14948 Biochemistry2005,44, 14948-14955

Perturbation of Yeast 3-Phosphoglycerate Kinase Reaction Mixtures with ADP:
Transient Kinetics of Formation of ATP from Bound 1,3-Bisphosphoglycérate

Arie Geerloff Franck Traver§, Tom Barmarf and Corinne Lionne#

EMBL Hamburg Outstation, c/o DESY, Notkestrasse 85, D-22603 Hamburg, Germany, and UMR 5121, ChRSHUNi
Montpellier I, Institut de Biologie, 4 bd Henri IV (CS89508), 34960 Montpellier Cedex 2, France

Receied June 27, 2005; Resed Manuscript Receéd September 13, 2005

ABSTRACT. 3-Phosphoglycerate kinase (PGK) is the first ATP-producing enzyme in glycolysis: -ADP
1,3-bisphosphoglycerate (bP&) ATP + 3-phosphoglycerate (PG). Whereas extensive studies have been
carried out on its structure, there is less information about its reaction pathway, which is usually studied
in the reverse direction because of the instability of bPG. We studied the transients of the PGK reaction
by chemical sampling in a rapid quench flow apparatus, usirF]ATP, in 30% methanol at 4C to
decreasd... There were two types of experiment, both at low PG concentrations to prevent bPG release.
In the first, reaction mixtures were quenched in acid at different times (from 4 ms) and the bPG
concentrations were determined. This type gave information about the ATP binding and phospho-transfer
steps. In the second, PGK reaction mixtures at equilibrium were perturbed by the injection of ADP, the
new mixtures aged for different times and quenched in acid, and the bPG concentrations were determined.
This gave information about the kinetics of the binding of ADP to a PGK intermediate. The data from the
two types of experiments were fitted to simple schemes and then treated together by a global fitting
procedure using a five-step pathway, deduced from previous structural studies. Under our conditions, it
appears that (1) a binary PEAPG complex is an important intermediate on the reaction pathway, i.e.,
that ADP is released before bPG, (2) ADP binds to a “closed” conformation in the BR&Kcomplex,

and (3) the PGK reaction can be studied in the physiologically important direction without having to
handle bPG.

3-Phosphoglycerate kinase (PGIEC 2.7.2.3) catalyzes  permit phospho-transfer: PGK is made up of two domains
the reversible transfer of phosphate between 1,3-bisphos-with the PG site on the N-domain and ATP site on the

phoglycerate (bPG) and ADP: C-domain. For transfer to occur, it is thought that the two
domains undergo an extensive hinge bending motion that
bPG+ ADP < PG+ ATP allows the approximation of the sites. Each substrate on its

own causes a partial closing of the hinge, but both are needed

Although in vivo PGK catalyzes the first ATP-generating for the complete closing3(5). These substrate-induced
reaction in anaerobic glycolysis, in the laboratory the reaction movements are an excellent example of the induced fit
is usually studied in the reverse direction, because of the process of Koshlands}. They are in accord with the idea
instability of bPG. Extensive structural studies have been that enzymes are inherently flexible molecules and, in
carried out on PGKX and references therein), but there are particular, that different conformations can have important
relatively few works on its reaction pathwa§)( functional consequenceg)( Therefore, during its catalytic

An aim of our work is to construct a reaction pathway for cycle, an enzyme may undergo several conformational
PGK, i.e., to identify the reaction intermediates and to obtain changes §), and it is important to connect these changes
the rate constants for their interconversions. This knowledge with the individual steps on the catalytic cycle.
is of interest not simply for mechanistic reasons; it could  Second, PGK could play an important role in disease
also aid in the development of disease-controlling drugs. control. PGK is a potential drug target for combatting

First, consider the reaction pathway of PGK, in particular protozoan parasites that cause diseases such as sleeping
the conformational transitions that are involved. In the sickness and leishmaniase® (L0). Compounds that are
apoenzyme, the substrate binding sites are too far apart touncompetitive inhibitors (i.e., that react with an enzyme
intermediate and not the apoenzyme) may be particularly
TA.G. is grateful to the Institut National de la Sante de la effective drugs 11, 12). The design of such drugs requires

Ref_?erChﬁ NMeicale (|NSE§M) foripolztdgctorgldfellowzhigll eohone: & detailed knowledge of the chemical properties of the

33467 800508 R e T 604 dz0 B " intermediates that compose the enzyme reaction pathway.

corinne.lionne@univ-montp1.fr. PGK may be involved in the activation of nucleoside
zgmgLsTgrlnburg Outstation. analogue prodrugs. Thus, whereas nucleotides do not pass

e . . the cytoplasmic membrane, nucleosides do. Upon entry into
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transcription in the control of antiviral diseases such as HIV These low activities are almost certainly due to the ATPase
and hepatitis B and C1Q). Therefore, in addition to its  activity of PGK 23). We conclude that the PGK contained
possible role in modulating the cellular NTP pools, the little, if any, bound PG.
cascade of cellular kinases that activates nucleosides to the Assay Method$2GK concentrations were estimated at 280
mono-, di-, and finally triphosphates may be responsible for nm with an EX*1°™ of 4.9 (24). The PGK reaction was
the activation of prodrugslé, 15). It is thought that the last ~ followed in the direction of bPG formation by chemical
step of the cascade involves kinases such as nucleosidesampling. Reactions were quenched in acid (22% trichloro-
diphosphate kinase, pyruvate kinase, and PGK, all of which acetic acid with 1 mM KHPQy), and the quenched reaction
have low specificity for the nucleoside diphosphate substrate mixtures kept on ice for less thd h before being analyzed.
(16). Under these conditions, ATP and PG are stable but any
L-Nucleoside analogue prodrugs are of particular interest [1-*°P]bPG decomposes quantitatively to PG af@]R, (19).
as a new class of antiviral and anticancer agents. With certainThe amount of 2P]R was determined by the filter paper
prodrugs, the last step of the kinase cascade appears to bgethod of Reimann and Umflee2).
inefficient because the-nucleoside diphosphate accumulates, ~ Zero-time points (blanks) were obtained by mixing the
yet PGK phosphorylatasnucleoside diphosphate analogues PGK (plus PG) with acid before adding the PP]ATP (plus

more efficiently than the correspondingisomers 17, 18). PG). The total _radioactivities_(counts per minute) in the
A more complete understanding of the PGK reaction pathway [y-*?P]JATP solutions were obtained by completely hydrolyz-
could provide an explanation for these results. ing portions of the solution with myosin (in the absence of

Because of its high turnover rate and low substrate Methanol). Zero-time points and total radioactivities were
affinities, it is difficult to obtain transient kinetic information ~ carried out in triplicate. The results are expressed a¥f}-
about PGK, even at 4C (19). In a previous study2), we bPG]/[PGK], where [PGK] represents the protein concentra-
added methanol (30%, v/v) to our buffer, and by this means tion (from optical density measurements at 280 nm). Active
we at once decreased the turnover rate and increased théiteé concentrations were estimated from global fits (see
affinity of PGK for PG. In this way, we obtained kinetic ~Results and Discussion).
data on the putative hinge bending motion of PGK. Further, In ADP perturbation experiments, PGK reaction mixtures
we proposed a reaction pathway on which a complex of the at equilibrium were perturbed by the addition of ADP, and
enzyme and products (BPGADP) accumulates in the the decrease in the amount of bPG was followed, also by
steady state from which the products are released simulta-chemical sampling.
neously. Transient Kinetic Experiment$hese were carried out in

Here, we extend our previous studies by perturbing PGK & home-built, thermostatically contrqlled rapid ggenqh flow
reaction mixtures at equilibrium with ADP. Under our @Pparatus2€). The procedure consisted of mixing in the
conditions (low PG concentration°€, 30% methanol), litle ~ Pparatus PGK (preincubated with PG) with*fP]ATP and
bPG is released and the experiments are essentially singld’CG; allowing the mixtures to age-¢ ms; see the figures),
turnovers. From our results, we conclude that (1) ADP is and quenching the reactions in 22% trichloroacetic qmd and
released before bPG and a binarbBEG complex is an 1 MM KH:PQ,, and the amount offP]R was determined
important component of the equilibrium reaction mixture, @S described above. We assume that this amourfRJH
(2) in the EbPG complex the enzyme may be in a “closed” 1S equal to the total amount of PEP]bPG produced by PGK,
conformation, and (3) the transient kinetics of ATP formation Whether free or enzyme-bount9). The concentrations of
can be studied without having to handle the unstable bPG.PCGK, PG, andf-*P]ATP used in the different experiments

Finally, our transient kinetic study, together with previous ar|e:|g|ven n thesflgurf Iegendsétor in the text. iod out
structural works, allowed us to elaborate a reaction pathway . uorescence Spectroscopy Studieese were carried ou

for PGK in a SLM-Amicon Bowman Series 2 luminescence spectro-
' photometer as described previoush).(
MATERIALS AND METHODS Experimental Conditionshe buffer was 20 mM triethan-

olamine (pH 7.5), 0.1 M potassium acetate, 1 mM freé"Mg
Proteins and Reagent3:Phosphoglycerate kinase (PGK) and 30% (v/v) methanol. Thus, in all our experiments, the
was prepared as described by Minard et20) @nd myosin ATP and ADP were MgATP and MgADP, respectively. In
(used to assay the total radioactivities; see below) asADP perturbation experiments, the myokinase inhibitor
described by Weeds and Tayl@1j. 3-Phosphm-glycerate  Ap5A (25u4M) was included with the PGK reaction mixture.
(PG) was from Boehringer Mannheimy-f?P]JATP from Ap5A had no detectable effect on the kinetics of the

Amersham International, arfef,PS-di(adenosine-$ penta- perturbations. Unless otherwise stated, the temperature was
phosphate (Ap5A) from Sigma Chemical Co. 4 °C.
The PGK was tested for bound P&2 by incubating the Treatment of Dataln the time courses for bPG formation

enzyme with §-32P]JATP in the experimental buffer and the under multiturnover conditions (MTO), the data were
amount of f?P]R determined (see below). The reaction interpreted according to the simple scheme in Geerlof et al.
mixture contained 1@M PGK and 100uM ATP and was (2) but without the release of products (Scheme 1). Each
incubated at £C for up to 2 h. The time course consisted time course fitted well to a single exponential of kinetics
of a small burst phase<(.01 mol of F'mol of PGK) that kuro and amplituddByro (Figure 1). In the ADP perturbation
was followed by a slow, linear increase in the level paP experiments, the data were interpreted according to a scheme
arate of~107°s1. Similar time courses were obtained with including an ADP release step (Scheme 2). Each time course
PGK that had been incubated with glyceraldehyde 3-phos-fitted well to a single exponential of kinetick-er and
phate dehydrogenase and NADH (results not illustrated). amplitudeBper (Figure 2). The data from the two types of
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experiments were fitted with simple weighting using Grafit ization processA7). Eachkyys (kwto in bPG formation under
(version 3.03, Erithacus Software Ltd., Staines, U.K.). These multiturnover conditionskegr in ADP perturbations) is a
“simple” fittings allowed the determination of the observed reflection of such a process, modulated by the rapid equilibria
kinetic constantskvro, Bwto, Keer and Bpegr, and their that precede and follow it. In all cases, the data fit well to
dependence on the ATP (MTO) or ADP (perturbation) single exponentials. By varying the ligand concentrations
concentrations, using simplified mathematical expressions (ATP in bPG formation, ADP in the perturbations), we
(exponential time courses and linear or hyperbolic concentra-obtained estimates for certain parameters of the dependences
tion dependences fdrandB, respectively) that reasonably (slopes and intercepts), which we then interpreted with
described the data. From these, constants (kuK; and reference to a reaction pathway, depending on the type of
k_, from thekyto dependence; see Table 2) of the proposed experiments. This provided us with estimates for rate and
reaction pathway (Scheme 2) were estimated. equilibrium constants which we then refined by a global
Global fitting was used to estimate the rate constants of fitting procedure. Finally, we attempt to link the transient
the proposed reaction pathway from (1) the two sets of kinetics to the structural properties of PGK.
experiments carried out with different conditions at the start  Affinity of PGK for ADP in the Presence or Absence of
of the reaction ([ATP] in the bPG formation experiments or PG. With the binding of PG to PGK to form the-BG
[ADP] in the perturbation experiments) and (2) the complete complex, or nucleotide to form the-Eucleotide complex,
description of the equations used to describe the reactionthere is a decrease in the inherent fluorescence of the PGK
(here, differential equations; see the Supporting Information). that is characteristic of tryptophan perturbation. The affinities
Parameters were estimated via a least-squares fitting usingf the ligands can be measured from the dependencies of
Scientist (version 2.0, MicroMath Research, St. Louis, MO). the amplitude of the fluorescence signal upon the ligand
ko/K; and k-_4/Ks were held constant; unknown parameters concentrationZ and references therein).
were adjusted in two steps to fit the two experimental data With PG as the ligand, the decrease in fluorescence at
sets, and the best values obtained are given in Table 2.saturation in PG was 11%. When ADP was added-@d;
Constraints imposed on the parameters are described in thehere was a further decrease§% at saturation in ADP)
text, and input scripts are given as Supporting Information. and it was possible to obtain an estimate of the affinity of
the EPG complex for ADP (not illustrated).
RESULTS AND DISCUSSION The Kq values for the interactions of ADP with PGK and

In our experiments, PGK was preincubated with PG so the EPG complex are in Tablg_l together with those for
the starting material was the binaryf complex. As under ~ ATP and PG. Under our conditions, PG has the effect of
our conditions the affinity of PGK for PG is higkf = 1.5 decreasing significantly the affinity of PGK for ADP. At
uM (2)], saturation was ensured at low PG concentrations, ~~3004M, the K, for binding of ADP to the EPG complex
typically 20-50 uM. Under this condition, and because of (to form the abortive BPGADP complex) should not
the unfavorable overall equilibriunKf, = ([ADP][bPG])/ interfere with our experiments. o
(ATP][PG]) = 10°“ (2)], little free bPG is liberated: such The antagqnlstlc effect of PG upon the 'b|nd|ng of ADP
experiments are virtually single turnovers even if under {0 PGK was first observed by Scop@s, but in an aqueous
multiturnover conditions. Unless otherwise stated, the PG Puffer, theKq for ADP increased only-2-fold (from 40, to
concentration was low (5@M). The buffer was 30% in ~ 904M) in the presence of PG. Merli et a9) and Kovai

methanol (7.4 M), and the temperature wakC4 Methanol et al. @0) discuss the weakening effect of PG upon nucleotide
does not appear to affect the PGK reaction pathvy ( binding to PGK. _ _

ADP complex under our conditions. We then report our (MTO) ata high PG concentration (5 mM) are biphasic: a
transient kinetic data which we interpret according to the rapid burst transient phase of bPG followed by a short steady
type of experiment. First, we followed the formation of bPG State phase before the final equilibrium. Even at a high PG
from ATP and PG using the pathway proposed in Geerlof concentration, the steady state phases were short in duration

et al. @) but without the release of products: (typically 400 ms) because of the unfavorable ovekal}
Scheme 1 The steady state rates obtained were very close to those
measured by the coupled assay method in which free bPG
K, ky K, is removed continuously2j.
E-PG + ATP < E-PG-ATP = E*-PG-ATP < E*bPG-ADP

Here, at low PG concentrations, the time courses of bPG
production are monophasic, because little bPG is released.
where the asterisk denotes a different conformation of PGK A typical experiment at 5aM PG and 20Q:M [y-32P]ATP

k,

andK; = koi/ky;. is shown in Figure l1a. The time course fitted well to a
By this scheme, our;Pheasurements take account of only transient burst phase with kinetiégro of 82 s and an
one intermediate, EbPGADP. amplitude Byro of 0.50 mol of [1%?P]bPG/mol of PGK.

Second, we perturbed PGK reaction mixtures with ADP. Clearly, at low PG concentrations, these parameters are easier
This requires an extension of Scheme 1 to include ADP to obtain because they are not confounded by a steady state
release (Scheme 2, below). phase.

The transient kinetic time courses were first interpreted The ATP dependencies @&yro and kyro are shown in
intuitively, treating each type of experiment at a time. In panels b and c of Figure 1, respectively. Also included are
particular, on the time scale of our experimertA(ms), data obtained at 5 mM PQ)
we assume that ligand binding occurs in two steps: arapid The Buro dependence fitted well to a hyperbola with an
equilibrium followed by a relatively slow protein isomer- amplitudeByro™ of 0.58 mol of bPG/mol of PGK and an
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Ficure 1: Time course for the formation of bPG under multiturn-
over conditions at low PG and high ATP concentrations in 30%
methanol (a). The reactions (2M PGK, 200uM [y-32P]ATP,
and 50uM PG) were quenched in acid at the indicated times, and
the amount of 2P]R was determined. (b and c) Effect of the PG
concentration on the ATP dependences of the ampliBige (b)

and kineticskyro (c) of the transient burst phase in multiturnover
experiments. The PG concentrations werex0 (O) and 5 mM

(®@; data from ref2). The constants obtained are in the text.

ATPy 5 of 8 uM. ThatByro™@*is less than 1 can be explained
by the several equilibria involving bound bPG complexes

Biochemistry, Vol. 44, No. 45, 20094951

Table 1: Dissociation Constants for the Binding of ADP, ATP, and
PG to PGK

ligand Kg (uM)
variable  constant  complex formed here  ref28
ADP none EADP 28+3 40
ADP PG EPGADP 3004+ 150 90
ATP none EATP 102+5 105
PG none BPG 1.5+ 0.4 32

a Conditions: 20 mM triethanolamine, 0.1 M potassium acetate, 1
mM free Mg+, and 30% methanol at pH 7.5 and@. The interactions
were assessed by fluorescence spectroscopy. The method used and the
data for ATP and PG are in ré&X ® In aqueous buffer.

of the kinetics of formation of bPG from ATP and PG at
low PG concentrations. These experiments gave little infor-
mation about the release of products. In particular, the model
used to interpret the data obtained (Scheme 1) did not take
account for ADP release. We now consider this step by
perturbing PGK reaction mixtures (from?P]JATP and PG)
with ADP. Experimentally, this method is related to the tracer
perturbation technique of Brittor8{) which, however, is
carried out on the minute time scale because it is concerned
with the detection of relatively slow interconversions of
unliganded enzyme (also see 8Xas applied to triosephos-
phate isomerase). Here, we are interested in the kinetics of
formation and decomposition of the intermediates on an
enzyme reaction pathway which means experiments on the
millisecond time scale.

The rationale for the perturbation experiments is as
follows. We mix 10uM PGK and 50uM PG with 100uM
[y-32P]ATP (reaction mixture concentrations). Reaction oc-
curs with the final equilibrium reached within 100 ms at 4
°C. At this equilibrium, the mixture contains 5.1 [1-32P]-
bPG which we assume to be essentially enzyme-bound
because the PG concentration is low. Under these conditions,
[1-3?P]bPG was stable for at lea2 h at 4°C (A. Geerlof,
unpublished results).

We carried out two experiments with this mixture, both
in the rapid quench flow apparatus.

First, we diluted the equilibrium mixture with an equal
volume of buffer. The diluted mixture was aged for different
times, the reaction quenched in acid, and the amount of
[1-32P]bPG measured. As shown in Figure 2a, there was little
change in the total amount of PEP]bPG in the time range
of 4—140 ms.

In the second experiment, the reaction mixture was
perturbed by the addition of ADP and the decrease in the
amount of [122P]bPG followed with time. An experiment
at 50uM ADP is shown in Figure 2b: following the addition
of ADP, the amount of [E?P]bPG decreased rapidly to a

(Scheme 4) and by the presence of the inactive enzyme. Thdow plateau. We interpret this as the binding of ADP to a

kuto dependence fitted well to a straight line up to 200
ATP with a slope of 0.3uM™* s, which we interpret

binary E[1-3?P]oPG complex in the original reaction mixture
to give the ternary 1-*2P]lbPGADP complex which is then

according to Scheme 1 as the second-order binding constangonverted to the G [y-3?P]JATP complex and finally free

for ATP, kJ/Ky, and intercept on th&yro axis of 8 st =
k_oK3/(1 + K3z). We estimateK; > 200 uM and k; > 80
s L It is noteworthy that the concentration of PG seems to
have little effect on these parameters.

Kinetics of ATP Formation: Perturbation of PGK Reac-
tion Mixtures by ADPSo far, our experiments were confined
to an extension of our previous work, i.e., an investigation

[y-*2P]ATP, neither of which is measured. Thus, it appears
that a binary H1-%?P]bPG complex is an important inter-
mediate on the PGK reaction pathway.

The data in Figure 2b fitted well to a single exponential
with kineticskper of 92 st and a final low plateau of 0.17
mol of [1-32P]bPG/mol of PGK that represents the new
equilibrium, Bpggr.
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FiGure 2: Perturbation of a PGK reaction mixture at equilibrium  ences ofkegr (a) andBeer (b) on the ADP concentration. PGK
by dilution (a) or by 50uM ADP (b) in 30% methanol at 4C. reaction mixtures (as in Figure 2) were perturbed by different
Reaction mixtures (initially 1Q«M PGK, 50 uM PG, 100uM concentrations of ADP anBl-gr and Bpeg Obtained. For further

[y-32P]ATP, and 25uM Ap5A) were mixed with buffer (a) or 100  details, see the legend of Figure 2.

uM ADP (b) in the rapid quench flow apparatus and aged for the

indicated times shown; the reactions were quenched in the acid,intermediate on the PGK reaction pathway. The experiments
and thh_g_amount of EZP]bP.G was ggtﬁrmmed. APSA was included 5159 show that it is possible to study the PGK reaction in
to Inhibit any myokinase in the preparation. The constants o direction of ATP formation, i.e., in the physiologically

obtained are in the text. ; . ! - )
important direction, without having to prepare and handle
The dependences &fcr andBperon the ADP concentra-  the labile bPG. Accordingly, we extend Scheme 1 to include
tion are shown in Figure 3. In these experiments, we were the ADP release step:
limited to a narrow ADP concentration range: at low ADP Scheme 2
concentrations (below 20M), the amplitude of the transient

is low and akpgg difficult to obtain, whereas at50 IMM E-PG +ATP\K_IxE.pG.ATp é E*-PG-ATP ﬁ

ADP, the amplitude increases br becomes too fast for ks

our equipment. , . E*.bPG-ADP é E-bPG-ADP ﬁ E-bPG + ADP
keer @ppears to increase linearly with the ADP concentra- ke

tion up to 50 uM; the linearity was confirmed by an

experiment at 15@M ADP. At 150uM ADP, the kinetics By this scheme, ouriPneasurements take account of three

were rapid kper ~ 240 s'%; first sampling at 4.5 ms at80% intermediates: EbPGADP, EEbPGADP, and EbPG. We
completion of the reaction; not illustrated). In the dependence interpret the parameters obtained in ke dependence as
(Figure 3a), the parameters of the ADP interaction were follows: slope= k_4/Ks = 1.3 uM™* s (WhereKs = ks/
calculated with the data up to 50M ADP only. The slope k_s) and the intercept on thieer axis = k(1 + K3)/Ks =
is 1.3uM™t s7! and the intercept on thkeer axis 44 st. 44 st
The slope, related to the ADP “on” kinetics, seems to be Estimates of the Indidual Constants in Scheme 2 by
too low to represent a diffusion-controlled proce&s)( Global Fitting: PGK Reaction Pathway at Low PG Con-
which supports our assumption that ADP binds to the E centrations. The experimental data obtained at different
bPG complex in two steps, but as we did not attain saturation concentrations of ATP (in the direction of bPG formation,
kinetics forkpgr, We could not confirm this. Figure 1) or of ADP (ATP formation, Figure 3) were fitted
The dependence &perupon the ADP concentration was simultaneously assuming the model in Scheme 2 and using
interpreted by a hyperbola with a limiting value at high ADP  Scientist (version 2.0, MicroMath Research). The differential
concentrations of 0.13 mol of bPG/mol of PGK and an equations describing the time-dependent change in concen-
ADPq 5 of 7 uM (Figure 3b). tration for all species were entered, and curves were derived
To conclude, these ADP perturbation experiments suggestby numerical integration and nonlinear minimization of least-
strongly that a binary PG complex is an important squares deviations38). The following constraints were
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Table 2: Estimates of the Kinetic Constants Describing Scheine 2

estimate from experimental data

constartt how obtained value estimate from global fit
From Kinetics of bPG Formation (Figure 1)
K1 (mM) linearity of kuro dependence >0.2 2.8+ 05
ko (s linearity of kuro dependence >80 1000+ 200
ko/K1 (uM~ts™1) slope ofkuro dependence 0.36 0.02 0.36
ko (s intercept ofkyro dependence 28 7 28+ 6
Kz k_o/ko <0.35 0.028+ 0.012
From Kinetics of ATP Formation (Figure 3)
Ks (mM) linearity of kegr dependence >0.15 7.5+ 7.5
kea(sh) linearity of kegr dependence >250 (14+0.9) x 10*
k-o/Ks (uM~ts™1) slope ofkeer dependence 1312 1.3
ki (s intercept ofkeer dependence 13 11 25+5
Ky ka/k 4 <5.2x 1072 (25+25)x 10°°
Constant Not Obtained Experimentally
Ks - - 0.4+ 0.9

2|n 20 mM triethanolamine, 0.1 M potassium acetate, 1 mM freé‘iyignd 30% methanol at pH 7.5 and®@. Ky, K,, andKj; are from the
relationK; = k_i/ki; K4 andKs are from the relatiork; = k.i/k-i. ¢ Imposedd In ref 2, the value is 0.25.

imposed: (1) on the time scale of the experiments, steps 1,experimentally 86). Here, we did not study directly the
3, and 5 are rapid equilibria; (2) all the kinetic constants are product release steps, but our data support our assumption.

positive; (3) active site titration, i.e., equivalents of active  First, consider the experiments with reaction mixture at

site per mole of PGK=1 (the global fits gave 0.8% 0.15; low PG concentrations, carried out under multiturnover
also see rep); (4) the second-order constahtsK, andk-/ conditions. A typical time course of bPG formation is shown
Ks constrained to the slopes of the dependenclkyed on in Figure 1a: there was a transient burst phase but no steady
ATP concentration (Figure 1c) afeleron ADP concentra-  state phase of bPG production. Under the same condition
tion (Figure 3a), respectively. but at a high PG concentration (5 mM), the transient phase

In the estimates of the kinetic constants (Table 2), the was followed by a steady state phase of bPG production.
errors were given by the computer analysis and they do notThis phase was short in duration but proceeded to more than
include experimentally introduced errors. The problem of 1 mol of bPG/mol of PGK so almost certainly represents
errors is discussed by Lionne et a4 free bPG P). It is noteworthy that the amplitudes of the

It is noteworthy that the intuitive and global fit estimates transients in the two experiments are identical and that in
agree well, especiallg-, andks. This is surprising because  the experiment at low PG concentrations, the data fitted well
in the intuitive estimates, we did not consider steps far to a single exponential. Taken together, these observations
removed from those observed, whereas in the global fits, all confirm that at low PG, little free bPG is liberated.
of the steps were taken into account. The agreement could - gecong, PGK reaction mixtures at equilibrium are sensitive
be due to the imposition of the two slopes of the dependencesy App perturbation which is evidence that a binarpEG
(ke/Ky andk-4/Ks) in the global fits. It could also be due to o npjex is an important intermediate (Figure 2b).

our model (Scheme 2) in which steps involving relatively Finally, we note that PGK binds bPG much more tightly

slow and therefore observable kinetics are separated by rapi : .
equilibria. Further, we cannot exclude the possibility that qbr;a&?r?thsgr\ggi}; issulgegsessizgzazliieh%FF;?rAbgF? (I(Z;rected
FF .

our data can be fitted to other sets of constants in addition i A
to that in Table 2. Also, even if the progress curves, whether N conclusion, our data support the assumption that ADP
describing bPG formation (e.g., Figure 1) or disappearance!€aves before bPG and thaidPG types of complexes are

(Figure 2), fitted well to single exponentials, we cannot important on the PGK reaction pathway. Whether this order

exclude multiple exponentials with similar rate constants for IS obligatory, in that bound ADP impedes the exit of bPG,

each process and, therefore, additional intermediates. or whether it is merely a question of relative leaving kinetics
Order of Release of ADP and bP@ Scheme 2, we émains to be determined.

assume that ADP leaves before bPG, and we must address Correlation of Kinetics with Structure: Structural Argu-

the validity of this assumption. In Scheme 3, ADP is released ments for an @erall Reaction Pathway for PGKScheme 4

before bPG in the upper pathway and bPG before ADP in is an extension of Scheme 2 as it includes a two-step release

the lower pathway: of bPG (implicit in ref28). As our experiments were carried
Scheme 3 out at low PG concentrations, we did not study the bPG
release kinetics here but the two steps are included (in gray)
ADP _ E-bPG \ bPO to aid the discussion.
<~ E-bPG-ADP ‘AE Scheme 4
. ADP
bPG  E-ADP K. " k ‘o
E°-PG~<z~E®PG-ATP=E**PG-ATP < E**bPG- ADP=
Scopes 35) wrote that “the rate of dissociation of bPG is ATP ks . Ky ) .
the controlling factor in the enzyme’s activity”, but the order E._bl,G_,\DpW—i E._pr‘__ﬂE,pr‘_;E

of release of ADP and bPG has not been established ADP kg bPG
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In the scheme, open conformations are shown barkl CONCLUSIONS AND IMPLICATIONS
E and closed conformations by Bnd E°. For a recent
discussion of these conformations of PGK, seelref

There are three types of step in Scheme 4: formation of
collision complexes (rapid equilibria defined By, Ks, and

From this and previous studie® (L9), we propose a seven-
step reaction pathway for PGK that includes four bPG-
containing intermediates (Scheme 4). Of these, we propose
: I . that the binary EbPG complex is a key intermediate. In it,
K7), phospho-transfer [rapid equilibriuk (37)], and protein 0 pG s in a closed conformation: it accumulates because
conformational changes k-2, ki, K-, ke, andk-). We = o5 release (directed k) appears to be the slowest step
assume that on the time scale of our experiments, the kineticS, the girection of bPG formation. In the direction of ATP
obtained are reflections of the conformational chandes: formation, the rate-limiting step could be,, which at 28
andk-z in bPG burstskuro in Figure 1),k andk-4in ADP slis rela"[ively slow but faster thal (~8 s*,l; ref 2). This
perturbationsKperin Figures 2 and 3), ankb in steady state  jjjies that in the forward direction (i.e., ATP formation),

experiments (also see rj. the maximum velocity of PGK is-3 times greater than that

Ir_1 the d.iscussion below, the numbering of the amino acid jn the reverse direction, in agreement with Scop&8). (
residues is based on the yeast PGK primary struc@sg ( Further, the EbPG complex is an important intermediate

PG binds to the N-terminal domain and ATP to the because according to Scheme 4 it interacts with ADP that
C-terminal domain of PGK. In the apoenzyme, the two sites may have entered the active site by a backdoor. This
are separated by a cleft and are 14 A apart. ATP binds tointeraction perturbs the rapid equilibriuks and leads to
the apoenzyme so that itsphosphate interacts with Lys-  the formation of ATP. Therefore, the transient kinetics of
218 and itsp-phosphate (through a water molecule) with disappearance of bPG is a reflection of ATP formation: by
Asp-217 39). However, because PG induces a conforma- perturbation of PGK reaction mixtures at equilibrium with
tional change (E to Ein Scheme 4; e.g., re#0 and41l), it ADP, it is possible to study the kinetics of ATP formation
leads to a different binding mode for ATP, but the two sites without having to handle the unstable bPG, i.e., in the
remain apart (in the EPG complex, the starting material in  physiologically important forward direction. We are extend-
our experiments). Now, following the formation of thé-E  ing these perturbation studies to analogues of ADP, in
PGATP collision complex, there appears to be a substantial particular those of medical interest such 1agucleoside
structural change, or hinge bending motion, that leads to thediphosphates. Further, we view the-l PG complex as a
approximation of the N- and C-domains, i.e., to the closing target for the development of uncompetitive inhibitors of
of the cleft to the closed structure in the-BEGATP complex PGK.
(42, 43; also see ref2 and references therein). In this
intermediate, the-phosphate is bound to Lys-214. Lys-214 ACKNOWLEDGMENT
is a key residue [it is highly conserved4j] because the
y-phosphate is transferred directly from it to the carboxyl
group of PG forming bPG (in EbPGADP). Since the
nascent bPG is also bound to the N-terminal domain, it
bridges the two domains, thus keeping the enzyme in its
closed conformation which appears to be kept locked by a

salt bridge between Arg-66 and Asp-217 44, 45). SUPPORTING INFORMATION AVAILABLE

Here we propose that the*BbBPGADP complex under- . . . - .
goes a small conformational change to thebBGADP Add_ltllo_nal |n|fotr)rlr1zaftlon ?b?]m the_glc;]bal fittings. 'ths.//
complex in which the enzyme remains in the closed ma;erla is available free of charge via the Internet at http:
conformation; i.e., the bPG remains bound by its phosphate PYPS-acs.0rg.
groups to the two domains. This is a key feature of Scheme REFERENCES
4, as it allows the ADP to escape (or to enter in the direction
of ATP formation in the ADP perturbation experiments) from 1. Kovai, Z., and Vas, M. (2004) Protein conformer selection by
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