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ABSTRACT: The exact role of the metal ion, usually Mg2+, in
the catalysis of human 3-phosphoglycerate kinase, a well-
studied two-domain enzyme, has not been clarified. Here we
have prepared single and double alanine mutants of the
potential metal-binding residues, D374 and D218. While all
mutations weaken the catalytic interactions with Mg2+, they
surprisingly strengthen binding of both MgADP and MgATP,
and the effects are even more pronounced for ADP and ATP.
Thermodynamic parameters of binding indicate an increase in
the binding entropy as a reason for the strengthening. In agreement with the experimental results, computer-simulated annealing
calculations for the complexes of these mutants have supported the mobility of the nucleotide phosphates and, as a consequence,
formation of their new interaction(s) within the active site. A similar type of mobility is suggested to be a characteristic feature of
the nucleotide site of the wild-type enzyme, too, both in its inactive open conformation and in the active closed conformation.
This mobility of the nucleotide phosphates that is regulated by the aspartate side chains of D218 and D374 through the
complexing Mg2+ is suggested to be essential in enzyme function.

3-Phosphoglycerate kinase (PGK) is a remarkable two-domain
hinge-bending enzyme, the structure−function relationship of
which has been thoroughly studied over the past few decades
(cf. ref 1 and references therein). At present, its functioning is
rather well understood in terms of its three-dimensional
structure.2,3 PGK is a typical example of an enzyme with
domain−domain interplay that is regulated by the sub-
strates.4−7 Relative movement of protein domains, as a
manifestation of the conformational flexibility (cf. reviews in
refs 1, 8, and 9), is indeed frequently involved in enzyme
mechanisms.
PGK is an essential enzyme for all living organisms. It

catalyzes the phospho-transfer from 1,3-bisphosphoglycerate
(BPG) to MgADP and produces 3-phosphoglycerate (PG) and
MgATP during the carbohydrate metabolism. In addition to its
physiological role, human PGK was shown to phosphorylate L-
nucleoside analogues, which are potential drugs against viral
infection and cancer.10−16

PGK possesses two structural domains of approximately
equal size,17,18 to which the two substrates are each bound.19,20

A large body of enzymological and structural information about
PGK offers the possibility of gaining insight into the operation
of its assumed molecular hinges at the atomic level and into the
mechanisms of action of the two substrates (reviewed by Vas et
al.1).

The C-terminal domain of PGK binds the nucleotide
substrates (MgADP or MgATP),20,21 while the N-terminal
domain binds PG19 or BPG.2 Crystallographic data and various
enzymological studies of PGKs from different sources have
evidenced that domain closure, required by catalysis, takes place
in the presence of both bound substrates, i.e., only in the
enzyme−substrate ternary complex.2,22−24 The high-resolution
crystal structure of the catalytically competent closed
conformation of human PGK (hPGK), the object of this
study, provided a detailed picture of the contribution of the
active site side chains to catalytic phospho-transfer.2 Fur-
thermore, from combined crystallographic and small-angle X-
ray scattering studies, it has been hypothesized that a spring-
loaded trap and release mechanism regulates the opening and
closing of the domains.3

As for the nucleotide substrates, in their specific interactions
with the protein, a complexing metal ion, usually Mg2+, is also
involved. It is known that in the absence of the metal ion, PGK
exhibits no activity. The importance of Mg2+ is underlined by
the fact that it is complexed to the phosphate groups of the
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nucleotides, i.e., to the part of the substrate molecule directly
involved in the kinase-catalyzed phospho-transfer reaction.25 In
general, the essential role of the metal ion in the chemistry of
the phospho-transfer reactions is indeed evidenced by shielding
the negative charges of the nucleotide phosphates and thereby
promoting the nucleophile attack of the other substrate.26,27

Besides the chemical role, however, the metal ion may play a
further role in assisting in the domain closure together with the
nucleotide substrate to which it is complexed. In this respect,
the role of protein side chain(s) with which the metal ion
interacts is a similarly relevant question. These questions are of
general interest for the nucleotide-utilizing enzymes and still
need to be clarified for PGK. Although the role of the
nucleotide substrate MgATP and its phosphate chain mobility
in assisting the domain closure have been hypothesized,6,21 the
importance of the potentially interacting aspartate side chains
(D218 and D374 in hPGK numbering) has not been
systematically tested. There is only one study of yeast PGK,
in which D372 (corresponding to D374 of hPGK) was replaced
with the neutral asparagine,28 as well as a study with hPGK in
which the D218N mutant has been prepared.24 No dramatic
changes have been observed in the enzyme kinetic parameters
in either case.
In this work, we systematically replaced both potential metal-

binding aspartates (D218 and D374) of hPGK with Ala by
producing both their single and double mutants. The mutants
have been characterized in enzyme kinetic and nucleotide
binding experiments as well as in a computer simulation study
that provided an atomic level picture of the dynamics of the
interactions of the mutant proteins with the nucleotide
substrates. All the data support an increase in the mobility of
the nucleotide phosphate chain upon the introduction of
mutations. Regulation of this mobility by the metal ion bound
to the aspartates is thought to be an important element of PGK
catalysis.

■ MATERIALS AND METHODS
Enzyme and Chemicals. Wild-type hPGK was expressed

in the Escherichia coli BL21-CodonPlus (DE3)-RIL (Strata-
gene) strain, purified, and stored as described previously.24 The
mutants were prepared using a site-directed mutagenesis kit
(Stratagene). Na salts of PG, ATP, and ADP were from
Boehringer. The substrates, MgATP and MgADP, were formed
by addition of MgCl2 (Sigma) to ATP or ADP. The
dissociation constants of MgATP and MgADP were taken to
be 0.1 and 0.6 mM, respectively, obtained by averaging the data
in the literature.29−33

Enzyme Activity Measurements. Enzyme activity meas-
urements were taken using the substrates PG and MgATP.24

The Km values of the nucleotide MgATP were determined at a
saturating concentration of the other substrate, PG. MgCl2 was
applied in a suitable molar excess relative to ATP to ensure the
complete complexation of the latter with Mg2+. The effect of
Mg2+ concentration on enzyme activity was studied using
constant concentrations of ATP (4 mM) and PG (10 mM). All
measurements were taken at a low ionic strength [20 mM Tris
(pH 7.5)] as described previously.24

Nucleotide Binding Experiments. Thiol Reactivity. The
kinetics of the modification of the two fast reacting thiol
residues of hPGK as well as mutants D218A and D374A were
measured in the absence and presence of different concen-
trations of nucleotides. Apparent first-order rate constants were
determined at a constant concentration of the Nbs2 reagent,

monitoring the increase in the absorbance of the cleaved Nbs2
at 412 nm. Then, the second-order rate constant was calculated
(ε = 14150 M−1 cm−1) and plotted as a function of nucleotide
concentration (see Figure 1). The experiments were conducted
in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA at
20 °C. The binding curves were fit using eq 1.
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where kmax, kmin, and k are the rate constants of thiol
modification in the absence of the nucleotide, at an infinite
concentration of the nucleotide, and at an intermediate
concentration of the nucleotide applied in the experiment,
respectively, and [N] is the free nucleotide concentration in the
reaction mixture (it can be replaced by the total concentration
as the enzyme-bound nucleotide is negligible under the
experimental conditions).

ITC Experiments. The measurements were taken with a
MicroCal VP-ITC type microcalorimeter (MicroCal Inc.) in 50
mM Tris buffer (pH 7.5) containing 1 mM EDTA and 1 mM
β-mercaptoethanol at 20 °C. A typical titration experiment
consisted of consecutive injections of 5 μL of the titrating
ligand (in approximately 60 steps), at 3 min intervals, into the
protein solution in the cell with a volume of 1.42 mL. The
titration data were corrected for the small heat changes
observed in control titrations of ligands into the buffer. The
data were analyzed by assuming a 1:1 binding stoichiometry
using MicroCal Origin 5.0.

PGK-Bound ANS Fluorescence. Changes in the PGK-bound
ANS fluorescence were measured using 3 μM hPGK and 150
μM ANS in the absence and presence of nucleotides with
excitation at 350 nm and emission at 478 nm in a SPEX
Fluoromax-3 spectrofluorometer equipped with a Peltier
(Edison, NJ) thermostat. The measurements were taken in
50 mM Tris-HCl and 1 mM EDTA (pH 7.5) at 20 °C. From
the measured fluorescence intensity (Fmeasured) at a constant
wavelength at various concentrations of a given ligand ([N]),
the values of Kd were obtained by fitting the experimental
points to eq 2.
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Computer Modeling. The simulated annealing meth-
od34,35 was applied in the conformational exploration of
different hPGK mutants.
The starting structure for the wild-type hPGK·MgADP

complex (open conformation) was taken from Protein Data
Bank (PDB) entry 2XE7;3 the position of the Mg2+ ion was
modeled into this structure on the basis of the MgADP-bound
structure (PDB entry 1PHP) of Bacillus stearothermophilus
PGK.20

Because there are no existing structures for the wild-type
hPGK·ATP and hPGK·MgATP complexes (open conforma-
tions), to carefully take the nucleotide binding pocket into
account, we constructed the structures of these complexes from
the corresponding crystal structures of pig muscle PGK (PDB
entries 1VJC and 1VJD, respectively) using InsightII. These
crystal structures contain either ATP or MgATP, and their
sequences are 97% identical with that of hPGK having
conserved residues at the binding site. Therefore, a backbone
alignment of the different residues and replacement of them
with the amino acid library of InsightII were performed. We
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note that the root-mean-square deviation between the binding
pocket of the nucleotide constructed in this way and the
binding pocket of PDB entry 2XE7 is 1.39 Å, showing a very
similar conformation.
The starting structure of the hPGK·MgATP·PG complex

(closed conformation) was taken from PDB entry 2WZB. The
crystal structure contains ADP, PG, Mg, and the transition state
analogue, MgF3. The coordinates of MgF3 were used to
construct the γ-phosphate of the ATP molecule. The optimal
conformation of ATP phosphates and their positioning in the
active site were determined by an energy minimization
procedure as described below. The calculations were performed
on the wild-type, D218A and D374A single mutants, and
D218A/D374A double mutant of each system. The mutant
structures were prepared by the simple replacement of the
given residue with alanine in the crystal structure and then
subjected to energy minimization.
The simulations were performed using CHARMM36 version

31b2 with the all-atom-27 protein force field. Positions for
hydrogen atoms were generated by the HBUILD routine of
CHARMM. To eliminate initial strains, all systems were
energy-minimized in implicit water (ε = 78) using a distance-
dependent dielectric constant. Van der Waals interactions were
reduced to zero by “switch” truncation operating between 10.0
and 12.0 Å. Harmonic constraints were applied to heavy atoms
to achieve smooth minimization. After every 500 steps of the
steepest descent algorithm at values of 10, 1, and 0.1 kcal mol−1

Å−2, followed by 200 steps of the conjugate gradient with a
force constant of 0.1 kcal mol−1 Å−2, the process was continued
by an unconstrained minimization for 100 steps of steepest
descent followed by 1000 steps of the conjugate gradient
method. Thereafter, each energy-minimized system was
subjected to the simulated annealing protocol. The heating of
the systems was performed from 0 to 1000 K in 1 ps, and then
they were cooled from 1000 to 300 K in 75 ps. The time step
was set to 1 fs. The applied energy parameters were similar to
those of the energy minimization. During the protocol,
backbone atoms of the protein were constrained to their initial
position by applying a force constant of 80 kcal mol−1 Å−2. To
explore the conformational map of the ligands, but to avoid
artifacts such as the ligand leaving the binding pocket, a
distance constraint with the same force constant was applied to
the adenine and ribose part of ADP/ATP, to the phosphate
group of PG, to Mg2+, and to their known amino acid side chain
contacts,2,37 leaving the phosphate groups of the nucleotide and
the carboxyl group of PG free to move.
Twenty different simulated annealing runs with different

random number seeds were conducted for all systems. Each
cooled conformation was energy-minimized as described above.
To follow the conformational change of the nucleotides
mapped by the simulation annealing runs, the displacements
of the main chain nucleotide atoms were calculated with respect
to the original energy-minimized positions. To characterize the
modes of binding of the phosphate chain of the nucleotide
detected by simulated annealing, the distances of the phosphate
group atoms and their known amino acid contacts are
calculated for each conformation.

■ RESULTS AND DISCUSSION
Mutations of D218 or D374 Strengthen the Binding

of Mg-Free Nucleotides to PGK via the Increasing
Flexibility of Binding. Potential Mg-binding site mutants
D218A, D374A, and double mutant D218A/D374A were

characterized in nucleotide binding studies. First, we studied
binding of the Mg-free nucleotides, ADP and ATP, using three
different methods. These are important control experiments,
because the Mg-free nucleotides are not substrates for PGK but
provide the basis for comparison to the behavior of their Mg-
complexed counterparts. Typical experimental binding curves
for Mg-free ADP obtained by the thiol reactivity method are
illustrated in Figure 1. Here, binding of ADP to D218A and

D374A mutants is compared with that of wild-type hPGK.
Because according to the X-ray structures the side chains of
D374 and D218 are likely not directly involved in binding of
the Mg-free nucleotides, no large effect of the mutations is
expected. In contrast to this expectation, however, binding of
both Mg-free ADP (Figure 1) and ATP (not shown) became
stronger in the following order: D218A < D374A < D218A/
D374A. All the nucleotide binding data with the mutants are
summarized in Table 1. The double mutant showed a
synergistically stronger binding toward either ADP or ATP
relative to the single mutants; namely, the initial Kd of ∼300
μM of the wild-type enzyme decreased to ∼1 μM. To
characterize thermodynamically the strengthening effect of
the mutations on the Kd values, ITC binding experiments using
ATP as the ligand were performed with D374A and D218A/
D374A (not shown). The data derived from these experiments
are summarized in Table 2. While binding of ATP to the wild-
type enzyme is entalphically driven (as we reported
previously37), for the mutants the picture is changed
completely, showing an entropically driven process. This
picture suggests that the binding is accompanied by an increase
in conformational flexibility. To monitor the nature and
magnitude of this structural change of the enzyme−nucleotide
complex, simulated annealing calculations were conducted. The
results for ATP binding are illustrated by Figure 2, which clearly

Figure 1. ADP binding to wild-type D218A and D374A mutant PGKs
in the absence of Mg2+. The reactivity of the accessible thiol groups of
8 μM wild-type (●), D218A (○), and D374A (▲) PGK was
measured at different ADP concentrations. Curve fitting was
conducted using eq 1 of Materials and Methods. The kmax values
were 1310 ± 20, 1751 ± 22, and 1681 ± 30 M−1 s−1 for the wild-type,
D218A, and D374A, respectively. Kd values are summarized in Table 1.
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supports the picture mentioned above. The conformations of
ATP bound to the wild-type enzyme are well-defined and
similar to the crystal structure (black) depicted also for
comparison (Figure 2A−C), consistent with the low TΔS value
of binding (Table 2). However, in the case of the double
mutant, one can clearly see two well-defined conformations of
the nucleotide (Figure 2E) with very variable interactions with
the enzyme (Figure 2F), which is consistent with the assumed
flexible binding of the Mg-free nucleotide to either D374A or
the double mutant. One typical example of this binding mode is
shown by a simulated mode of binding of ATP to the double
mutant (Figure 2D, red structure). The distance between the
respective P atoms of the β-phosphate of ATP bound to the
wild-type (green) and the double-mutant (red) enzyme is
approximately 4 Å. Comparison of the interactions of ATP
phosphates with this double mutant to those seen with the
similarly simulated structure of the wild-type enzyme (green
structure) clearly shows that in the absence of the aspartates the
electrostatic interactions are strengthened between the
negatively charged ATP phosphates and the positively charged
side chains of K215 and K219. Thus, besides the increased
flexibility, binding of ATP to the double mutant also can be

strengthened by these electrostatic interactions. Although these
latter changes are apparently not reflected in the thermody-
namic binding data (Table 2), this may be due to simultaneous
abolishment of some H-bonds with the other part of the
nucleotide that were present in the case of the wild-type
enzyme. In any case, binding of the nonsubstrate Mg-free
nucleotides either to wild-type PGK or to its aspartate mutants
does not represent a substrate-like binding mode.

Mutations of D218 or D374 Strengthen the Binding
of MgADP and MgATP to the Open Conformation of
PGK. Investigation of the binding interactions of the Mg2+

complexes of ADP and ATP with hPGK is more relevant,
because these forms of the nucleotides are the real substrates.
From structural studies, it is known that upon binding of either
MgADP or MgATP to PGK in the absence of the other
substrate, PG, the enzyme molecule, remains in its inactive,
open conformation.3,20,37 However, detailed analysis of the
interactions of the nucleotide with protein side chains suggests
that these interactions are prerequisites of the later formation of
the closed active site upon additional binding of PG. Thus, it is
interesting to study the possible perturbation of the interactions

Table 1. Kd Values (micromolar) for Interaction of Mg-Free ATP and ADP, MgATP, and MgADP with PGK Measured by ANS
Binding, Thiol Reactivity, ITC, or Equilibrium Dialysisa

nucleotide wild-type method D218A method D374A method D218A/D374A method

290 ± 30b ITC
ATP 230 ± 30b Thiol react. 156 ± 31 ANS bind. 14.5 ± 1.5 Thiol react. 1. ± 0.5 ANS bind.

210 ± 30e Eq. dialysis 9.7 ± 3.7 ITC 1.7 ± 0.8 ITC

270 ± 40e Eq. dialysis
ADP 340 ± 50b Thiol react. 143 ± 28 ANS bind. 13.9 ± 1.4 Thiol react. 1.5 ± 0.5 ANS bind.

310 ± 44 ANS bind. 82 ± 38 Thiol react.
590 ± 200d Thiol react.

260 ± 30b ITC
230 ± 30e,f Eq. dialysis

MgATP 230 ± 50b Thiol react. 52 ± 9 ANS bind. 56 ± 10 Thiol react. 2.3 ± 0.7 ANS bind.
306 ± 80 ANS bind. 38 ± 8 ITC 3.4 ± 0.6 ITC
330 ± 150c Thiol react.

60 ± 10e,f Eq. dialysis
54 ± 10b ITC
50 ± 10b Thiol react.

MgADP 39 ± 14g Thiol react. 3 ± 2 ANS bind. 5 ± 2 ANS bind. 1.6 ± 0.5 ANS bind.
54 ± 5h ITC
9 ± 1 ANS bind.
29 ± 4c Thiol react.

aMeasurements with pig PGK are indicated in bold. bFrom ref 37. cFrom ref 24. dFrom ref 14. eFrom ref 40. fFrom ref 41. gFrom ref 42. hFrom ref
7.

Table 2. Thermodynamic Parameters of Binding of ATP and MgATP to Wild-Type PGK and Its D374A and D218A/D374A
Mutantsa

nucleotide PGK Kd (μM) ΔH (cal/mol) TΔS (cal/mol) ΔG (cal/mol)

ATP wild-typeb 290 ± 30 −3939 ± 184 996 −4935
D374A 9.7 ± 3.7 −1622 ± 13 5098 −6720
D218A/D374A 1.7 ± 0.8 −2954 ± 150 4688 −7642

MgATP wild-typeb 260 ± 30 −1355 ± 280 3302 −4797
D374A 38 ± 8 −2480 ± 18 3442 −5922
D218A/D374A 3.4 ± 0.6 −1386 ± 26 5939 −7325

aThe binding is entropically driven in all cases except for binding of ATP to wild-type PGK (see values in italics). bFrom ref 37.
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of MgADP and MgATP with PGK upon mutation of the two

active site aspartates, D218 and D374, into the neutral alanine.
Similar to the strengthening effect of the mutations on the

binding of Mg-free nucleotides, the Kd of MgATP is also

decreased in the following order: wild-type, D218A, D374A,

and D218A/D374A (Table 1). ITC titrations of D374A and

D218A/D374A with MgATP are shown as illustrations (Figure

3). The thermodynamic parameters obtained from the ITC

Figure 2. Modes of binding of Mg2+-free ATP to the open active site of wild-type (A−C) and D218A/D374A mutant (D−F) PGKs as derived from
simulated annealing computations. Representative conformations of the binding pocket of Mg2+-free ATP with the side chains of the active site in
wild-type PGK (green) (A and D) and in the D218A/D374A mutant (red) (D) were determined by simulated annealing calculations. As a
comparison, the side chain interactions of ATP in the open crystal structure of PGK37 are also shown (black) in panel A. The nucleotides and the
side chains are depicted as balls and sticks and as sticks, respectively. Panels B and E show the displacement of the nucleotide atoms of the different
simulated annealing conformations with respect to the wild-type energy-minimized crystal structure, while panels C and F show the distances from
the nucleotide atoms to the atoms of binding site residues of the simulated conformations.
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experiments are compared with the values obtained pre-
viously37 for wild-type hPGK in Table 2. It is notable that in
spite of the fact that the constants for binding (Kd values) of
Mg-free ATP and MgATP to the wild-type enzyme are very
similar, the binding modes of the two nucleotides are
completely different. ITC measurements have suggested an
enthalpy-driven binding for Mg-free ATP and an entropy-
driven binding for MgATP. These data have been supported by
the simultaneously determined X-ray structures of ATP·hPGK
and MgATP·hPGK complexes.37 Namely, the position of the
phosphate chain of ATP in the X-ray structure is very well-
defined (with low crystallographic B factors): it is H-bonded to
the peptide N atoms of the positively charged N-terminus of α-
helix 13. On the other hand, the position of the phosphate
chain of the bound MgATP is far from α-helix 13 but closer to
the N-terminus of α-helix 8 (see Figure 4) and characterized by
elevated B factors. The high B factor values indicate a
considerable extent of flexibility of the MgATP phosphates as
bound to wild-type hPGK, fully consistent with the high
binding entropy (Table 2). It was hypothesized that this
movement of the MgATP phosphates between the N-termini
of helices 8 and 13 facilitates movement of these two helices
closer to each other during the conformational transition from
the open to the active closed state (cf. Figure 4), where the N-
termini of these helices contribute to formation of the closed
active site.
These mutations had a somewhat less pronounced

strengthening effect on binding of MgATP than that shown
above for Mg-free ATP, possibly because of the inherent
flexibility of the MgATP phosphates as bound to the wild-type

enzyme. Thus, the originally entropy-driven binding of MgATP
is not changed drastically upon mutation, as it is actually found
(Table 2). This explanation is very well supported by the
simulated annealing calculations, demonstrating, on one side,

Figure 3. MgATP binding curves of mutants D374A (A) and D218A/D374A (B) PGKs measured by isothermal titration calorimetry. (A) Binding
of 8 mM ATP to 0.8 mM D374A PGK in the presence of 12 mM MgCl2 was measured. (B) D218A/D374A PGK (0.4 mM) was titrated with 4 mM
ATP in the presence of 20 mM MgCl2. The number of binding sites (N) was 0.80 and 0.75, respectively, per mole of enzyme, possibly because of
some errors in the protein concentration and/or to the presence of partially inactive enzyme molecules present in the highly concentrated protein
solutions. The derived Kd values as well as the thermodynamic parameters of nucleotide binding are summarized in Table 2.

Figure 4. Comparison of the open and closed PGK conformations
with respect to the mobilities of the phosphates of MgATP and the
movement of helix 8 relative to helix 13. Cα traces of the open
conformation (PDB entry 1VJD) of the complex of PGK with MgATP
(black) and of the closed conformation (PDB entry 2WZB) of the
complex of PGK with MgADP, PG, and the transition state analogue,
MgF3 (purple), are superimposed according to the inner β-strands of
the C-terminal nucleotide binding domain. The bound substrates and
the Mg2+ are represented as balls and sticks. Helices 8 and 13 are
shown as ribbon diagrams of the respective colors.
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the flexibility of MgATP phosphates as bound to the wild-type
enzyme (Figure 5A−C) and a similarly large (4−5 Å distance)
but different type of movement of the phosphate chain of
MgATP bound to the D374A/D218A mutant (Figure 5D−F),
on the other side.
In the case of the wild-type enzyme, both aspartates (D218

and D374) can be temporarily linked to Mg2+ that is otherwise
linked to all three phosphates of ATP. Therefore, the aspartates

may moderate the movement of ATP phosphates (note the
∼5−6 Å coordinated movements of Mg2+, the side chain of
D374, and the γ-phosphate of ATP in Figure 5A). In the case of
D218A/D374A, where these aspartates are absent, strong non-
natural electrostatic interactions of the inherently flexible
phosphates of MgATP may be formed with K215 and K219
(Figure 5D,F). This may also contribute to the observed
strengthening of binding.

Figure 5. Modes of binding of MgATP to the open structure of wild-type (A−C) and D218A/D374A mutant (D−F) PGKs as derived from
simulated annealing computation. Representative conformations of the binding pocket of MgATP with the side chains of the active site in wild-type
PGK (green, A and D) and in the D218A/D374A mutant (red, D) were determined by simulated annealing calculations. As a comparison, the side
chain interactions of MgATP in the open crystal structure of PGK37 are also shown (black, A). The nucleotides and the side chains are depicted as
balls and sticks and sticks, respectively. Panels B and E show the displacement of the nucleotide atoms of the different simulated annealing
conformations with respect to the wild-type energy-minimized crystal structure, while panels C and F show the distances from the nucleotide atoms
to the atoms of binding site residues of the simulated conformations.
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Besides MgATP binding, the effect of the mutations on
MgADP binding was also tested, and a similar extent of
strengthening of binding has been observed (Table 1). This was
not expected, especially not in the case of D374A, because the
X-ray data suggest a well-defined binding of ADP through Mg2+

to the carboxylate side chain of D374 with low crystallographic
B factors,20 in agreement with the strengthening effect of Mg2+

on binding of ADP to wild-type PGK (Table 1). The simulated
annealing calculations, however, provided a possible explan-
ation (Figure 1 of the Supporting Information). In the case of
the wild-type enzyme, the simulations resulted in a well-defined
binding mode of MgADP phosphates in all the possible
conformational states (Figure 1A−C of the Supporting
Information). On the other hand, in the case of D218A/
D374A, the other types of binding modes of the β-phosphate in
which strong ionic interactions can be formed with the active
site lysines are allowed (Figure 1D−F of the Supporting
Information), in agreement with our experimental observations
of strong MgADP binding. These ionic interactions, however,
are artificial ones and do not require the contribution of Mg2+,
i.e., possibly nothing to do with the substrate-like binding of
MgADP.
The Positioning of the Phosphate Chain of ATP via

Mg2+ Shifts the Conformational Space toward the
Productive Binding Mode of the Substrate. The binding
studies with the nucleotide substrates MgADP and MgATP
described above have suggested that the carboxylate side chains
of both D218 and D374 are involved in Mg2+-mediated

substrate binding. On the other hand, no drastic changes could
be observed in the main kinetic parameters (kcat, Km,PG, and
Km,MgATP) upon these mutations, at least at face value (Table 3).
It has to be emphasized, however, that to obtain the normal
hyperbolic substrate saturation curve, much higher concen-
trations of Mg2+ have to be applied in the enzyme activity assay
mixtures of the mutants, relative to the slight molar excess over
ATP that was satisfactory for the wild-type enzyme. Figure 6A
shows the experiment with D374A, where increasing the
concentration of MgCl2 to 25 mM was required to counter-
balance the activity decline observed at the lower concentration
(12.5 mM) of MgCl2. A further increase in the concentration of
MgCl2 to 40 mM did not cause any further change (not
shown). In a similar experiment with the double mutant
D218A/D374A, however, even addition of 100 mM MgCl2
could only partially counterbalance the activity decline
observed above 4 mM ATP (not shown). Thus, the Kd of 0.1
mM (averaged from the literature29,31−33) of the enzyme-free
complex of Mg2+ and ATP seems to be unchanged only within
the complex with the wild-type enzyme. This is in agreement
with the literature data.24,30,38,39 In cases of single and double
Asp mutants, higher and higher additional concentrations of
MgCl2 are required to keep E·Mg·ATP complex functioning,
i.e., to keep all ATP in this complex, as demonstrated with the
D374A mutant in Figure 6A. The weakening effects of the Asp
mutations (in the order of D218A, D374A, and D218A/
D374A) on the catalytic E·Mg·ATP complex are more
dramatically shown by Figure 6B when the activity was

Table 3. Kinetic Parameters of the Wild-Type and Mutants D218A, D374A, and D218A/D374A

wild-type D218A D374A D218A/D374A

kcat (min
−1) (1.32 ± 0.08) × 104a (6.0 ± 0.2) × 103 (1.25 ± 0.02) × 104 (8.1 ± 0.10) × 102

Km (PG) (mM) 0.10 ± 0.02a 0.27 ± 0.02 0.12 ± 0.01 0.24 ± 0.01
Km (MgATP) (mM) 0.11 ± 0.03a 0.11 ± 0.01 0.18 ± 0.02 0.20 ± 0.01
apparent Km (Mg2+) (mM) 0.53 ± 0.04 1.74 ± 0.34 3.80 ± 1.45 19.2 ± 3.8

aFrom ref 37.

Figure 6. Dependence of enzyme activities of the investigated mutant PGKs on the concentration of Mg2+ ion. The activity of 19 nM D374A was
measured as a function of the added ATP concentration at 10 mM PG and various constant MgCl2 concentrations: 12.5 (▲), 15 (□), and 25 mM
(○) (A). It is assumed that at 25 mM MgCl2 all added ATP is in the form of MgATP and the Km value obtained from the Michaelis−Menten
hyperbola refers to this substrate (Table 3). Activities of 9 nM wild-type (●), 25.5 nM D218A (◆), 19 nM D374A (▲), and 206 nM D218A/
D374A (■) enzyme were also measured at 4 mM ATP and 10 mM PG with increasing concentrations of added MgCl2 (B). In the cases of D374A
and D218A/D374A, the first few points (empty symbols) at low MgCl2 concentrations are omitted from the hyperbolic fitting because of the
possible inhibitory effect of ATP uncomplexed with Mg2+, the concentration of which is not negligible in this MgCl2 concentration range. The
apparent Km values, referring to Mg2+, determined from these curves are summarized in Table 2.
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Figure 7. Modes of binding of MgATP to the closed active site of wild-type (A−C) and D218A/D374A mutant (D−F) PGKs as derived from
simulated annealing computations. Representative conformations of the binding pocket of MgATP with the side chains of the closed active site in
wild-type PGK (green and blue, A and D) as well as in the D218A/D374A mutant were determined by simulated annealing calculations (red, D). As
a comparison, the binding mode of the nucleotide (MgADP) and the transition state analogue (MgF3) as determined by the closed crystal structure

2

is also shown (black, A). The nucleotides and the side chains are depicted by balls and sticks and sticks, respectively. For the sake of clarity, the
atomic contacts of the nucleotides with the protein are not shown. Panels B and E show the displacement of the nucleotide atoms of the different
simulated annealing conformations with respect to the wild-type energy-minimized crystal structure, while panels C and F show the distances from
the nucleotide atoms to the atoms of binding site residues of the simulated conformations.
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measured as a function of the added Mg2+ concentration. The
apparent Km values of Mg2+ determined from these curves are
listed in Table 3. These results clearly demonstrate the
importance of both D218 and D374 in the catalytic interactions
with Mg2+.
To gain better insight into the conformational possibilities of

the substrate sites of the active enzyme as well as the effects of
the aspartate mutants on it, simulated annealing calculations
were conducted with the closed active conformation of PGK
containing both bound substrates, MgATP and PG. The results
are shown in Figure 7. At first glance, both the wild-type
enzyme (Figure 7A−C) and the double mutant D128A/D374A
(Figure 7D−F) behave similarly, if we consider them only at
face value. Namely, some movement of the nucleotide
phosphates is surprisingly allowed even within the closed
state of the active site.
However, if we consider the details, significant differences

can be noted between the wild-type enzyme and the mutant.
The two selected representative energy-minimized wild-type
structures, in comparison with the closed crystal structure of
hPGK (Figure 7A), clearly show the possibility of side chain
movements within the closed active site. For example, the
essential K215 that normally interacts with the transferring γ-
phosphate of ATP is able to move away, and therefore, this
interaction is suspended. At the same time, although the
position of Mg2+ changes very little, its interactions are
weakened with both the nucleotide phosphates and the side
chain of D374. These changes are accompanied by a slight
opening of the active site, although it remains essentially closed.
One may hypothesize that similar initial movements may assist
in opening of the active site during the catalytic cycle if the
enzyme acts in solution. The observed movement of Mg2+

would also be consistent with its assumed movement during the
catalysis between the nucleotide phosphates.26,27

In the case of the double mutant (Figure 7D), however, in
spite of the similar extent of movement of the side chain of
K215, its interactions with the ATP phosphates are not
suspended at all. This is in agreement with the observation that
there is no effect of the present mutations on the substrate Km

values. Furthermore, in contrast to the wild-type enzyme, here
Mg2+ moves as much as 2 Å, and its interaction with the β-
phosphate of ATP is completely abolished. Thus, this simulated
structure completely underlines the enzyme kinetic observa-
tions (Figure 6) of weakening of the catalytic interaction with
Mg2+ upon mutation of D218 and D374 side chains.
In conclusion, the important role of the carboxylates of D218

and D374 in the precise positioning of Mg2+ toward the
nucleotide phosphates in the active site of PGK during catalysis
is clearly demonstrated. Furthermore, experimental and
simulated annealing calculations of nucleotide binding provided
deeper insight into the flexible nature of the interactions of
Mg2+ with the nucleotides and the aspartate side chains.
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