning syringe filter and then concentrated to near

bridging oxygen with the origing#-phosphoryl group of the
newly formed pyrophosphate, then &® will eventually

1 Abbreviations: HEPES, 4-(2-hydroxyethyl)-1-piperazine ethane-

sulfonic acid; PIX, positional isotope exchange.

dryness with the aid of a rotary evaporator. The material

was then dissolved in a 730 solution containing 200 mM

EDTA, pH 9.0 and 15% ED.

The [By-180¢]-ATP (1) was also incubated with various
amounts ob-pantoate-alanine, and inorganic pyrophos-
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Ficure 1: 3P NMR spectra of the-P of ATP. (A) 10, species
of [By-180¢]-ATP (I) at time zero; (B) after incubation with

Williams et al.

positional scrambling of thé*O-labels within the original
ATP to be followed as a function of time in the absence of
addedg-alanine. Incorporation of®O into the a8 bridge
position of ATP (as in structurd) can only be observed if
the original s-phosphoryl group of the newly formed
pyrophosphate product can freely rotate within the active

p-pantoate and pantothenate synthetase for 4 h; and (C) aftersite of the enzyme. Alternatively, if the symmetrical; @&n

incubation for 8 h. The new upfield signal within the doublet for
the a-P is the resonance for the migration of &@-label into the
o-nonbridge position of ATP (as in structurdsandlll ).

R

FIGURE 2: 3P NMR spectra ofy-P of ATP. (A) The three
resonances for the doublet pfP of the synthesized3}-180¢]-
ATP (1) represent the species with 4, 3, and 2 atom'$@fat time
zero; (B) after incubating witlb-pantoate and pantothenate syn-
thetase for 4 h; and (C) after incubating for 8 h.

phatase. Reactions with variable concentratiornsjodntoate
contained 10 mMfy-180g]-ATP (1), 10 mM MgCb, 15 mM
KCI, 50 mM HEPES, pH 7.8, and-pantoate ranging from
0.01 to 15 mM. The volume of the assays was 0.5 mL with
an enzyme concentration of 18Vl. The reactions were
incubated at 30C for 3 h and then quenched and treated as
described above. Assays with the addition of inorganic
pyrophosphatase contained 10 my{0q]-ATP (1), 10
mM MgCl,, 15 mM KCI, 0.1 mM p-pantoate, 50 mM
HEPES, pH 7.8, 13uM pantothenate synthetase, and
pyrophosphatase ranging from 0.001 to 10 units in a final
volume of 0.5 mL. The reactions were quenched as previ-
ously outlined. The concentration gfalanine was varied
from 0.01 to 5.0 mM in reaction volumes of 0.5 mL
containing 10 mM By-180¢]-ATP (1), 10 mM MgCh, 15
mM KCI, 0.25 mMp-pantoate, 50 mM HEPES, pH 7.8, and
13 uM pantothenate synthetase.

RESULTS AND DISCUSSION

Enzymatic Synthesis of}-180q]-ATP. The oxygen-18
labeled ATP () was synthesized from isotopically labeled
carbamoyl phosphate, AMP, a trace of ATP, adenylate
kinase, and carbamate kinasks) The ¥0 content was
quantified using®P NMR according to the procedure of
Cohn and Hu 19). The 3P resonances for the- and
y-phosphoryl groups of the labeled ATP) @re shown in
Figures 1A and 2A, respectively. Only one resonance is
observed for the-P since none of the oxygen atoms attached
directly to this phosphoryl group are labeled wifi®. In

also flip end-over-end within the active site of pantothenate
synthetase, then the positional orientation of the origfihal
andy-phosphoryl groups will be lost, and PO will then
also appear in the-phosphoryl group of ATP (as in structure
[II'). With either scenario, a new upfield resonance signal
will appear in the NMR signal for tha-P (representing the
o-P that now contains a singlO atom) as the reaction
progresses, while the original resonance signal (containing
no *0) will decrease. This new resonance is shifted 0.017
ppm upfield from the resonance for the &fO-labeled
material (9). If the PR product is able to fully reorient itself
within the active site, then there will also be an increase in
the relative resonance signal for the'fO;3'%0,]-P species
and a decrease fop{180,]-P. Figure 1 illustrates the change
in isotopic composition for thex-P of ATP upon the
incubation of enzyme, ATPl), andp-pantoate. There is a
decrease in the percentage of the origif@l species (shown

in Figure 1A) to 54 and 33% after 4 and 8 h, respectively
(Figure 1B,C).

The rate constants for the approach to positional isotopic
equilibrium at theo-P were obtained by fitting the experi-
mental time course data to eqs 1 and 2. In these two
equationsX, is the amount of thed-1%0,4]-P species at time
t, X; is the total NMR signal for all of ther-P speciesz is
the fraction of®O-labeling, n is the number of labeled
compounds in pool 2nis the number of labeled compounds
in pool 1, andX; is the amount of thed-180,%04]-P species
at timet. For the mechanism that appears in Scheme 2 where
only the rotation of thgg-phosphoryl group is allowedh =
2 andm = 1. However, if the pyrophosphate product is able
to freely flip, thenn = 5 andm = 1. Fitting the experimental
data to eqs 1 and 2 yields a rate constant of Gt20.03
hr=* for the model f = 5 andm = 1) where pyrophosphate
is freely able to tumble within the active site (Figure?3).
The turnover number for the PIX reaction under these
conditions was calculated to be 3#1 0.4 min! using an
enzyme concentration of 18V and an ATP concentration
of 10 mM. This value may be compared to the determined
keat Of 3.4 £ 0.2 s! and the maximal rate of pantoyl-
adenylate formation of 1.3- 0.3 s* (11).

The change in the isotopic composition of theé® was
monitored by measuring the fractional decrease of the

contrast, there are three resonances (the most downfield peaky-180,4]-P species and is presented in Figures 2 and 4. At

is a contaminant) observed for theP of ATP () because
the *®0O-labeled water used in the synthesis of potassium
phosphate was not 100%. The relative peak intensities for
the three resonances are 0.8@y), 0.27 {80;1%0), and 0.04
(180,1%0,) (Figure 2A). The percentage 80 at the six atom
positions within the'80-labeled ATP ) is calculated from
these spectral data to be 91%.

Pantoyl-Adenylate FormatioMhe formation of a pantoyl-

time zero, the fraction of theyf'80,]-P species is 68% of
the total NMR signal for the-P of ATP (Figure 2A). After

4 and 8 h, this fraction decreases to 48 and 38%, respectively
(Figure 2B,C). The rate constant for the approach to
positional isotopic equilibrium at the-P was obtained from

a fit of the data to eq 3. In this equatioyy, is the amount of

the [y-180,4]-P species at timg VY, is the sum of all isotopic
species for the-P, and all of the other values are the same

adenylate intermediate during the pantothenate synthetases previously defined where= 1 andm = 1. Fitting these

reaction was ascertained using the positional isotope ex-
change methodology as outlined in Scheme 2. Incubation
of enzymep-pantoate, an&fO-labeled ATP K) enabled the

2 A fit of these data to egs 1 and 2 for the alternative modet (2
andm = 1) gave a rate constant of 04 0.1 h%.
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Ficure 3: Time course for the PIX reaction at thephosphoryl

of ATP (I). (®) Changes in the fraction of the{60,]-P species
as a function of time. £) Changes in the fraction of the
[0-180,1804]-P species as a function of time. The solid lines are
for a fit of the data to eqs 1 and 2. Additional details are provided
in the text.
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Ficure 4: Time course for the PIX reaction at threphosphoryl

of ATP (I). The fraction of §-180,]-P is plotted as a function of
time. The data were fit to eq 3. Additional details are provided in
the text.

data to eq 3 yields a rate constant of 028.01 hr* (Figure
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Ficure 5: Effect of inorganic pyrophosphatase on the rate of the
PIX reaction at the-P of ATP (). Additional details are provided
in the text.

however, does not distinguish between a model that allows
for the pyrophosphate intermediate to partition between the
active site and the bulk solution from a model that only
allows for the rotational scrambling of the pyrophosphate
completely within the confines of the active site. To
determine whether the P&an dissociate from the active site
of pantothenate synthetase, the PIX reaction was monitored
in the presence of pyrophosphatase. If 8Bsociates from

the active site of the enzyme, the addition of pyrophosphatase
will prevent the reassociation of PEhrough hydrolytic
cleavage to phosphate. The destruction of WP serve to
suppress the PIX reaction. Alternatively, if s within

the active site without dissociation in the bulk solution,
inclusion of inorganic pyrophosphatase in the assay mixture
will have no effect on the rate of the observed PIX reaction.
In these experiments, the PIX exchange ratgs were
calculated using eq £0), where A is the initial concentra-
tion of labeled ATP, and F is the fraction of positional isotope
scrambling equilibrium at timé& Shown in Figure 5 is the
effect on the reaction rate as the concentration of pyrophos-

4), which gives a turnover number for the positional isotope phatase is varied. The PIX rate is diminished to an undetect-

exchange of 3.3 0.1 mir ! using an enzyme concentration
of 13uM with an initial ATP concentration of 10 mM. Since

able level upon addition of as little as 0.1 units of
pyrophosphatase to the reaction mixture. These results clearly

the rate constants for the turnover of the positional isotope demonstrate that the pyrophosphate product, formed in the

exchange reactions for the-P andy-P are identical, it is

presence of the pantoyl-adenylate intermediate, freely dis-

concluded that the rotation of pyrophosphate is unrestricted sociates from the active site into the bulk solution.

relative to the rotation of thg-phosphoryl group.

Xo ., zne® zn
Z_l+n+m n+m @)
Xi_ zn _ zne" @
X n+tm n+m

Yo_ 4 ne nm)

Y, ? T m 3)

Dissociation of Pyrophosphat&he PIX rates at thet-
and y-P positions of ATP are identical. This result is

v=—{Fna-F (@)

The experiments reported in this paper demonstrate that
essentially all of the PIX observed with pantothenate
synthetase derives from the dissociation/reassociation of the
180-labeled pyrophosphate and resynthesis of ATP. The lack
of a significant PIX reaction between the- and the
p-phosphoryl group from the torsional rotation of the
pB-phosphoryl group prior to pyrophosphate dissociation can
arise from a variety of circumstances. For example, the
pyrophosphate when bound to the active site may be
torsionally rigid due to ionic interactions with the protein

consistent with a complete reorientation of the pyrophosphateand/or divalent cations. The absence of any PIX reaction
product within the active site of pantothenate synthetase uponcatalyzed by argininosuccinate synthetase was attributed to
formation of the pantoyl-adenylate intermediate. This result, restricted bond rotation imposed by the proteid)( Alter-
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Ficure 6: Effect of changing the concentration ofpantoate on
the rate of the PIX reaction. The rate of PIX reaction atjtie as
a function of the concentration af-pantoate was fit to eq 5.

Ficure 7: Effect of changing th¢g-alanine concentration on the
rate of the PIX reaction.

Additional details are provided in the text. thetase is the release of Rfd binding of3-alanine. If the

) ) ) o binding of -alanine occurs after pantoyl-adenylate formation
natively, the ratio of the PIX reactions within pantothenate ang pprelease, then increasing the concentratigf-afanine
synthetase may be dictated by the rate of release ofshould suppress the PIX activity. The overall effect of
pyrophosphate into solution relative to the torsional rotation varying the concentration ¢f-alanine on the PIX reaction
of the B-phosphoryl group and resynthesis of tHe©- rate is presented in Figure 7. At elevated level§-aflanine
scrambled ATP. The kinetics of the PIX reaction catalyzed the p|X rate is diminished to zero. Again, these results are

by methionyl-tRNA synthetase has been measuz With consistent with the proposed kinetic mechanism and steady-

that enzyme, the overall PIX rate that occurred via the direct state measurements1).

torsional scrambling of thg-phosphoryl group was about
twice the contribution from the tumbling or flipping of the
PR within the active site 22).

Inhibition of PIX byp-Pantoate.The rate of PIX in enzyme

SummaryThe PIX technique has proven to be a versatile

tool during the elucidation of kinetic mechanisms and
identification of reaction intermediates in enzyme catalyzed
reactions. The postulated kinetic and chemical mechanisms

catalyzed reactions is often dependent on the concentrationys p. tuberculosispantothenate synthetaskl) have been

of the unlabeled substrateE4( 23). The first sequential step

confirmed by the PIX experiments presented in this paper.

in the postulated catalytic mechanism of pantothenate syn-This enzyme catalyzes a PIX reaction withity| 150¢]-ATP
thetase is the formation of the pantoyl-adenylate intermediate.j, ihe presence a-pantoate. The total inhibition of the PIX

If the binding ofb-pantoate must follow the association of

reaction by increasing concentrations ofpantoate and

ATP to the free enzyme, then elevated concentrations of g_sjanine confirms the ordered binding of these two sub-
D-pantoate can either inhibit or abolish the observation of ¢irates The suppression of the PIX activity upon the addition

PIX (14, 23). If the binding of ATP and-pantoate is strictly

of small amounts of pyrophosphatase establishes the free

ordered, the PIX reaction will be abolished since the ATP issociation of PP from the enzymelpantoyl-adenylate
must be free to dissociate back into the bulk solution before complex. However, attempts to directly obsen@RNMR

any PIX can be observed. However, if the binding of ATP gigna) for the pantoyl-adenylate intermediate were unsuc-
andp-pantoate is only partially ordered, then the PIX rate ggsfyl.

will be diminished but not abolished in the presence of very
high concentrations af-pantoate Z3). The observed effect
on the PIX reaction rate with changes in the initighantoate
concentration is presented in Figure 6. The variation of the
PIX reaction velocity as a function of the pantoate concen-
tration was fit to eq 544) where B represents the concentra-
tion of p-pantoateK is the enhancement constant, atd

is the inhibition constant for the effect inducedd»pantoate.
For the PIX reaction at the-phosphoryl groupK, = 0.05

+ 0.01 mM andK; = 1.0+ 0.2 mM. These results are fully
consistent with the ordered kinetic mechanism as determined
from steady-state measuremeritg)(

L___ VB . )

Inhibition of PIX byg-Alanine.The second sequential step
of the proposed catalytic mechanism of pantothenate syn-
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