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Differences in the Transient Kinetics of the Binding of D-ADP and its Mirror Image
L-ADP to Human 3-Phosphoglycerate Kinase Revealed by the Presence of
3-Phosphoglycerate
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ABSTRACT: L-Nucleosides comprise a new class of antiviral and anticancer agents that are converted in
vivo by a cascade of kinases to pharmacologically active nucleoside triphosphates. The last step of the
cascade may be catalyzed by 3-phosphoglycerate kinase (PGK), an enzyme that has low specificity for
nucleoside diphosphate (NDP): NDP + 1,3-bisphosphoglycerate <> NTP + 3-phosphoglycerate. Here we
compared the kinetics of the formation of the complexes of human PGK with D- and its mirror image
L-ADP and the effect of 3-phosphoglycerate (PG) on these by exploiting the fluorescence signal of PGK
that occurs upon its interaction with nucleotide substrate. Two types of experiment were carried out:
equilibrium (estimation of dissociation constants) and stopped-flow (transient kinetics of the interactions).
We show that under our experimental conditions (buffer containing 30% methanol, 4 °C) PGK binds D-
and L-ADP with similar kinetics. However, whereas PG increased the dissociation rate constant for D-ADP
by a factor of 8—which is a kinetic explanation for “substrate antagonism”—PG had little effect on this
constant for L-ADP. We explain this difference by a molecular modeling study that showed that the
pB-phosphates of b- and L-ADP have different orientations when bound to the active site of human PGK.
The difference is unexpected because L-ADP is almost as catalytically competent as D-ADP [Varga, A.

et al. (2008) Biochem. Biophys. Res. Commun. 366, 994—-1000].

Analogues of nucleotide triphosphates form an important
group of drugs for combating certain viral diseases and
cancers (refs /-3 and references cited therein). Because
nucleotides do not pass the cytoplasmic membrane, they
cannot be used directly as drugs; instead they are given as
the corresponding nucleosides because these “prodrugs” do
pass. Upon entry into the cell, the nucleoside prodrug is
phosphorylated by a cascade of cellular kinases to the
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corresponding mono-, di- and, finally, the pharmacologically
active triphosphate (4, 5). Here, we are concerned with the
last step of the cascade, that is, nucleoside di- to triphosphate.
This is thought to involve kinases of low specificity for the
nucleotide diphosphate substrate such as nucleoside diphos-
phate kinase, pyruvate kinase, and in particular 3-phospho-
glycerate kinase (PGK'; EC 2.7.2.3) (6, 7).

L-Nucleoside analogue prodrugs are of special interest as
a new class of antiviral and anticancer agents (reviewed in
ref §). For example, it has been shown that several L-
nucleotides possess better anti-HIV properties than the
corresponding D-isomer (9—11). L-Nucleosides are the mirror
images of the natural D-nucleosides. Certain enzymes lack
enantioselectivity for nucleotides, whereas others will only
use the D-isomer (11, 12). Verri et al. (/2) addressed the
question of this unexpected activity by proposing that because
L-nucleotides do not appear to occur naturally, the enanti-
oselectivity of enzymes “may only be a side property,
depending more on chance than on evolution”.

PGK catalyzes the reversible phosphotransfer between 1,3-
bisphosphoglycerate (bPG) and MgADP: bPG + MgADP

! Abbreviations: bPG, 1,3-bisphosphoglycerate; PG, 3-phosphoglyc-
erate; PGK, 3-phosphoglycerate kinase; HIV, human immunodeficiency
virus; hPGK, human 3-phosphoglycerate kinase; yPGK, yeast 3-phos-
phoglycerate kinase.
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<> PG + MgATP and is expressed in all tissues and living
organisms studied so far. The sequences of mammalian PGKs
are conserved at more than 96%. The crystal structure of
horse muscle PGK (apoenzyme) has been solved (13, 14).
The binary complexes PGK+PG (/5) and PGK+MgATP (/6)
and the ternary complexes PGK+PG+MnAMP-PNP (77),
PGK-PG+-MgADP (/8), and PGK+PG-MgAMP-PCP (79)
have been described for pig PGK (see ref 20 for other
structures). The structure of human PGK (hPGK), the enzyme
studied in this work, has not yet been resolved.

PGK is a monomer protein that contains two globular
domains. The N-terminal domain contains a basic region that
binds bPG or PG, and the C-terminal domain contains the
nucleotide-binding site. In the apoenzyme, the substrate
binding sites are too far apart to allow phospho-transfer, but
upon the bending of both substrates, it is thought that the
two domains undergo an extensive ‘“hinge binding motion”
that leads to the approximation of the sites (/4). The closure
of the two domains has been demonstrated by two indepen-
dent crystal structures, namely those of Trypanosoma brucei
(21) and Thermotoga maritima (22) PGKs.

The nucleotide specificity of PGK has been reviewed
(6, 7, 23). In general, PGK works better with purine- rather
than pyrimidine-based nucleotides. Human PGK exhibits low
enantioselectivity toward its nucleotide substrates. Krishnan
et al. (24) showed that HelaS3 and 2.2.15 cells possess
significant activities toward L-nucleoside analogues. Accord-
ingly, when the hPGK activity of these cells was down-
regulated by siRNA, there was a decrease in the formation
of the analogue triphosphates. Gallois-Montbrun et al. (23)
showed that hPGK has broad specificity toward antiviral
nucleoside analogues. In particular, they showed that hPGK
uses both D- and L-ATP as substrates. Thus, at 25 °C with
L-ATP, ke = 100 s7! and K, = 0.3 mM and with p-ATP,
500 s~! and 0.5 mM, respectively (pH 7.5 and with 50 mM
sodium sulfate). Very recently, Varga et al. (25) compared
the mode of interaction of D- and L-ADP with hPGK and
obtained the steady state parameters in the direction of ATP
formation. At 25 °C, with L-ADP, k., = 685 s~ ! and K, =
0.27 mM; with D-ADP, k., = 1085 s7! and K, = 0.12 mM.

As a first attempt at understanding the mechanism of action
of hPGK on non-natural L-nucleoside diphosphates, we
compared the kinetics of the formation of the binary
complexes of hPGK with D- and L-ADP and the effect of
PG upon these kinetics. With D-ADP, the unproductive
E-PG-D-ADP is formed in the presence of PG and, as
pointed out by several workers (21, 26-29), studies on this
model of the functioning ternary complex have provided
important information on the modes of binding of the
substrates to PGK. However, these works refer mainly to
PGK from sources other than human. Further, there is no
information on a putative E<PG-L-ADP from any PGK.

As with yeast PGK (30, 31), the study was carried out at
4 °C and in a buffer containing 30% methanol to decrease
the rapidity of the kinetics. We show that, whereas the two
binary complexes are formed with similar kinetics, the
interactions of b-ADP and L-ADP with hPGK in the presence
of PG are different.
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Protein and Reagents. Recombinant hPGK was produced
in BL21 (DE3)/pDIA17 E. coli cells transformed with the
pgk-pET28a plasmid, kindly provided by D. Deville-Bonne
(FRE 2852 Université Paris VI, France). The 6His-tagged
human PGK was purified from the BL21 cell lysate accord-
ing to Gallois-Montbrun et al. (23). Briefly, cells expressing
PGK were lysed with a Cell Disruptor Z Plus series (Constant
System Ltd., United Kingdom) in a lysis buffer (50 mM
NaH,PO4, 300 mM NaCl, 10 mM imidazole, complete
EDTA-free, pH 8.0). The clarified lysate was applied onto a
nickel affinity column equilibrated in the lysis buffer and
extensively washed. The PGK was eluted with a linear
gradient of imidazole (10-250 mM imidazole in the lysis
buffer at pH 8.0). The fractions containing PGK were pooled,
concentrated up to 50 mg/mL, dialyzed against a buffer
containing 50 mM Tris-HCI pH 7.5, 20 mM NaCl, | mM
DTT, and 50% glycerol, and stored at —20 °C. The
concentration of the 99% pure protein was determined using
an extinction coefficient of 28 335 M~! cm™! at 280 nm.
The presence of the 6His-tag had no effect on the catalytic
activity of PGK (results not shown).

L-AMP was synthesized by selective phosphorylation of
L-adenosine as described previously (32). Solid 1,1'-carbo-
nyldiimidazole (486 mg, 3 mmol) was added to a stirred
solution of the tri-n-butylammonium salt of L-AMP (266 mg,
0.5 mmol) in anhydrous dimethylformamide (DMF, 10 mL)
at room temperature under argon. The course of phospho-
rimidazolate formation was followed by 3'P NMR (appear-
ance of a singlet at & —10.42 ppm in DMSO-d). The reaction
mixture was stirred for 3 h at room temperature, after which
methanol (150 L) was added. After 30 min, a solution of
tri-n-butylammonium phosphate (707 mg, 2.5 mmol) in 5
mL of DMF was added. The reaction was controlled by TLC
using 2-propanol/NH4OH/water 11/7/2. The solution was
stirred for 1 day at room temperature. The solvent was then
evaporated under reduced pressure to give a residue that was
diluted with water and purified by ion exchange chroma-
tography using a DEAE-Sephadex A-25 (elution: gradient
of TEAB pH 7.5 from 10 mM to 1 M), followed by
chromatography on a RP18 (elution with water). The
triethylammonium cation was then exchanged for a sodium
cation by passing the nucleotide solution through a DOWEX-
AG 50WX2-400 column, the purified fractions were lyoph-
ilized to give 117 mg of L-ADP (yield 50%). Its physico-
chemical properties were in accordance with literature (32).

Experimental Conditions. The buffer contained 20 mM
triethanolamine, pH 7.5, 0.1 M potassium acetate, and 1 mM
free Mg?", as magnesium acetate. Thus, unless otherwise
stated, in our experiments “ADP” refers to Mg?*-ADP. As
specified in the figure legends and tables, experiments were
also carried out in the same buffer that contained 30% (v/v)
methanol. The concentrations of PGK, ADP, and PG in the
figure legends or in the text refer to the final reaction mixture
concentrations. The temperature was 4 °C.

PGK Activity by a Coupled Enzyme System. The PGK
reaction was followed in the reverse direction (bPG forma-
tion) by coupling to glyceraldehyde-3-phosphate dehydro-
genase as previously described (30, 33).

Equilibrium Fluorescence Spectroscopy. Experiments were
carried out on a Xenius spectrofluorimeter (Safas, Monaco).
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Table 1: Comparison of the Affinities of hPGK for Different Ligands in Buffer With or Without Methanol®

ligands no methanol 30% methanol
variable constant AF (%) Kq (uM) AF (%) Kq (uM)
D-ADP —16.3+0.5 13+2 —122+0.5 7.7+0.6
D-ADP 250 u M PG —2354+0.5 60 £3 —202+04 50+3
L-ADP —143+0.5 21+£2 —143+0.3 17+1
L-ADP 250 u M PG —155+0.8 3443 —18.8+£0.6 28+2
PG 43+04 39+ 14 74+04 0.7+£0.2
PG 150 u M p-ADP nd nd 62+0.4 6.5+0.7
PG 150 u M L-ADP nd nd 72+04 35407

“The Ky values were determined by equilibrium fluorescence spectroscopy (Figure 1); conditions: 20 mM triethanolamine, pH 7.5, 0.1 M potassium
acetate, 1| mM free Mg2*, with or without 30% methanol, and at 4 °C. nd, not determined.

Table 2: Effect of PG on the Transient Kinetics of the Binding of D- and L-ADP to hPGK in Methanol Containing Buffer at 4 °C*

kOn
E(PG) + ADP == E*(-PG)-ADP

K K,
E(-PG) + ADP ~— E(-PG)-ADP = E*(-PG)-ADP
k

-2

ADP binding kinetics”

ligand transient kinetics (Figures 4 and 6) equilibrium (Figures 1 and 2)
variable constant® kon = ko/Ky (uM™! s71) kot = k— (s7h) kott/kon = K1K2 (uM) K4 = KiKo/(1 + K2) (uM)
D-ADP 6.1 +£0.3 38+ 10 6.2 7.7
D-ADP PG 4.6+ 0.6 313 £40 68 50
L-ADP 3.14+0.2 55+6 18 17
L-ADP PG 24402 79 £ 10 33 28

“The values of kon and kot were obtained from the kons vs ADP concentration dependences (Figure 6). For experimental details, see the legend to
Figure 1 and the text. ® K; = k_i/k;. © The concentration of PG was 200 #M in transient kinetic experiments and 250 4M in equilibrium studies.

The formation of the binary PGK PG or PGK < ADP complex
was followed by measuring the tryptophan fluorescence
change of a solution of PGK (initially at 2.5 uM) mixed
with increasing concentrations of PG or ADP, respectively.
The formation of the ternary complex PGK+<PG+ADP was
followed using an initial solution containing 2.5 uM PGK
and 250 uM PG or 150 uM ADP and adding increasing
amounts of ADP or PG, respectively.

The volume of substrate added to the enzyme solution was
less than 10% of the initial volume to limit the dilution of
PGK. The effect of a 10% dilution of the PGK solution with
buffer had no effect on its fluorescence corrected for the
change in concentration (not shown). The titrations were
performed in a 1 cm path-length cuvette. The excitation and
emission wavelengths were 295 and 335 nm, respectively,
with a 10 nm bandwidth for both the excitation and emission
monochromators.

The dissociation constants (K4) for the substrates of PGK
were determined by fitting the intrinsic PGK fluorescence
variation as a function of the substrate concentration using
the GraFit program (v3.03, Ericathus Software Limited,
Staines, United Kingdom) and the following quadratic
equation (eq 1),

max

~ [PGK],
V(IS1, + [PGK], + K,)* — 4[SI[PGK],)/2] (1)

where AF is the variation of fluorescence intensity corrected
for the dilution of the protein solution, AFy, is the
extrapolated maximal variation of fluorescence, and [S], and
[PGK], are the total concentrations of the substrate and

AF x[(([S1, + [PGK], + K,) —

enzyme, respectively.

Stopped-flow Experiments. The kinetics of the interaction
of PGK with its substrates was studied by monitoring the
tryptophan fluorescence variation of the PGK upon binding in
a stopped-flow apparatus (SF-61 DX2, TgK Scientific, United
Kingdom). The dead time of this apparatus is 0.5 ms. The
excitation wavelength was 295 nm, and emission was >320
nm using a cutoff filter (WG320 from TgK Scientific). The
bandwidth for excitation was 2 nm. The fluorescence of the
PGK solution or a mixture of PGK with a fixed concentration
of PG was set as 100%. For each experimental condition, a
series of 5—12 shots were carried out and averaged. Fluorescence
changes time courses were fitted with GraFit using a single
exponential equation (eq 2):

F=F,— AF x exp(— ky) 2)

where ¢ is the time after mixing PGK solution with the
substrate in the stopped-flow apparatus, F is the observed
fluorescence at time ¢, F) is the initial fluorescence intensity
(at time ¢ = 0), AF is the variation of fluorescence at t = oo,
and kobs 1S the observed rate constant for the change of
fluorescence.

Errors. The errors given by the computer analysis of the
raw data are indicated in Tables 1 and 2. These do not take
into account of the potentially larger experimental errors (317).

Molecular Modeling and Docking of D-ADP and L-ADP
to hPGK. Models of the 3D structures of hPGK in the open
and closed conformations were built from pig muscle PGK
(1VIC and 1VJD, open) and T. brucei PGK (13PK, closed)
crystal structures using the Modeler release program 8v2
(34). The sequences of pig and hPGK are 97% identical, so
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FIGURE 1: Equilibrium studies: dependences of the amplitude of the substrate-induced tryptophan fluorescence change of hPGK on the
D-ADP (O, a, b), L-ADP (O, ¢, d), or PG (A, e, f) concentrations in buffer without (a, c, e) or with 30% methanol (b, d, f). The initial
concentration of PGK was 2.5 uM. The data were fitted using equation eq 1, and the values obtained for AFy,, and Ky are in Table 1.

the program was used directly for the building of the open
model. For modeling the closed conformation of hPGK, a
graphical alignment method based on the different crystal
structures of PGK from yeast, pig, horse, and 7. brucei was
used to improve the quality of the model. Because the
sequence identity of human and T. brucei is only 43%, this
artifice was essential to obtain information on all folded and
functional regions of the enzyme. All hydrogen atoms were
added to the model, including those that define the correct
ionization state of histidine, using the hbuild command of
Charmm program (Harvard University). The VMD program
(35) was used to analyze the interactions and to measure
the distances between the atoms in the hPGK model and
bound D-ADP or L-ADP.

Docking of D- or L-ADP into the hPGK model was carried
out by the use of GOLD (Genetic Optimization for Ligand
Docking, CCDC software limited), v3.2 that uses a genetic

algorithm (GA). This method permits a certain amount of
flexibility: partial with the protein and complete with the
ligand. For each of the 50 independent GA runs, a default
maximum number of 100 000 genetic operations was per-
formed, using default operator weights and a population size
of 100 chromosomes. In other words, the possible docked
orientations of the ligand are defined as chromosomes that
belong to a given population. This population can evolve
like human beings, including crossover, migration, or point
mutation, designated hereafter as “genetic operations” that
are modulated by the operator weight.

The atom chosen as target to define the nucleotide binding
site was the nitrogen atom of Pro338 with an active site
radius of 15 A in combination with scrutiny for a cavity.
The magnesium ion was coordinated with a tetrahedral
geometry with the two oxygen atoms of Asp374 and two
water molecules. The Mg-ion should be coordinated with 6
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FIGURE 2: Equilibrium studies: effect of PG on the dependences of the amplitude of the substrate-induced tryptophan fluorescence change
of human PGK on the D-ADP (@, a, b) or L-ADP (M, ¢, d) concentrations in the presence of PG, in buffer without (a, ¢) or with 30%
methanol (b, d). The initial concentration of hPGK was 2.5 uM, and that of PG was 250 uM. The data were fitted using eq 1, and the values

obtained for AF . and K4 are in Table 1.

ligands, as can be clearly seen in the 1.6 A resolution crystal
structure of the MgADP binary complex of Bacillus stearo-
thermophilus PGK [1PHP, (36)]. When the resolution of the
X-ray structure is not high enough, not all ligands of Mg-
ion can be seen, and in the present modeled structure two
water molecules could be missing.

Chemscore was used as a scoring function for all docking,
and the conformation of the solutions that ranked best was
analyzed further following energy minimization. Briefly, the
potential energy was minimized in three steps using the
Charmm program (500 steps of steepest descent followed
by 5,000 steps of conjugate gradient with a tolerance of 0.01
kcal/mol+A). During this procedure, two distance restraints
were imposed—one between the Mg?" ion and Asp374 and
the other between Glu343 and the two hydroxyl groups of
the ribose. This was important to maintain the location of the
substrate as obtained by the docking. All nonbonded interac-
tions were calculated up to an interatomic distance of 10 A,
and interactions between 10 and 14 A were approximated
with a switching function (37).

For the docking of PG, the same strategy was followed,
using the GOLD program, except that the target atom was
the o-carbon of Glyl66. A distance constraint between
Asn25 (y-carbon) and PG (oxygen atom of C2) was also
included to optimize the orientation of PG at its binding site.
This docking procedure was validated by the use of the
structure of 7. brucei PGK for which the PG binding site is
known (217). For modeling the ternary complexes, PG was
docked first and then ADP.

RESULTS AND DISCUSSION

When ATP, ADP, or PG binds to yeast PGK (yPGK),
there is a change in the inherent fluorescence of the enzyme
(30), a change that also occurs with hPGK. Here, we
exploited this signal to carry out two types of experiment:
equilibrium fluorescence (which allowed us to obtain esti-
mates for the dissociation constants (Ky) for the ligands) and
fluorescence stopped-flow (from which the transient kinetics
of the binding processes were obtained). Because of the
rapidity of the kinetics of the binding processes (30, 38),
experiments were carried out at 4 °C and, to further increase
the time resolution, in a buffer that contained 30% methanol.

Effect of Methanol on the Overall PGK Reaction (bPG
Formation). When 30% methanol was included in the assay
buffer with yPGK, both k., and K, for ATP were reduced:
7.6 57! (from 72 s7!) and 62 uM (from 109 uM), respectively
(30). The presence of methanol had a similar effect on the
steady state parameters with hPGK: ke, = 5.7 s from 38
s ! and K, for ATP 30 uM from 103 uM.

Equilibrium Fluorescence Experiments. The effect of the
concentration of D-ADP on the amplitude of the fluores-
cence signal in the absence or presence of 30% methanol
is illustrated in Figure 1, panels a and b. The data were
fitted to eq 1, and the dissociation constants obtained are
in Table 1.

As with D-ADP, when L-ADP was added to hPGK, there
was a decrease in the fluorescence signal (Figures lc and
1d). The amplitude of the signal was similar to that observed
with D-ADP, which suggests that L-ADP binds to the same
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FIGURE 3: Transient kinetic studies: time courses of hPGK tryp-
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methanol at 0, 10, or 50 uM D-ADP and (b) in buffer with 30%
methanol at 0, 10, or 60 uM D-ADP. The transients were fitted to
single exponentials (not shown) of kinetics, kops, (a) 257 s~! at 10
uM and 775 s7! at 50 uM and (b) 100 s~ at 10 uM and 395 s~!
at 60 uM.
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and L-ADP (0O) in buffer with 30% methanol. The data were fitted
to straight lines each of slope k»/K; and intercept on the kobs axis
k—,. For estimates of the constants, see Table 2 and the text.

site as D-ADP. The dissociation constant for L-ADP was
greater than that for b-ADP, whether or not the buffer
contained methanol (Table 1).

As seen in Figure 2, panels a and b, and in Table 1, 250
uM PG significantly reduced the affinity of hPGK for
D-ADP. Further experiments (not illustrated) showed that the
K, for ADP increased with the PG concentration to a limiting
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FiGURE 5: Effect of PG on the transient hPGK fluorescence kinetics
induced by D-ADP (a) or L-ADP (b) in buffer with 30% methanol.
The transients were fitted to single exponentials (not shown) of
kinetics, kops, (a) 345 s~ at 10 uM and 576 s~! at 55 uM and (b)
106 s~' at 10 uM and 210 s~! at 50 uM.

plateau at about 200 4M in the methanol-free buffer and
100 uM in the methanol containing buffer.

In contrast to the situation with D-ADP, PG has only a
small effect on the K4 for L-ADP (Figure 2, panels ¢ and d;
Table 1). Increasing the PG concentration up to 1 mM had
no further detectable effect (data not illustrated). We note
that the effects of PG on the dissociation constants for both
D- and L-ADP were observed whether or not the buffer
contained methanol.

The interaction of PG with hPGK leads to an increase of
the fluorescence signal, but the amplitude of this was low,
especially in the methanol-free buffer (Figure 1, panels e
and f); nevertheless, it was possible to obtain estimates for
the dissociation constant for PG (Table 1). It is noteworthy
that with yPGK the fluorescence signal decreased upon the
addition of PG (30).

It is thought that the binding of ATP and PG to PGK is
random [e.g., refs 38, 39], and if we assume that ADP and
PG also bind in a random manner, then we can summarize
the formation of the “abortive” E+PG+ADP by the thermo-
dynamic box in Scheme 1 where E is hPGK; Kpgi, Kappi,

Kpgo, and Kapps are dissociation constants, and Kappa/Kappi
= Kpco/KpGi.
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kinetic parameters obtained (slopes, k»/K;, and intercepts on the
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Scheme 1

E-PG ADP

E E-PG-ADP

AK;ADP) KPGZ
ADP PG

E-ADP

Kpg, and Kapp; are the overall dissociation constants
for PG and ADP, that is, for the formation of the
corresponding binary complexes. Kapp2 and Kpgy are the
dissociation constants for the formation of the ternary
E-PG+ADP complex at saturation in PG or ADP, respec-
tively (Table 1).

At constant [PG] and >Kpg; and Kpg, and at variable
ADP, Scheme 1 reduces to the following equations,

KADPZ
E-PG + ADP=——E PG - ADP 3)
and
AF [ADP]

AFmax [ADP] + KADPZ

where AF is the fluorescence signal at [ADP] and AF .,y is
the signal at saturation in ADP.

From the dependence of AF/AF,x on the D-ADP con-
centration at 250 uM PG (Figure 2b, Table 1), Kapp2 = 50

Gondeau et al.

Scheme 2

kOn
E + ADP = E*-ADP
koff

UM. Therefore, from the Kapp2/Kapp1 = Kpgo/Kpg) relation-
Shlp and with KADPI =177 ﬂM and KPGl =0.7 ﬂM, KPGZ =
4.5 uM, compared with 6.5 uM found experimentally. Thus,
D-ADP reduces the affinity of hPGK for PG, and PG reduces
that for b-ADP. This phenomenon of substrate antagonism
has been discussed with pig PGK (26, 27) and has been
observed with yPGK (30). For a further discussion on
substrate antagonism, see CONCLUSIONS AND PROS-
PECTS section.

We now addressed the question of the cause of the effect
of PG in reducing the affinity of hPGK for b-ADP: if we
define Kapp; as kofi’kon (Scheme 2), is the antagonistic effect
of PG due to a decrease in ko, or an increase in koi? A way
to answer this question is to obtain the details of the transient
kinetics of the nucleotide binding, that is, to measure and
define the rate constants k., and ko in the absence and
presence of PG.

Fluorescence Stopped-flow Experiments. From the equi-
librium binding studies, we conclude that the interactions
of D- and L-ADP with hPGK are similar. However, their
interactions in the presence of PG were different. We now
set out to determine the kinetic causes for this difference by
investigating the transient kinetics of the formation of the
respective binary E+ ADP and ternary E+<PG*ADP complexes.

The kinetics of the observed decrease in fluorescence upon
the addition of D-ADP to hPGK were difficult to measure,
even by stopped-flow and at 4 °C, as illustrated in Figure
3a. The kinetics of the binding of D-ADP to yPGK were
also very rapid (30, 38). A powerful way to reduce the
rapidity of a kinetic process is to work under cryoenzymic
conditions (40). This technique involves two perturbants:
temperature and an antifreeze, usually an organic solvent.
Its application may permit the accumulation of intermediates
that cannot be obtained under standard conditions by slowing
down the kinetics of their formation, by a change in a rate-
limiting step or by shifts in equilibria. The mere addition of
antifreeze may be enough to reduce the rapidity of a binding
process. We have shown that, with yPGK in a buffer
containing 30% methanol (v/v) and at 4 °C, the kinetics of
the binding of ATP to the binary E+PG are reduced enough
to allow their measurement.

Typical D-ADP-induced fluorescence transients in the
methanol containing buffer at 4 °C are illustrated in Figure
3b. Each transient fitted well to an exponential of kinetics
kobs (€q 2).

The following control experiments were carried out to test
the authenticity of these transient phases. First, when the
enzyme was mixed with buffer alone, there was little change
in fluorescence (Figure 3, at 0 uM ADP). Second, as
summarized in Table 2, the dissociation constants estimated
from the ADP dependences of the transient kinetics (see
below) agree well with those obtained in the equilibrium
experiments.

As illustrated in Figure 4, in 30% methanol the dependence
of kqps on the D-ADP concentration is linear up to 100 uM
ADP of slope, kon = 6.1 uM~! s7! and intercept on the kqps
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Scheme 3
K ky
E + ADP < E-ADP = E*.ADP
ks

axis, koir = 38 s7! (see Treatment of Stopped-Flow Data
section, below).

The kinetics of the fluorescence signal observed on the
addition of L-ADP to PGK were similar to those with b-ADP
under the same conditions (data not illustrated). As shown
in Figure 4, the dependence of ks on the concentration of
L-ADP could be fitted to a straight line of slope 3.1 uM™!
s ' up to 100 uM L-ADP and an intercept on the ko axis of
55 s7L

Typical fluorescent time courses at different concentrations
of D-ADP or L-ADP in the presence of 200 uM PG (final
concentration) are illustrated in Figure 5. In these experi-
ments, the enzyme had been preincubated with PG before
the addition of ADP, as in the equilibrium studies.

A noteworthy feature of the experiments is that PG greatly
increased the D-ADP binding kinetics. The increase was such
that the amplitude of the measurable fluorescence signal was
reduced, and kops was difficult to estimate with precision.

The dependence of ks on the D-ADP concentration is
illustrated in Figure 6a, and estimates for the kinetic
parameters (slope, kon; intercept on the kobs axis, kog) are
summarized in Table 2. From these results, it appears that
in the presence of PG, the affinity of PGK for p-ADP
decreases because there is an increase in the kos for the
nucleotide. The k., seems to be little affected.

The authenticity of these results and conclusions was
checked by obtaining D-ADP dependences on the same
reaction mixtures but in (i) PGK mixed with (PG + p-ADP)
and in (ii), (PGK + PG) mixed with (D-ADP + PG). The
resulting dependences (data not illustrated) were very similar
to that in Figure 6a. We also note that the system did not
appear to be perturbed by merely mixing (PGK + PG) with
buffer, as shown in Figure 5 (at 0 uM ADP).

The small effect of PG on the L-ADP binding was
confirmed by transient kinetic experiments. The dependence
of kobs On the L-ADP concentration in the presence of 200
uM PG is shown in Figure 6b. It is noteworthy that, unlike
with D-ADP, PG appears to have little effect on the L-ADP
transient binding kinetics.

Treatment of Stopped-Flow Data. 1s the ADP binding
merely diffusion controlled (“one-step binding”) as in
Scheme 2, or does it also involve a protein isomerization
process (“two-step binding”) as in Scheme 3? Where ADP
indicates the D- or L-enantiomer and the asterisk indicates
an ADP-induced conformational change of PGK.

It is thought that ligands bind to enzymes in two steps
[ref 41 and references cited therein], a situation that is in
accord with the induced-fit theory of Koshland (42, 43). Here
with hPGK, two further arguments support the two-step
binding process in Scheme 3. First, the slope of the ks versus
ADP dependence (Table 2 and Figure 4) is about 2 orders
of magnitude too low to represent a one-step diffusion
controlled process [e.g., ref 41]. Second, there is evidence
that the binding of ADP causes both local (/9, 36) and
global (28, 44) conformational changes of PGK; diffusion
controlled reactions are assumed to occur without protein
structural changes.
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Therefore, we assume that ADP binds to PGK in two steps.
Accordingly, from Scheme 3 we can write [e.g., ref 4]
eq 4.

_ k[ADP] L
s K +[ADP] 2

This predicts that the dependence of ks versus [ADP] is
hyperbolic, with an intercept on the kops axis of k—, and a
plateau of k, + k—,. However, because of the rapidity of kops
at high b-ADP concentrations, the plateau was not attained,
and the experimentally obtained dependence was linear
(Figure 4). Therefore, up to 100 uM ADP, K, > [ADP] and
eq 5 results.

“

J,[ADP]
obs Kl —2
From Figure 4, with D-ADP, k»/K; = 6.1 uM ™' s™! k_» =

38 s7!, and K1K, = 6.2 uM. If we apply Scheme 3 to the
equilibrium experiments (4/) to obtain eq 6.

)

KK,
Kp app1 = 1+K, 17.7uM (6)

The similarity of K, appi and the K K, estimated in the
transient kinetics experiments suggests that K, << 1, that is,
ko > k_s.

The slope of the kqns versus [L-ADP] dependence is also
too low to represent a diffusion controlled process, so it
appears that, like b-ADP, L-ADP is bound in two steps to
PGK, as in Scheme 3. Accordingly, with L-ADP, k./K, =
31 uM ' s7 kp =55 57!, and K K, = 18 uM. Thus, as
with D-ADP, with L-ADP K, appears to be <I.

In conclusion, these transient kinetic experiments confirm
that L-ADP binds less strongly to hPGK than D-ADP.

The binding kinetics of both D- and L-ADP were deter-
mined in the presence of saturating concentrations of PG
(closed symbols in Figure 6, panels a and b) and the rate
constants obtained are summarized in Table 2. From these
data, we conclude that whereas the k,, values for the two
enantiomers are not significantly affected by PG, the kinetics
of the release, ko, of D-ADP are accelerated by PG but,
interestingly, those of L-ADP are hardly affected. Thus, with
D-ADP, the PG-induced increase in k. could be an explana-
tion for the phenomenon of substrate antagonism.

To conclude, in the presence of PG, there appears to be a
significant difference in the kinetics of the interactions of D-
and L-ADP with hPGK. We now consider a possible
structural cause for this difference by a molecular modeling
study of hPGK that involves a comparison of the docking
of D- and L-ADP.

Comparison of the Mode of Binding of - and L-ADP to
hPGK: Molecular Modeling. The different behaviors of D-
and L-ADP toward hPGK in the formation of the respective
abortive E PG+ ADP complexes is surprising when one consi-
ders the overall steady state kinetics of the enzyme (23, 25).

Thus, we subjected the interaction contacts between hPGK
and the different ligands to scrutiny by a docking procedure.
We stress that this procedure is not “experimental”; it is based
upon the assumptions that the E+< ADP complexes are in the
open conformation [by the use of the open pig PGK+D-ADP
as a model (/6)] and that the E-PG+ADP complexes are in
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FIGURE 7: Docking of Mg-D-ADP (blue/cyan) or Mg-L-ADP (red/orange) in the nucleotide binding site of the two homology models of
hPGK: open conformation for the binary complexes (a) and closed conformation with bound PG (b). The Co-traces of the whole molecules
with the bound ligands (ball and stick models) are shown in panel (c). Details of the ligand binding are illustrated by the atomic interactions
(dashed lines) with the surrounding side-chains (stick models). Comparison of the distances between hPGK residues and the substrates are

shown in Table 3 for all docked structures.

the closed conformation [by the use of the closed 7. brucei
PGK-PG-+D-ADP as a model (21)].

As shown in Figure 7, panels a and b, L-ADP occupies
the same binding site in the C-domain of hPGK as does
D-ADP, independently of the conformational state of the
enzyme. Several of the amino-acid residues that interact with
the nucleotides are identical, for example, Gly312 and
Glu343 (Table 3); however, in the presence of PG there are
significant differences. Thus, in E-PG+D-ADP, in which E
is in the closed conformation (Figure 7b), the 3-phosphate
of the ADP is H-bonded to Asn336 (located in S-strand J)

and to the peptide N-atom of Gly373 (located in the
positively charged N-terminus of a-helix 13). With L-ADP,
the S-phosphate does not appear to interact with these highly
conserved residues. However, with D- and L-ADP the
B-phosphate interacts via a Mg?" ion to Asp374 (in helix
13). When the structures of E-PG+D-ADP and E<-PG-L-ADP
are superimposed, the phosphates can be seen to occupy
different positions, which leads to a small change in the
position of helix 13. As a consequence, interdomain com-
munication may be altered. Moreover, with D-ADP in the
presence of PG, Asp374 is displaced; therefore, the Mg?*



Binding kinetics of D- and L-ADP to 3-phosphoglycerate kinase Biochemistry, Vol. 47, No. 11, 2008 3471

Table 3: Distances (A) Between Substrates and Protein Residues in the Four Docked Structures® Shown in Figure 7

nucleotide N6 2'-OH 3'-OH o-phosphate  f-phosphate  3-phosphate
groups (adenine) (ribose)  (ribose) Mg (oxygen) (oxygen) (oxygen) [-phosphate
PG 1-C
hPGK residues Gly312  Glu343 Glu343 Asp374 Lys219 Asn336 Gly373 Gly372(N)-Ser392(0)

In Absence of PG
D-ADP 2.98 3.17 2.70 2.03/2.12° 2.83 8.75 7.08 5.05
L-ADP 2.87 2.73 2.70 2.00/2.03 2.70 8.83 10.00 4.89
In Presence of PG
D-ADP 2.87 2.71 4.74 1.98/3.49 3.62 2.74 2.73 4.13 4.80
L-ADP 3.44 2.68 2.73 2.05/2.09 7.07 7.41 5.50 3.76 6.75

“ Open structure model used for the binary complexes and closed structure model for the ternary complexes. ” The two values indicate distances of

Mg2" from the two O-atoms of Asp374 carboxylate.

ion is less connected to this residue, which leads to a weaker
binding of Mg?" ion to D-ADP. This observation is in good
agreement with the suggestion of Merli et al. (27) that PG
weakens the binding of D-ADP via the Mg?* ion. From our
docking results, the distance between the Mg?" ion and the
carboxylic group of Asp374 is increased upon PG binding
with D-ADP but not with L-ADP (Table 3).

The different orientations of the S-phosphate in the two
enantiomers seem to have an effect on the distance
separating the phosphate and PG at the active site of the
enzyme; with D-ADP the distance between the 1-C of PG
and the S-phosphate is 4.80 A, and with L-ADP the
distance is 6.75 A. With both nucleotides, the orientation
of the two ligands leads to the proximation of two
negatively charged oxygen atoms and therefore, we can
not exclude a repulsive effect between the two ligands.
This putative repulsion is especially strong with D-ADP,
which would explain the effect of PG decreasing the
affinity of hPGK for b-ADP. We note that the docking
score with D-ADP is lower when PG is already bound to
the enzyme.

However, repulsion between the two substrates would not
be advantageous for catalysis. Instead, PG (through its
indirect effect mediated by Arg38 toward AL and o3)
weakens ligation of Mg?t to Asp374. Thereby, the Mg>*
can move together with the nucleotide phosphate, and both
can then occupy the optimal position for catalysis. Therefore,
substrate antagonism appears to be an essential element of
catalysis.

With L-ADP, even if the communication between the two
substrate sites is weaker than with D-ADP, domain movement
presumably still occurs because this enantiomer is catalyti-
cally active. This less effective domain communication could
be the structural explanation for the somewhat reduced
catalytic efficiency of hPGK toward L- with respect to
D-purine based nucleotides (23, 25).

CONCLUSIONS AND PROSPECTS

Here we studied the kinetics of the interaction of D-ADP
and L-ADP with hPGK. The use of a stopped-flow method
based on the inherent tryptophan fluorescence of the
enzyme enabled us to study, for the first time, the kinetics
of formation of the binary E:D-ADP and E-L-ADP
complexes. An important aspect of our work was to study
the effect of PG on these kinetics; with D-ADP it is thought
that the abortive E-PG+D-ADP is a good model for the
catalytically important transient intermediate E+PG-*D-

ATP. Furthermore, by the use of this model one can study
the phenomenon of substrate antagonism, in particular that
the binding of the nucleotide substrate is weakened by
PG (45). We propose two explanations for substrate
antagonism: a PG-induced change in the interdomain
communication of PGK that reduces Mg-Asp374 interac-
tion or a repulsion of the two negatively charged substrates
at the active site of PGK.

Merli et al. (27) pointed out the importance of Mg in
modulating the electrostatic interactions between nucle-
otide and PGK and, in particular, the effect of PG on these.
PG appears to weaken the Mg>" coordination of the
pB-phosphate of D-ADP, which leads to a reduction of
the binding that facilitates its release. This could explain
the PG-induced increase in the dissociation rate constant
of D-ADP (koff).

Substrate antagonism has been observed with phosphof-
ructo-1-kinase, an enzyme that also has two negatively
charged sustrates (46, 47). As with PGK, this enzyme binds
its substrates in a random manner but “not independently”
(46). However, with hexokinase, the neutral glucose aids the
binding of ATP (48).

In the case of the complex of hPGK with the non-natural
L-ADP, there is only a small effect of PG on the ko of
L-ADP. We explain this by the [-phosphate of this
substrate being in a different orientation to that of b-ADP,
in particular, that it is further away from the 1-C of PG.
It is possible that this orientation affects the relative
importance of the different intermediates on the PGK
reaction pathway. Any difference between the hPGK
reaction pathways with bD-ADP and L-ADP as the acceptor
substrates could be of interest in the context of the use of
L-nucleosides as prodrugs.

The different orientations of L- versus D-nucleotides when
bound at the active site of other enzymes could be a general
phenomenon, as it appears to be due to the inherent mirror
image stereochemical characteristic of L- versus D-com-
pounds. For example, deoxycytidine kinase is able to
phosphorylate both D- and L-nucleosides because the pseu-
dosymetry of the enantiomers, and their conformational
flexibility allows a proper positioning of the 5'-hydroxyl
group and the stabilization of the base in a hydrophobic
pocket of the enzyme (11, 49). Alexandre et al. (5) proposed
that the D/L polyvalency of UMP/CMP and dTMP kinases
arises from the positional freedom of the sugar moiety that
allows to keep the base and the phosphate of the two
enantiomers in similar positions.
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