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ABSTRACT: 3-Phosphoglycerate kinase (PGK) is a promising candidate for the activation of nucleotide
analogues used in antiviral and anticancer therapies. PGK is a key enzyme in glycolysis; it catalyzes the
reversible reaction 1,3-bisphosphoglycerate + ADP < 3-phosphoglycerate + ATP. Here we explored
the catalytic role in human PGK of the highly conserved Lys 215 that has been proposed to be essential
for PGK function by a transient and equilibrium kinetic study with the active site mutant K215A. By the
stopped-flow method we show that the kinetics of substrate binding and the associated protein isomerization
steps are fast and identical for the wild-type PGK and mutant K215A. By the use of a chemical sampling
method (rapid quench flow) under multiple and single turnover conditions and in both directions of the
reaction, we show that the rate-limiting step with wild-type PGK follows product formation (presumably
product release), whereas with the mutant it is the phospho-transfer step itself that is rate-limiting. Mutant
K215A has a low inherent phosphotransferase activity, and to explain this, we carried out a molecular
modeling study. This suggests that with the mutant the conserved Arg 65 replaces the missing Lys 215 by
helping to position the transferable phospho group during the reaction. Molecular dynamics simulations
suggest that in the mutant the closed conformation of the enzyme is stabilized by a salt bridge between Asp 218
and Arg 170 rather than Arg 65 in the wild-type PGK.
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Direct Kinetic Evidence That Lysine 215 Is Involved in the Phospho-Transfer Step of
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3-Phosphoglycerate kinase (PGK; EC 2.7.2.3)! catalyzes the
reversible transfer of the phospho group between 1,3-bisphos-
phoglycerate (bPG) and ADP:

bPG + ADP < PG + ATP
PGK is a key enzyme in glycolysis (in the forward reaction)

and carbon fixation in plants (in the backward reaction) and is
present in all living organisms studied so far (/). Furthermore,
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PGK appears to be involved in other biological processes. For
instance, since it is relatively nonspecific for its nucleotide
substrates, it is thought to be a component of the cascade of
cellular kinases that activate nucleoside prodrugs to the pharma-
cologically active nucleoside triphosphates (refs 2 and 3 and
references cited therein). PGK has also been reported to act in
tumor angiogenesis as a disulfide reductase (4). Because of its
multiple roles, it seemed important to establish a detailed knowl-
edge of the reaction pathway of this enzyme.

PGK is a globular protein with two distinct domains: the
N-domain that contains the bPG or PG binding site (5) and the
C-domain that binds ADP (6) or ATP (7). It is thought that on
the binding of both substrates the two domains approximate, a
process (“hinge bending”) that leads to a closed conformation of
the enzyme and which is necessary for phospho-transfer to
occur (8). However, to date, all available crystal structures of
mammalian PGKSs (5, 7, 9—12) are in an open conformation,
even in the presence of the substrates. Nevertheless, there are two
PGK crystal structures [from Trypanosoma brucei (13) and
Thermotoga maritima (14)] in which the protein is in a closed
conformation. In the open structures, the highly conserved Lys
215, located in the C-domain, is about 10 A from the PG binding
site (PDB structures 1HDI and 1VIC), which is too far to allow
phospho-transfer. In the presence of PG and ADP, to form the
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abortive E-PG-ADP, a complex that is thought to mimic the
catalytic E-bPG-ADP, there appears to be a substantial struc-
tural change that may mimic the “hinge bending” process by
which Lys 215 moves to within H-bonding distance of one of the
phosphate oxygens of PG [T brucei PGK (13)]. This interaction,
which helps to connect the C-domain (nucleotide site) to the
N-domain (PG site), could play a role in stabilizing the closed
form of PGK. We note that in a recent infrared study on yeast
PGK (yPGK), White et al. (15) came to the conclusion that the
structure of the catalytic complex is “closer” than that of the
abortive complex.

As pointed out by Auerbach et al. (14), with the enzyme from
T. maritima, Lys 215 is well positioned in that with Arg 38 it
escorts the 1-phospho group of bPG to ADP by stabilizing the
putative pentacoordinate state of the phospho group. The
proposal that Lys 215 is catalytically important is consistent
with the large reduction of the steady-state rate of human PGK
(hPGK) when it is replaced by alanine to give mutant
K215A (16). Flachner et al. (16) estimated that at 20 °C k¢, in
the forward reaction (kaF , ATP formation) was 0.03% that of
the wild-type PGK (wt PGK) and in the backward reaction
(kea™, BPG formation) 0.06%. They also showed that whereas
the affinity of mutant K215A for ADP was similar to that of wt
PGK, the affinity for ATP, which carries the transferable
phospho group, was decreased 5-fold.

From these several works, it has been proposed that Lys 215
plays a key role in the phospho-transfer process catalyzed by
PGK. However, it has not yet been shown whether the lysine is
involved in the phospho-transfer step itself or with the steps
associated with substrate binding. We note that from SAXS
experiments (/7) the involvement of Lys 215 in domain closure
appears to be excluded.

A way to obtain information on an enzyme reaction pathway
is to perturb the system under study. One can perturb by
changing the experimental conditions. Cryoenzymology is an
example of this technique which involves two perturbants:
temperature and antifreeze (/8). We have exploited cryoenzy-
mology with yPGK by including methanol in the reaction
medium and working at 4 °C, and by this means, we were able
to build a seven-step reaction pathway and to obtain estimates for
its rate constants (19, 20). One can also perturb by the use of
substrate analogues. We applied this approach to hPGK by
comparing the kinetics of the interaction with D-ADP with that
of its mirror image L-ADP (3). Finally, one can perturb by
enzyme active site mutagenesis.

Here we put to the test the proposed catalytic importance of
Lys 215 by a comparison of the chemical reaction pathways of
wild-type hPGK and its mutant K215A by quench-flow and
stopped-flow methods. We have already put forward a reaction
pathway for yeast PGK (20), and we analyze our kinetic data by
the same pathway (Scheme 1).

In our experiments, the starting enzyme material was E*-bPG
in the forward and E*- PG in the backward reaction. In Scheme 1,

Scheme 1: Reaction Pathway for PGK“
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there are three types of steps: formation of collision complexes
(steps 1 and 5), protein isomerizations (steps 2 and 4), and the step
of interest here, the phospho-transfer step (step 3).

We show that with mutant K215A, whether in the forward or
backward reaction, the phospho-transfer step itself is very slow
and clearly rate-limiting.

EXPERIMENTAL PROCEDURES

Proteins and Reagents. wt hPGK, its mutant K215A, and
bPG were prepared as described in ref /6. ADP and ATP were
purchased from Sigma-Aldrich, and PG was from Roche Diag-
nostics.

Experimental Conditions. The experiments were carried out
in a buffer that contained 20 mM triethanolamine, pH 7.5,0.1 M
potassium acetate, and 1 mM free Mg”" as magnesium acet-
ate (21). Because of its high turnover rate, it is difficult to study
the transient kinetics of PGK, even at 4 °C, but by including 30%
methanol in the buffer the kinetics were slowed down to
measurable rates (20). Stock solutions of nucleotides contained
an equivalent amount of Mg”>*. “ADP” and “ATP” refers to
MgADP and MgATP, respectively.

Steady-State Kinetics and Product Measurements. The
overall steady-state parameters of wt PGK and its mutant K215A
with respect to the nucleotide substrates were obtained at 4 °C and
in buffer that contained 30% methanol. The kinetics of the
formation of product were obtained by the assay of ATP (in the
forward reaction) and ADP (in the backward reaction) by HPLC.

In the forward reaction, phospho-transfer was initiated by the
addition of the enzyme (final concentration 0.1 uM for wt PGK,
10 uM for mutant K215A) to buffer that contained bPG (50 uM)
and variable concentrations of ADP. The reaction mixtures were
aged while samples were removed at different times, quenched in
6.25% trichloroacetic acid, and clarified by centrifugation, and
the supernatant was adjusted to pH 5.5 with NaOH. The
quenched samples were diluted 10-fold with the HPLC mobile
phase (see below) and 0.1 mL portions subjected to reverse-phase
chromatography. The amounts of nucleoside di- and tripho-
sphate were obtained from isocratic HPLC on a reverse-phase
C18, ODS Hypersil 150 x 4.6 mm, 3 yum column (Thermo
Electron) at a flow rate of 1 mL/min. The mobile phase was
125 mM potassium phosphate buffer, pH 5.5, 10 mM tetra-
butylammonium bromide (TBAB), and 10% acetonitrile
(adapted from ref 22). The column was connected to a Waters
chromatography system that includes a 1525 binary pump, a 717
plus autosampler, and an absorbance detector (2487 dual wave-
lengths) for the detection of adenosine di- and triphosphate (at
259 nm). The HPLC peaks were analyzed with the Waters Breeze
software package that allows calculating the nucleotide concen-
trations. The steady-state constants were estimated from the ATP
formed vs time plots (results not illustrated). Under our experi-
mental conditions, less than 5% of the bPG hydrolyzed sponta-
neously during the incubation of the reaction mixtures (not more
than 10 min).
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In the backward reaction, phospho-transfer was initiated by
the addition of enzyme to buffer that contained PG (5 mM) and
variable concentrations of ATP, and after quenching in acid, the
ADP produced was measured by HPLC as described above.

Fluorescence Stopped-Flow Transient Kinetics. The
experiments were carried out in a thermostatically controlled
SF-DX2 stopped-flow apparatus (Tgk Scientific, U.K.). The
wavelengths used were 295 nm for excitation and >320 nm for
emission. Full experimental details and the precautions taken are
in Gondeau et al. (3).

Quench-Flow Transient Kinetics. The experiments were
carried out in home-built thermostatically controlled quench-
flow apparatuses. In the forward reaction, PGK and bPG were in
the “enzyme” syringe and ADP was in the “substrate” syringe of
the quench-flow apparatus. Equal volumes of each (typically 70—
150 uL) were mixed in the apparatus, the reaction mixtures were
aged in the time range milliseconds to several seconds and quenched
in 6.25% trichloracetic acid, and the ATP and ADP were measured
by HPLC as described above. Zero time points were obtained by
mixing 0.1 mL of PGK - bPG solution with 0.2 mL of acid and then
0.1 mL of ADP solution. End time points were obtained by mixing
0.1 mL of PGK-bPG solution with 0.1 mL of ADP solution,
incubating for 30 min at room temperature, and quenching with
0.2 mL of acid before HPLC analysis. In the backward reaction,
PGK and PG were in the “enzyme” syringe and ATP and PG in the
“substrate” syringe with the same procedure used as for the forward
reaction. The concentrations of PG used (typically 100 uM to
5 mM) were well above its K4: 0.7 £ 0.2 uM for wt PGK (3) and
0.5 £ 0.2 uM for mutant K215A (data not shown).

Molecular Modeling, Docking of ADP and ATP, and
Dynamics Simulation. The model structures of wt hPGK and
mutant K215A in a closed conformation were built from the
T. brucei PGK (13PK) crystal structure using the Modeller
release program 8v2 (24). In order to improve the quality of
the models and to determine side chain orientations, their
stereochemistry was optimized with Modeller by using an energy
minimization/dynamics procedure of the objective function
(geometric restraints and nonbonded contacts). All of the
hydrogen atoms were included in the models, including those
that define the correct ionization state of histidine, using the
hbuild command of the Charmm program (Harvard University).
For all of the docking, the water molecules in the crystal
structures were retained. The VMD program (25) was used to
analyze the interactions and to measure the distances between the
atoms in the models and bound ADP or ATP.

The docking of ADP or ATP into the PGK models was carried
out by the use of GOLD (Genetic Optimization for Ligand
Docking, CCDC software limited) v4 that uses a genetic algo-
rithm (GA). This method permits a certain amount of flexibility:
partial with the protein and complete with the ligand. For each of
50 independent GA runs, a default maximum number of 100000
genetic operations was carried out with the use of default
operator weights and a population size of 100 chromosomes.
The atom chosen as target to define the nucleotide binding site
was the nitrogen atom of Pro 338 with an active site radius of
15 A in combination with scrutiny for a cavity. The second
substrate, PG, was docked prior to ADP or ATP as described
above except that the target atom was the o-carbon of Gly 392.
The magnesium ion was coordinated with a tetrahedral geometry
with the two oxygen atoms of Asp 374 and two water molecules.
Mg ion should be coordinated with six ligands, as can be clearly
seen in the 1.6 A resolution crystal structure of the MgADP

Varga et al.

binary complex of Bacillus stearothermophilus PGK [1PHP (6)].
When the resolution of the X-ray structure is not high enough,
not all of the ligands of the Mg ion can be seen, and in the present
modeled structure two water molecules could be missing.

Chemscore was used as a scoring function, and the different
docking poses were analyzed by the clustering method (complete
linkage) from the rmsd matrix of ranking solutions. This allows
defining the conformation that ranked the best prior energy
minimization. Briefly, the potential energy was minimized in
three steps using the Charmm program (500 steps of steepest
descent followed by 5000 steps of a conjugate gradient [tolerance
0.01 kcal/(mol-A)] without applying any constraint).

Molecular dynamics (MD) simulation was carried out using
NAMD (26) and the CHARMM all-atom parameter set 22 (27).
Protein—ligand complexes (wt and mutant K215A) surrounded
by crystal water molecules were immersed in a water box of
thickness of 10 A in x, y, z directions from the protein surface,
and they were replicated by periodic boundary conditions. The
solvated systems were energy minimized using 500 steps of
conjugate gradient as described above. Electrostatic and van
der Waals interactions were treated with an r-dependent dielectric
constant and a switch function applied between 10 and 12 A. The
particle mesh Ewald method was used to calculate electrostatic
interaction with a grid spacing of 1 A. MD simulations were
carried out at 300 K for 1 ns with an integration time step of 1 fs at
constant temperature and pressure using a Nosé-Hoover piston.
A time scale of 1 ns was selected as it is thought to be sufficient to
observe side chain motions.

RESULTS AND DISCUSSION

Here, our aim was to provide firm kinetic evidence for the
proposed key importance of Lys 215 in the phospho-transfer
reaction of PGK by, in particular, determining the rate-limiting
step on the reaction pathway of mutant K215A. The strategy
was, first, to compare the kinetics of the initial steps in the
forward reaction of mutant K215A with those of wt PGK by
exploiting the intrinsic fluorescence of PGK that occurs on ADP
binding. We also investigated the effect of PG on the ADP
binding kinetics to form the corresponding E-PG-ADP, a
complex that has been proposed to be a model for the catalytic
E-bPG-ADP (13, 28).

Second, it was to characterize chemically and kinetically the
intermediates following substrate binding by exploiting the
quench-flow method in which reaction mixtures are aged from
a few milliseconds to several tens of seconds and quenched in
acid, and then a product is measured by a specific analytical
method. When the time course of product formation includes a
transient “burst” phase of product, one can come to conclusions
not only on the rate-limiting step on the overall reaction pathway
of the enzyme but also on the identity and kinetic properties of
enzyme product intermediates (29). Here, we investigated the
transient kinetics of formation of ATP in the forward and of
ADP in the backward reactions of wt hPGK and its mutant
K215A.

But first, we checked on the overall structures of PGK and its
mutant under our experimental conditions (30% methanol and 4 °C).

CD Studies. The far-UV spectra of wt PGK and mutant
K215A in buffer with or without methanol are illustrated in
Supporting Information. With the wt PGK, the spectrum that we
obtained in the methanol-free buffer is in agreement with that
obtained by Szab et al. (17). It is noteworthy that the spectra of
the mutant are very similar to those of wt PGK, whether or not
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the solvent contained methanol. Thus, each spectrum is char-
acteristic of an o helix-rich protein with two minima centered at
207 and 222 nm and a maximum at 193 nm. This similarity is
evidence that the secondary structure of PGK is not greatly
affected by the mutation, a lack of effect that is supported by the
finding that the magnitude of the fluorescence signals observed
on the addition of ADP to the mutant is similar to that with wt
PGK (see below). Furthermore, the similarity of the CD spectra
shows that 30% methanol does not perturb significantly the
conformation of PGK, whether wild-type or mutant.

Equilibrium Studies. The effect of the concentration of ADP
on the fluorescence signal of mutant K215A is illustrated in
Supporting Information, and the dissociation constants, Ky,
obtained are in Table 1. In the absence of PG, the affinity for
ADP was hardly affected by the mutation. The affinities mea-
sured here, in a buffer that contained 30% methanol and at 4 °C,
are in agreement with those obtained by Flachner et al. (/6) in a
methanol-free buffer and at 20 °C: for wt PGK Ky = 28 uM; for
mutant K215A Ky =45 uM.

It is noteworthy that PG decreased equally (about 7-fold) the
affinities of wt PGK and its mutant for ADP (Table 1). This
effect, termed “substrate antagonism”, has been observed for pig
muscle (28) and human (3) wt PGKs.

We also obtained estimates for the affinities of wt PGK and its
mutant for PG. With the wild-type, although the amplitude of the
fluorescence signal was low, we were able to obtain an estimate
for Ky for PG of 0.7 uM (3). However, with the mutant, the
amplitude was too low to be exploited, and instead, a fluores-
cence titration method with ANS (23, 30) as the probe was used
to obtain an estimate of the Ky for PG: 0.5 uM (data not shown).

Kinetic Studies on the Forward Reaction (ATP Forma-
tion). Thermodynamically, this is the favorable reaction, and
free ATP production goes to near completion.

(A) Kinetics of the Initial Steps: Stopped-Flow Studies.
As with wt PGK (3), the kinetics of the decrease in tryptophan
fluorescence observed when ADP interacts with mutant K215A
fitted well to a single exponential giving a rate constant ky,, (time
courses not illustrated). The dependence of ks on the ADP
concentration is in Figure 1. Also included in the figure is the
dependence in the presence of PG. In each case the dependence
was fitted to a straight line of slope k. and intercept on the ks
axis k_. As with wt PGK (3), we interpret these parameters by a
two-step binding process for ADP (Scheme 2) (see Single Turn-
over Experiments for details).

With reference to Scheme 2, kg, = k,[ADP] + k_, where
k,=kK,/Kand k_=k _, (see Supporting Information for details).
We summarize in Table 1 the estimates for k, and k_ with the
PGK mutant together with those for the wild-type enzyme. From
these experiments, we conclude that mutant K215A binds ADP
with kinetics that are similar to those of wt PGK, both in the
absence and in the presence of PG. We note that the presence of
PG results in an increase of k_. This is the kinetic basis of
“substrate antagonism”, as concluded earlier with wt PGK (3).

That the mutation of Lys 215 has little effect upon the ADP
binding kinetics is reasonable; it implies that the binding of ADP
to PGK does not involve this residue, which is reserved for the
y-phosphate of ATP. This is in agreement with Flachner et al. (16),
who showed that whereas the mutation of Lys 215 weakens the
binding of ATP, it hardly affects that of ADP. On the other hand,
we show here that, as with wt PGK, PG decreased the affinity of
K215A for ADP. Thus, it seems that the communication between
the PG and ADP sites (28) is unaffected by the mutation of Lys
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Table 1: ADP Binding Kinetics to wt PGK and Mutant K215A in the
Presence or Absense of PG from Equilibrium (Ky) and Stopped-Flow
Studies (k, k-)*

ADP k'
E(-PG) S E(-PG)-ADP = E*(-PG)-ADP
; PR
1 2

kinetic parameters wt PGK” mutant K215A

absence of PG

Ky = K'| K>)(1 + K'5) (uM) 7.7£0.6 1342

ky = ko/K'y (@M~ sTh 6.1+0.3 38402

ke =K 5™ 38410 3944

k_lk. = K'1K'5 (uM) 6.2 10.3
presence of PG

Kq = K\ K'5/(1 + K'5) (uM) 50 + 3¢ 92 + 10°

ky = KoKy (M1 s7h 4.6+0.67 4.0+097

k=K 6 313 + 407 212 + 507

k,/kJr = K’]K’z (/AM) 68 53

“In 30% methanol and at 4 °C. K; = k_;/k ;. The parameters k, and k_
were obtained assuming a two-step binding kinetics (see above) and from
the dependences of ks upon the ADP concentration (see Figure 1). b From
ref 3. “Concentration of PG was 0.25 mM. ¢Concentration of PG was
0.2 mM. “Concentration of PG was 10 mM.
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FIGURE 1: Fluorescence stopped-flow experiments with mutant
K215A. Dependences of k,ps on the ADP concentrations without
(O) or with (®) PG. The kinetic parameters obtained (slopes, k, =k’,/
K'1; intercepts on the ks axis, k_ =k'_,, Scheme 2) are in Table 1.

Scheme 2: Two-Step Binding Pathway for ADP to PGK

ADP K,
E(-PG) > E(-PG)-ADP = E*(-PG)-ADP
K ’l k’,z

215. This result is consistent with the occurrence of domain closure
in mutant K215A as derived from the SAXS measurements (17),
since both substrate antagonism (28) and domain closure (8) are
mediated through interdomain communication.

Because of its low turnover (see below), we attempted to
measure the kinetics the formation of the catalytic E**-bPG-
ADP with mutant K215A. On mixing E*-bPG with ADP, there
was a decrease in fluorescence, but it was difficult to obtain rate
constants from the time courses. Nevertheless, the decrease
appeared to be as rapid as that observed with the formation of
the abortive E*-PG+ADP (data not shown).

From these stopped-flow experiments, it seems that the
kinetics of the steps preceding the phospho-transfer step with
mutant K215A are as rapid as those with wt PGK. We now
investigated the following steps by chemical sampling.



7002  Biochemistry, Vol. 48, No. 29, 2009

Table 2: Steady-State and Transient Kinetic Parameters for wt PGK and
Its Mutant K215A at 4 °C*

forward reaction backward reaction

parameter wt PGK K215A wt PGK K215A

steady-state kinetics

kear 571 200 £ 10 0.0640.01 2.48£0.10 0.05+0.01

ket 571 2633 (13) 0.78 (13)  833(340)  0.48(10)

Ky (uM) 77410 126420 1741 1600 £ 100

kea/Kn @M ~'sh 2.6 48 x107* 0.15 3x107°
transient kinetics®

ky M TsTh 21403

k_(s™hH 29 + 10

k_Jk, (uM) 13.8

(s >165 0.06 =+ 0.01

So.5 (UM) >60 120 + 30

“In 30% methanol and at 4 °C. °In methanol-free buffer and at
20 °C (16). Numbers in parentheses are ratios between values obtained in
the two different conditions. ¢ From single turnovers (Figures 3 and 4; for
definitions of constants, see Figure 4 and the text).

(B) Kinetics of Phospho-Transfer and Release of Pro-
ducts Steps: Chemical Sampling. Two types of experiments
were carried out. In multiple turnovers, the concentrations of the
substrates bPG and ADP were higher than that of PGK. This
type enabled us to test for the presence of transient burst phases
of ATP formation at different ADP concentrations and to obtain
steady-state parameters. In single turnovers, the concentrations of
PGK and bPG were the same, but that of ADP was higher and
variable. These experiments were carried out by the quench-flow
method with PGK + bPG in one syringe and ADP in the other.
Flachner et al. (/6) showed that bPG binds as tightly to mutant
K215A as it does to wt PGK (K4 about 50 nM for both), and
therefore we assume that under our experimental conditions the
concentrations of free enzyme in the multiple turnovers, and of both
free enzyme and bPG in the single turnovers, were insignificant.

(C) Multiple Turnover Experiments. The steady-state
parameters for wt PGK and mutant K215A have been reported
previously in the absence of methanol and at 20 °C: ke~ = 2633
and 0.78 s”! and K,, for ADP=0.12 and 0.15 mM, respec-
tively (16). The parameters obtained under our experimental
conditions are summarized in Table 2; it is noteworthy that the
koo for both wt PGK and its mutant are decreased 13-fold by
our experimental conditions. We explain this decrease by a
similar effect of solvent and temperature (19, 20) on product
release with wt PGK and phospho-transfer with the mutant (see
following paragraph). On the other hand, the K, values for ADP
are little changed by the experimental conditions.

To allow for the detection of a transient phase of ATP
production, one must work at a concentration of PGK that is
of the same order of magnitude as ADP. Furthermore, the
concentration of ADP must be such that the rate of formation
of putative ATP-containing intermediates is higher than the kg, "
of wt PGK, that is, 200 s_'. A typical time course for ATP
production at a reagent concentration of wt PGK is illustrated in
Figure 2a. It shows that the steady state is preceded by a burst of
ATP, suggesting that step 3 (phospho-transfer, Scheme 1) is
relatively fast and that the steady-state rate is limited by a product
release step. We note that the kinetics of the two phases are in
reasonable agreement with independent measurements: at 30 uM
ADP, katp=92 =+ 195! (from the Single Turnover Experiments
below) and the steady-state rate = 55 + 55~ ' (from the steady-
state parameters, Table 2).
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FIGURE 2: Multiple turnover quench-flow experiments with wt PGK
(a) and mutant K215A (b) in the forward direction. The reaction
mixtures (10 uM PGK, 50 uM bPG, and 30 uM (a) or | mM (b) ADP)
were quenched in acid at the times indicated, and the ATP was
determined. In (a) the time course consists of a transient burst phase
of kinetics 80 & 8 s! followed by a steady-state phase of rate 28 +
25" In (b) the time course consists of a steady-state phase only of
rate 0.056 & 0.005 s~ ! with the final plateau when all of the bPG had
been utilized (inset).

Since the ke," with mutant K215A is very low (0.06s "), it was
possible to test for transient phases and to measure the steady-
state kinetics on the tens of seconds time scale in the same
experiment. A typical time course with the mutant is illustrated in
Figure 2b. There are two noteworthy features of this experiment.
First, there was no sign of a transient phase. Second, the end
point is 50 uM ATP, which corresponds to the initial concentra-
tion of bPG (inset in Figure 2b). Further experiments were
carried out with ADP in the range 20 uM to 2.5 mM, all at
10 uM mutant K215A and 50 uM bPG: none of the time courses
had a transient phase of ATP production, and in each the end
point of the time course corresponded to the initial concentration
of bPG. Estimates for ke," and K, for ADP with the mutant
were obtained from the dependence of the initial slope of the time
courses on the ADP concentration (Table 2).

From these multiple turnover experiments, we conclude that
on the reaction pathway of mutant K215A the steps preceding
the phospho-transfer step (steps 1 and 2, Scheme 1) are rapid
(absence of transient lag phases) and that intermediates contain-
ing ATP do not accumulate (absence of transient burst phases).
This is evidence that the phospho-transfer step (step 3, Scheme 1)
is rate-limiting, which we tested by single turnover experiments.
Thus, we suggest that under single turnover conditions, time
courses of ATP formation with the mutant should represent free
ATP (kinetics equal to kc,) and with wt PGK, enzyme-bound
ATP (kinetics faster than k).
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FIGURE 3: Single turnover quench-flow experiments in the forward
direction with wt PGK (a) and its mutant (b). The reaction mixtures
contained 10 uM PGK, 10 uM bPG, and (a) 30 uM or (b) 1 mM ADP.
Each time course was fitted to a single exponential of rate constant kap.

(D) Single Turnover Experiments. Typical single turnover
time courses for the formation of ATP by wt PGK and mutant
K215A are illustrated in Figure 3. Each time course fitted well to
a single exponential of kinetics katp and amplitude Axtp. It is
noteworthy that transient lag phases were not detected in any of
the time courses, whether with wt PGK or its mutant. This
confirms that on the time scale of the experiments the steps
preceding phospho-transfer (that is, substrate binding, step 1,
and the associated conformational changes, step 2, Scheme 2)
are rapid equilibria, as already suggested from the fluorescence
stopped-flow experiments.

The dependences of katp on the ADP concentration were
obtained from further ATP burst experiments and are illustrated
in Figure 4. With wt PGK (Figure 4a) the dependence is linear
and can be described by katp =k [ADP]+k_, where k is the
slope and k_ the intercept on the ko1p axis (values in Table 2).
Because the value of the slope, k, =2.1 uM ™' s~ is too low to
represent a diffusion-controlled process (e.g., ref 37), we assume
that ADP binds to E*-bPG in two steps and that k, = k,/K|
(Scheme 1). k_ is a function of k_,, modulated by the equilibrium
constants of the following steps.

The maximum value of katp measured was 165 s~ '; this is
somewhat lower than ke,," (200 s~"), but it was difficult to work
at higher ADP concentrations because of the limited time
resolution of the quench-flow method. Nevertheless, because of
the apparent linearity of the dependence, karp™™ is almost
certainly greater than ke, . This means that the formation of
products during the first catalytic cycle occurs faster than the
steady-state rate. Thus, the steady-state rate is limited by another
process, presumably product release.
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FIGURE 4: ADP dependences of the kinetics in single turnover
experiments (katp) with wt PGK (a) or mutant K215A (b). In (a),
the dependence was fitted to a straight line of slope k, = k,/K; and
intercept on the karp axis k- = k_,K3/(1 + K3) (Scheme 1; see
Supporting Information for details). In (b), the dependence was fitted
to an hyperbola of maximum value kap™* = k3/(1 + Ky) and Sy 5 =
K K>/(14K7) (Scheme 3; see Supporting Information for details). The
constants obtained are in Table 2.

Scheme 3: Forward Reaction Pathway for the K215A Mutant

ADP ks
E*bPG &~ E*.bPG-ADP <~ E**:bPG-ADP —> E + PG + ATP

1 KZ

With the mutant, the dependence fitted well to a hyperbola
with katp™=0.06s ' (Figure 4b). We note that the intercept on
the karp axis is negligible and that kyp™ is identical to ke,
These results support our proposition that the phospho-transfer
step is the rate-limiting step on the reaction pathway of mutant
K215A. The proposition is further supported by the steps
preceding the phospho-transfer (steps 1 and 2, Scheme 1) being
rapid equilibria on the time scale of the experiments. Below, by a
study of the backward reaction, we give evidence that the
following steps are rapid equilibria, too. Accordingly with the
mutant, we can reduce Scheme 1 to Scheme 3.

In this scheme the predominant intermediate in the steady-
state is E**-bPG-ADP; the concentrations of the enzyme
product complexes are low because they dissociate much more
rapidly than they are formed. With mutant K215A, therefore,
free ATP is produced in a virtually irreversible process which is
confirmed by the negligible intercept in the katp axis in ADP
dependence of katp (Figure 4b) and the high amplitudes in the
single turnovers (Figure 3b).

By Scheme 3, keol" = karp™ =k3/(1 + K5) = 0.06 s~ and
K *PP =Sy 5= K K>/(1 + K>)=120 uM (Table 2; see Supporting
Information for details).
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Kinetic Studies on the Backward Reaction (bPG For-
mation ). It was not possible to study the substrate binding steps
in the backward reaction (steps 4 and 5, Scheme 1) because
although there was a fluorescence signal upon mixing PGK
(whether the wild-type or mutant) with ATP, the amplitude of the
signal was low and the kinetics difficult to obtain with our
stopped-flow equipment. Therefore, our work on the backward
reaction was restricted to chemical sampling experiments.

We summarize in Table 2 the steady-state parameters for both
wild-type PGK and its mutant in the backward reaction: as in the
forward reaction, k., with the mutant is very low. Under the
experimental conditions of Flachner et al. (/6), keat® = 833 57!
with wt PGK and 0.48 s~! with mutant K215A. The K, values
for ATP were 0.11 and 2.47 mM, respectively, in reasonable
agreement with our estimates (Table 2). However, under our
experimental conditions, the ke, ® of wt PGK was 340-fold lower
than that under the condition of Flachner et al., whereas in the
forward reaction the reduction was only 13-fold. The ke, found
by Flachner et al. is relatively high because, unlike under our
conditions, it was obtained under anion activating conditions
that accelerate the otherwise slow bPG release kinetics (27). On
the other hand, with mutant K215A kg, ® at 4 °C is only 10-fold
less than at 20 °C because the phospho-transfer step, which is not
subjected to anion activation, is rate-limiting (see below).

Typical time courses for ADP production with wt PGK and its
mutant at high enzyme concentrations under multiple turnover
conditions are illustrated in Figure 5. With wt PGK (Figure 5a),
the time course consisted of a transient burst phase of ADP that is
followed by a short steady-state phase leading to the final
equilibrium (final plateau not shown).

With the mutant (Figure 5b), each of the two time courses
consisted of an initial linear phase that was followed by a gradual
decrease to a plateau as the final equilibrium was attained. There are
two noteworthy features of these experiments. First, the linear
phases agreed well with the steady-state rates expected from the
steady-state measurements (Table 2): at 0.5 mM ATP, 0.010 s,
expected 0.012 sl at 1 mM ATP, 0.015s ™, expected 0.019 s L
Second, neither time course displayed a transient phase. This is
evidence that on the time scale of the experiments the initial ATP
binding kinetics are fast (otherwise there would have been a
transient lag) and that ADP-containing complexes do not accumu-
late in the steady state (which would have resulted in a burst phase).

The result of these multiple turnover experiments is evidence
that the phospho-transfer step in the backward reaction is rate-
limiting, as it is in the forward reaction. Unfortunately, in the
backward reaction we were unable to confirm the slowness of the
phospho-transfer by single turnovers because of the poor binding
of ATP [K4=2.5mM (16)]. Thus, these experiments require high
concentrations of ATP, high enough to compete with PG
(unpublished results) whose concentration is equal to that of
the mutant and therefore low.

Because the ADP release kinetics appear to be fast (as
evidenced from the results of the stopped-flow experiments),
we propose Scheme 4 as a reaction pathway for mutant K215A in
the backward reaction.

By the same arguments as for the forward reaction, ke, > =k_s/
(14 K9)=0.05s"and K, = K4Ks/(1+K,) = 1.6 mM.

Probing the Residual Phosphotransferase Activities of
Mutant K215 A4. Flachner et al. (16) showed that mutant K215A
is not completely inactive in that it possesses a low phospho-
transferase activity in both the forward and backward reactions.
We confirm here this finding under our experimental conditions.

Varga et al.
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FIGURE 5: Multiple turnover quench-flow experiments in the back-
ward reaction with wt PGK (a) or mutant K215A (b). The reaction
mixtures contained 10 uM PGK, 5 mM PG, and (a) 60 uM or (b) 0.5
mM (O) and 1 mM ATP (O). In (a) the time course was fitted to a
single exponential followed by a linear phase, the slope of which
(shown as dashed line) corresponds to the steady-state rate. In (b) the
initial time courses were fitted to straight lines.

Scheme 4: Backward Reaction Pathway for the K215A Mu-
tant

ATP k.,
E*PG &> E*.PG-ATP < E**.PG-ATP—> E + bPG + ADP
K, K,

A cause of concern with mutants of very low turnovers is that
the activities measured are due to a contaminating enzyme. In
enzymes that involve ADP, adenylate kinase, which has a high
turnover, can be troublesome. Here, we exclude this contamina-
tion because the end points in the steady-state time courses
correspond to the initial concentration of bPG and not that of
ADP (except at concentrations of ADP less than that of bPG).
Further, when ADP was incubated with mutant K215A in the
absence of bPG on the time scale of our experiments, there was no
production of ATP (data not illustrated). Another potential
contaminant is PGK from the Escherichia coli used in the
preparation of the mutant. In this event, the single turnover
experiments would have been carried out under multiple turnover
conditions (that is, with the concentration of any contaminating
PGK less than those of the bPG and ADP) which would have
resulted in linear time courses. As the time courses were
exponentials, we can exclude that the activity measured comes
from a contaminating E. coli PGK. We conclude that mutant
K215A possesses a low intrinsic phosphotransferase activity.
Below, we try to understand the mechanism of this reaction with
in silico experiments.
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Table 3: Distances (;\) between Substrates (PG, ADP, or ATP) and Protein Residues in the Two Modeled Ternary Complexes of wt PGK or Mutant K215A¢

nucleotide groups y-phosphate 2'-OH 3'-OH y-phosphate  a-phosphate  y-phosphate
(oxygen) (ribose) (ribose) (oxygen) (oxygen) (oxygen)
PG oxygen of C1
PGK residues Arg 38 Arg 65 Glu 343 Glu 343 Lys 215 Lys 219 Lys 219 Asp 218 Asp 218
(o 1A) (B B) B (CR)] (o 8) (o 8) (o 8) Arg 65 Arg 170
with PG and ADP
wt 2.70 2.55 2.62 4.01 2.69/3.79  2.68/5.24
K215A 2.70 2.57 2.61 2.83 2.76/3.87  2.72/5.01
with PG and ATP
wt 2.75 6.54 2.54 2.63 2.65 3.98 7.36 274277  2.71/4.92
K215A 2.64 2.88 2.56 2.57 7.82 5.40 2.86/6.09  2.87/3.17

“Numbers in bold are discussed in the text. a and 5 denote a-helix and fS-strand (or loop after the f-strand), respectively.

Molecular Modeling, Docking of ADP and ATP in the
Closed Conformation of PGK, and Dynamics. The closed
structure of hPGK, whether wild-type or mutant K215A, was
modeled using the T. brucei PGK structure (13PK). ADP or ATP
and PG were docked on these modeled structures. The binding
modes of ADP to wt PGK and its mutant K215A in the presence

of PG (to form the abortive complex E*-PG-ADP which is
thought to be in the closed conformation of PGK) are very
similar, as shown by the interactions observed between substrates
and protein residues (Figure 6a,b and Table 3). A key feature of
the closed conformation of PGK is present, namely, the salt
bridge between Asp 218 and Arg 65 (14). As expected, the binding



7006  Biochemistry, Vol. 48, No. 29, 2009
a

10

—wt
—— K215
i '

4~M«LW*W%MWMM

Distance y-phosphate oxygen-R65
(Angstroms)

0 200 400 €00 800 1000
Time (ps)

b 10

L2

»

N

Distance D218-Ré5 (Angstréms)

0 200 400 600 800 1000

Time (ps)
C
i
B
g
<
S
:
[=]
8
g
o
0 T T T T
0 200 400 800 800 1000

Time (ps)

FIGURE 7: Molecular dynamics. (a) Distances measured between the
y-phosphate oxygen and the Arg 65 side chain during the molecular
dynamics simulation for the closed conformation of wt PGK (black
trace) and mutant K215A (gray trace). Distances of the salt bridges
observed between Asp 218 and either (b) Arg 65 or (c) Arg 170 during
the simulation.

mode of ADP is indifferent to the presence of Lys 215. The
binding of the ribose moiety to Glu 343 is very similar for the two
proteins (Table 3). In contrast, the binding of ATP (Figure 6¢,d)
shows significant differences. First, in the mutant, Lys 219 is
closer to the y-phosphate oxygen of ATP than with the wt PGK
(7.36 and 5.40 A for wt and mutant, respectively, Table 3).
Second, with wt PGK, Lys 215 interacts strongly with the
y-phosphate oxygen, whereas interestingly with the mutant,
Arg 65 takes the place of Lys 215 for this interaction. Arg 65
belongs to the “basic patch” that is part of the PG site (5). With
the mutant, Arg 65 interacts with both Asp 218 and the

Varga et al.

y-phosphate oxygen of ATP. The distances between Arg 65
and the y-phosphate oxygen were 6.54 and 2.88 A for wt and
mutant, respectively. Therefore, in both structures, the closed
conformation appears to be preserved (salt bridge between Arg
65 and Asp 218) and the y-phosphate stabilized (interaction with
either Lys 215 for the wt PGK or Arg 65 for the mutant K215A).
The presence of this latter interaction in the mutant might explain
the residual activity of the K215A enzyme.

In order to make sure that these interactions are not temporary
connections that could be unstable over time, a short molecular
dynamics run was carried out. First, the interaction between the
y-phosphate oxygen and Arg 65 was found to be stable for
mutant K215A with an average distance of 2.75 A (Figure 7a). As
expected, for wt PGK this distance was large (around 7 A).
Surprisingly, with the mutant, Asp 218 which was primarily
interacting with Arg 65 was found to interact with Arg 170
(Figure 7b,c). Whereas the distance between Asp 218 and Arg 65
was originally 2.88 A (before the dynamics, Table 3), this value
increased up to 8 A at the beginning of the simulation and
remained constant during 1 ns. Finally, the connection between
Asp 218 and Arg 170, which is fluctuating for wt PGK, was found
to be more stable over time for the mutant. This new salt bridge
probably helps to stabilize the closed conformation of the mutant.

IMPLICATIONS AND CONCLUSIONS

It has been proposed that the active site of kinases includes
a positively charged amino acid residue that plays a crucial role in
the phospho-transfer process by stabilizing the putative transition
state (32—34). O’Brien et al. (33) suggest that the guanidinium
group of arginine is especially suitable for the binding a phospho
group, and they give a list of kinases that have an arginine residue
at their active sites. Here with PGK, we cannot exclude that Arg
38 plays a role in the phospho-transfer process, as it has been
proposed to be catalytically important (/7). On the other hand,
certain protein kinases possess a lysine residue at their active sites.
Thus, Taylor et al. (35) showed that cAMP-dependent protein
kinase has two lysine residues that are catalytically important:
Lys 72 that binds the o- and S-phosphates of ATP and, in par-
ticular, Lys 168 that binds the y-phosphate and may be involved
in the phospho-transfer step itself. Carrera et al. (36) proposed
that the phospho-transfer step of protein kinase (tyrosine) in-
volves a lysine residue. Here we show by a kinetic study that Lys
215 plays a crucial role in the phospho-transfer step of hPGK.
Nevertheless, mutant K215A, although highly inefficient, is still
able to transfer the 1-phospho group of bPG to the -phosphate
of ADP, and we must address the origin of this low activity.

From our control experiments, the activity of the mutant does
not appear to be due to a contaminating enzyme. Therefore, we
must consider the possibility that in the mutant Lys 215 is to a
limited extent replaced by another basic amino acid residue that
interacts with the 1-phospho group of bPG (or the y-phosphate
of ATP in the backward reaction). Szabd et al. (17) suggest that
the nearby Lys 219 may be implicated in the phospho-transfer
process of PGK. Here we support this suggestion by molecular
modeling, namely, that in the mutant Lys 219 is close to the
y-phosphate of ATP. However, according to the distance esti-
mated between Lys 219 and ATP (~4 A), this interaction alone
may not be strong enough to support phospho-transfer.

Another candidate to explain the phospho-transfer activity of
mutant K215A is Arg 65. Several works show that this arginine is
not essential for the catalytic activity of yPGK (37—39). How-
ever, in the absence of Lys 215, it could be that Arg 65 is involved
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in the phospho-transfer process or, at least, that it stabilizes the
phosphate chain in a proper position which would allow this step
to occur. Thus, from our docking and molecular dynamics study
we show that, in the closed structure of mutant K215A, Arg 65 is
near the y-phosphate of ATP, a position that may explain the
residual phospho-transfer activity of the mutant. It has to be
underlined that the closed structures are modeled by homology to
another PGK species and therefore should be considered with
care. Furthermore, our theoretical study shows that in the mutant
the salt bridge between Arg 65 and Asp 218 is disrupted and
replaced by a bridge between Asp 218 and Arg 170 that appears
to be stable during the 1 ns simulation. Interestingly, in the
T. brucei PGK closed structure, the corresponding arginine,
Arg 172, is also located very near to Asp 218 (4.89 A).

Whichever residue substitutes for Lys 215, or even if a basic
amino acid residue is not necessary at all, we suggest that the
phospho-transfer is the rate-limiting step on the overall reaction
pathway of mutant K215A. Thus with the mutant in the steady-
state, the predominant intermediate in the forward reaction is
E**.bPG-ADP and in the backward reaction, E**-PG-ATP.
With wild-type PGK, it is the product’s release kinetics that are
rate-limiting in both reactions.
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Circular dichroism spectra of wt PGK and mutant K215A in
the two different buffers used in this study (without methanol or
with 30% methanol), dependences of the amplitude of the
substrate-induced fluorescence change of mutant K215A on
the ADP concentration in the absence or presence of PG, and
equations and derivatives used for determining the different
constants of substrate binding kinetics and single turnover
experiments. This material is available free of charge via the
Internet at http://pubs.acs.org.
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