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ABSTRACT: Binding constants for the nucleotide substrates were determined in two different crystalline
forms of pig muscle 3-phosphoglycerate kinase (PGK): the binary complex with 3-phosphoglycerate
(3-PG) in which the two domains are in an open conformation (Harlos, Vas, and Blake (1992)Proteins,
12, 133-144) and the ternary complex with 3-PG and the Mg salt of the ATP analogue,â,γ-
methyleneadenosine-5′-triphosphate (AMP-PCP), the structure of which is under resolution. Competitive
titrations have been performed in the presence of the chromophoric analogue of ATP, 2′3′-O-(2,4,6-
trinitrophenyl)ATP (TNP-ATP), similar to those previously carried out in solution, where a weakening of
the binding of the nucleotide substrates in the presence of the other substrate, 3-PG, has been observed
(Vas, Merli, and Rossi (1994)Biochem. J. 301, 885-891). Here theKd values for MgADP were found
to be 0.096( 0.021 and 0.045( 0.016 mM, respectively, for the crystals of the binary and ternary
complexes. BothKd values are significantly smaller than the one obtained in solution in the presence of
3-PG (0.38( 0.05 mM) and are close to the values determined in solution in the absence of 3-PG (0.06
( 0.01 mM). Thus, the “substrate antagonism” observed in solution is not present in either of the
investigated crystal forms. Further nucleotide binding studies with the solubilized enzyme have shown
that 3-PG has no effect on ADP (Mg2+-free) binding (Kd ) 0.34( 0.05 mM), while it weakens MgADP
binding. Thus, 3-PG abolishes the strengthening effect of the Mg2+ ion on the binding of ADP. This
phenomenon is apparently due to the interaction between the carboxyl group of 3-PG and the protein,
since the carboxyl-lacking analogue glycerol-3-phosphate has no detectable effect on MgADP binding.
Comparison of the crystallographic data of different PGK binary (with either 3-PG or MgADP) and ternary
(with both 3-PG and MgADP) complexes, having open and closed conformations, respectively, provides
a possible structural explanation of the substrate antagonism. We suggest that the specific interaction
between the 3-PG carboxylic group and a conserved arginine side chain is changed during domain closure,
and, through interdomain communication, this change may be transmitted to the site in which Mg2+ binds
the ADP phosphates. This effect is abolished in the crystals of pig muscle PGK, in which lattice forces
stabilize the open domain conformation.

3-Phosphoglycerate kinase (PGK) is a typical two-domain
kinase (1, 2) catalyzing the transfer of 1-phosphate from 1,3-
bisphosphoglycerate to MgADP to produce MgATP. Each
domain binds one of the two substrates (3, 4), and both
solution X-ray scattering (5-7) and crystallographic data (8,
9) are entirely consistent with the occurrence of a large-
scale relative domain movement during catalysis that brings
the two substrates in the close proximity required for reaction.
Furthermore, kinetic evidence for domain closure in the
productive ternary complex has been reported (10). Using
enzymes from different sources, structures of various forms

of both “open” (3, 4, 11) and “closed” (9, 12) conformations
have been described at high resolution that contribute to the
elucidation of the molecular mechanisms of relative domain
movements (13, 24).

It has been reported that, in solution, binding of the
nucleotide substrate is weakened by the bound substrate,
3-phosphoglycerate (3-PG). This “antagonistic binding” of
the substrates could only be interpreted by assuming a
conformational transition upon formation of the ternary
complexes (15). The question arises whether this conforma-
tional transition can be identified in the domain closure that,
in fact, has only been observed in the crystal structure of
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the ternary enzyme-substrate complexes (9, 12) and not (or
only to a very small extent) in the respective binary
complexes (3, 4). It is also conceivable that the conforma-
tional change, occurring during the transition from the binary
to the ternary complex, may affect the binding characteristics
of the simultaneously bound ligands relative to their indi-
vidual binding. The binding properties of the substrates in
the catalytically competent ternary complex are important
for the catalyzed phospho-transfer.

In the present work, we aimed (i) at investigating whether
there is a relationship between substrate antagonism and
domain closure and (ii) at elucidating the structural basis of
the antagonism by testing the importance of individual parts
of the substrate molecules in the antagonism and by analyzing
the structural details of the enzyme-substrate interaction.

For the first purpose, using the technique of single-crystal
microspectrophotometry, we determined the binding con-
stants of MgADP and MgATP to the crystalline state of the
binary complex between pig muscle enzyme and 3-PG, the
open conformation of which has been determined at high
resolution (3). It has been shown that the large-scale
conformational transition of domain closure is prevented by
crystal lattice forces in this binary complex with 3-PG;
namely, it maintains the open conformation even after
diffusing the nucleotide analogue 5′-adenylylimidodiphos-
phate (AMP-PNP) through the crystal channels (11). There-
fore, we should not observe substrate antagonism in the
crystals of this binary complex, if this feature depends on
domain closure.

We have also cocrystallized pig muscle PGK with both
3-PG and the Mg salt of the ATP analogue,â,γ-methylene-
adenosine-5′-triphosphate (MgAMP-PCP), with the aim of
obtaining a structure with different domain positions. In the
present work, we determined the binding constants of the
nucleotide substrate, MgADP, to this new crystalline form
of the enzyme, the structure of which is under resolution
(Kovári, Flachner, Na´ray-Szabo´, and Vas, unpublished).

To characterize nucleotide binding in the crystals of PGK,
we have exploited the chromophoric properties of the
nucleotide analogue 2′3′-O-(2,4,6-trinitophenyl)ATP (TNP-
ATP), which has been successfully used with PGK in
solution, to substitute for either MgADP or MgATP (15)
and to use as an affinity label for other ATP-dependent
enzymes (16-18). Using single-crystal microspectropho-
tometry, we performed competitive titrations of the nucle-
otide substrates, similar to those previously done in solution
(15), to determine the dissociation constants of the nucleotide
substrates in the various available crystal forms of the pig
muscle enzyme.

For the second purpose, that is, to test the importance of
specific parts of the substrate molecules, we have performed
further experiments on the solubilized enzyme. The effect
of 3-PG on the binding of Mg2+-free ADP (a nonsubstrate)
was investigated by both competitive titration in the presence
of the fluorescent substrate analogue TNP-ATP and equi-
librium dialysis. In addition, the effect of glycerol-3-
phosphate, the carboxyl-lacking analogue of 3-PG, on the
binding of MgADP was also determined. Furthermore, details
of the interaction of substrates with specific protein side
chains were compared for the open form of the binary
complex between pig muscle PGK and 3-PG (3), the open
form of the binary complex ofBacillus stearothermophilus

PGK with MgADP (4), and the closed form of the MgADP*3-
PG ternary complex fromTrypanosoma bruceiPGK (12).

From the different lines of investigation, a comprehensive
picture has emerged about the control of the Mg2+-mediated
electrostatic interactions between the nucleotide phosphates
and the protein by the bound 3-PG, an effect that may be an
essential feature for both substrate antagonism and catalysis.
The results provide evidence for the role of the interdomain
communication in the antagonistic binding effect.

MATERIALS AND METHODS

Enzymes and Chemicals.3-Phosphoglycerate kinase (PGK)
was isolated from pig muscle as described in Harlos et al.
(3). The molar activity of the enzyme used for crystallization
varied between 500 and 700 kat/mol using the substratesD-3-
phosphoglycerate and MgATP.

Glyceraldehyde-3-phosphate dehydrogenase, lactate de-
hydrogenase, pyruvate kinase, 3-phosphoglycerate, 3-PG
(grade I), glycerol-3-phosphate (G-3-P) ADP, ATP, the ATP
analogue â,γ-methyleneadenosine-5′-triphosphate, AMP-
PCP, NADH, and phosphoenolpyruvate were Boehringer
products. The disodium salt of TNP-ATP was purchased
from Molecular Probes. MgCl2 and PEG8000were from Sigma
and Hampton Research, respectively. All other chemicals
were commercially prepared reagent-grade.

The concentrations of ADP and ATP were measured both
spectrophotometrically (using the values ofε260 ) 15 000
M-1 cm-1 for ADP and 15 400 M-1 cm-1 for ATP) and
enzymatically using the assay mixtures previously described
(19). The concentration of TNP-ATP was checked spectro-
photometrically using a value ofε408 ) 26 400 M-1 cm-1

(16).
Crystallization.Crystals of the binary complex with 3-PG

were grown from PEG8000 at pH 7.0 in the presence of 10
mM 3-PG as described (3). A similar hanging-drop procedure
was applied in growing crystals of the ternary complex in
the presence of 10 mM MgAMP-PCP and 10 mM 3-PG.
These crystals were obtained at 23-24% (w/w) PEG and
were thin monoclinic plates (space groupP21) with unit cell
dimensionsa ) 48.0,b ) 110.3,c ) 36.6, andâ ) 93.9,
and the X-ray structure determination is underway (Kova´ri,
Flachner, Na´ray-Szabo´, and Vas, unpublished).

Properties of 3-Phosphoglycerate Kinase in the Presence
of the Crystallization Medium.The activity of 3-phospho-
glycerate kinase was assayed spectrophotometrically at 340
nm with 3-phospho-D-glycerate and MgATP as substrates
according to (19) at pH 7.0 and 20°C. PEG8000did not affect
either the maximal activity of the enzyme or theKm values
of the substrates, at least within the experimental error, up
to the concentration of 10% (w/w) compatible with the
solubilized state of the enzyme. The inhibitory and binding
properties of TNP-ATP toward PGK (15) were not affected
by the presence of PEG.

Equilibration of Crystals with Nucleotides.Single crystals
were washed with 30 mM Tris-HCl buffer, pH 7.0, contain-
ing 1 mM EDTA, 10 mM 3-phosphoglycerate, and 27% (w/
w) PEG. The higher concentrations of PEG with respect to
the crystallization conditions prevent the dissolution of the
enzyme, and in this medium the crystals are stable for
months. A series of crystals was incubated for 3-5 days at
room temperature, in the same solution plus 10 mM MgCl2
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and various concentrations of TNP-ATP, to determine the
dissociation constant for TNP-ATP. MgCl2 was an essential
component as in its absence no binding of TNP-ATP to the
crystal could be detected, possibly because the highly
negatively charged nucleotides cannot enter into the crystal
channels filled with the nonionic medium PEG. Other series
of crystals were incubated in a solution containing 10 mM
MgCl2, a fixed concentration of TNP-ATP, plus various
concentrations of either ADP or ATP, for the determination
of the nucleotides binding constant. The equilibration with
ligands was checked by subsequent microspectrophotometric
spectral measurements (cf. below) repeated at different
incubation times.

Spectral Measurements with Microspectrophotometer.
Single-crystal polarized light spectra were recorded by using
a Zeiss UV-visible MPM 03 microspectrophotometer (20).
A single crystal (typical dimensions (0.1 mm× 0.1 mm×
0.02 mm) was placed in a quartz cell surrounded by its
suspending medium, and absorption of the plane-polarized
light was recorded with the beam incident perpendicular to
one face of the crystal (usually the large (010) face). The
crystal was oriented to have the electric vector parallel to
one of the two principal optical directions. Absorbance at 1
nm intervals was calculated from the ratio of intensities of
the light transmitted through the suspending medium and
through the crystal.

CompetitiVe Fluorimetric Titrations.Fluorimetric titrations
of 10 µM TNP-ATP with solubilized pig muscle PGK were
performed in the absence and in the presence of various
constant concentrations of the nucleotide, MgADP, MgATP,
or ADP, as described in (15). A Jasco FP-777 spectrofluo-
rimeter was used with a thermostatically controlled cell
compartment at 20°C. The excitation wavelength was 408
nm, and the emission was measured at 535 nm. The inherent
fluorescence of TNP-ATP in the absence of PGK was
subtracted from the emitted intensity. The light scattering
of PGK in the absence of TNP-ATP was also taken into
account. Evaluation of the titration data was carried out as
described earlier (15).

Equilibrium Dialysis Binding Studies.Dialysis was carried
out in a series of Micro D200 cells of a Dianorm (MSE)
equilibrium dialysis apparatus as described in (21). On each
side of the membrane, 0.15 mL of solution was filled into
the cells: on one side, 0.6-1.0 mM PGK was present in all
cells, while on the other side, the ligand concentration was
varied from cell to cell. The cells were rotated (12 rev/min)
for 2 h in athermostated water bath at 20°C. At equilibrium,
the concentrations of both the enzyme and the ligand were
determined in samples withdrawn from each side of the
membrane.

RESULTS

Binding of TNP-ATP to Single Crystals of 3-Phospho-
glycerate Kinase.Figure 1 shows polarized light absorption
spectra of TNP-ATP (complexed with Mg2+) bound to a
single crystal of PGK grown in the presence of 3-PG. The
spectra are recorded along the extinction direction on two
perpendicular faces of the crystal (Figure 1A and B). Of the
four spectra, two are identical, since they are recorded along
the same direction with respect to the crystal axis. Similar
spectra were also obtained for single crystals of a ternary

complex of PGK grown in the presence of both MgAMP-
PCP and 3-PG (not shown). In both crystal forms, the
absorption spectrum of enzyme-bound TNP-ATP exhibits
two main peaks, strongly polarized in different directions.
This indicates that TNP-ATP binds to the nucleotide binding
site in a specifically oriented way.

By measuring the intensity of the absorption spectrum at
various TNP-ATP concentrations, its dissociation constant
could be determined. In the case of the ternary complex, it
is assumed that TNP-ATP completely replaces the originally
bound AMP-PCP since both analogues have been found to
be competitive inhibitors of MgATP binding ((15), Kovári,
Flachner, Na´ray-Szabo´, and Vas, unpublished) and TNP-ATP
was present in the incubation mixture in a large molar excess
with respect to AMP-PCP. The spectra were usually recorded
using light polarized along the principal optical direction in
which the band at 490 nm exhibits the higher intensity (cf.
Figure 1A). The absorbance ratio OD490 nm/OD280 nmin these
spectra recorded in such direction was used as a measure of
the analogue binding level.

FIGURE 1: Polarized light absorption spectra of TNP-ATP bound
to a single crystal of PGK. The spectra were recorded by a
microspectrophotometer on two perpendicular faces (A and B) of
the crystal grown as a binary complex with 3-PG. Continuous and
dashed lines represent spectra, recorded with the electrical vector
of the polarized light parallel to the two principal optical directions
on each face. The spectra on the two faces are normalized to a
thickness of 0.1 mm.
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Titration of crystals of both binary and ternary complexes
of PGK with TNP-ATP could be fitted to a single dissocia-
tion curve (not shown) withKd ) 0.029 ( 0.007 mM,
assuming a 1:1 stoichiometry of binding, according to the
equilibrium dialysis binding data obtained with the pig
muscle enzyme in solution (21).

Binding of MgADP and MgATP to Single Crystals of PGK.
TNP-ATP bound to the crystal of the 3-PG binary complex
of PGK can be replaced upon incubation with the nucleotide
substrates. In a competitive titration, at constant TNP-ATP
concentration, a progressive decrease of the amount of the
crystal-bound TNP-ATP is observed as the concentration of
either MgADP (Figure 2A) or MgATP (not shown) is
increased in the incubation medium. Thus, the formation of
the ternary complex with the two physiological substrates is
compatible with the maintenance of the crystal lattice of the
binary complex of PGK with 3-PG. It is remarkable that the
stability of the MgATP*3-PG ternary complex implies that
in these crystals large conformational changes do not occur,
and, therefore, the crystalline PGK is catalytically inactive.
The restricted conformational motion of PGK in the crystal-
line state has been pointed out also by Joao and Williams
(22).

From these competitive titrations and the knowledge of
the previously determinedKd for TNP-ATP, theKd values
for both MgADP and MgATP were determined (Table 1).
In the calculations (cf. Appendix), the complete replacement
of the analogue at infinite concentration of the nucleotide
substrates is assumed.

MgADP binding was also investigated in the ternary
complex obtained by crystallizing pig muscle PGK in the
presence of both 3-PG and the ATP analogue MgAMP-PCP.
For this purpose, in advance, the bound AMP-PCP has been
replaced by TNP-ATP. Figure 2B illustrates the gradual
replacement of bound TNP-ATP within this crystal in a
competitive titration with MgADP.

Table 1 summarizes the variousKd values in the crystal
and in solution (cf. below). In comparison with solution,
stronger binding of nucleotides could be detected in the
presence of 3-PG in both types of crystals. This result
indicates that the antagonistic substrate binding, characteristic
of the enzyme in solution, is not retained in the investigated
crystal forms.

Effects of 3-PG and Its Analogue on the Binding of
MgADP and ADP to PGK in Solution.In our previous
binding studies by fluorimetric titrations of PGK in solution,
a more pronounced weakening effect by bound 3-PG has

been observed for MgADP than for ADP (15). However,
there were some discrepancies between the data obtained
by fluorimetric titration and those obtained by equilibrium
dialysis, especially in the absence of Mg2+ ions. In particular,

Table 1: Nucleotide Binding to PGK in the Crystal and in Solution: Dissociation Constants (Kd, mM) in the Absence and in the Presence of
Other Ligands

crystal solution

nucleotide PGK*3PG PGK*3PG*MgAMP-PCP PGK PGK*3-PG PGK*G-3-P

MgADPa 0.096( 0.021 0.045( 0.016b 0.048( 0.009c,e 0.34( 0.13c,e 0.058( 0.009d

0.060( 0.010d,f 0.38( 0.05d

MgATPa 0.21( 0.02 n.d. 0.27( 0.09c,e 0.51( 0.22c,e,g n.d.
0.23( 0.05d,f 0.38( 0.06d,g

ADP n.d. n.d. 0.41( 0.12c 0.48( 0.14c n.d.
0.34( 0.05d 0.39( 0.07d

a 10 mM MgCl2 was present.b The analogue MgAMP-PCP is competitively displaced by the nucleotide.c Values obtained from fluorimetric
titration using TNP-ATP.d Values obtained from equilibrium dialysis.e Data from (15). f Data from (21). g The data of MgATP binding in the
presence of 3-PG represents the averageKd of MgATP and MgADP in the equilibrium reaction mixture of the functioning PGK, in which, however,
the concentration of MgATP is usually dominant over the concentration of MgADP (23).

FIGURE 2: Competitive microspectrophotometric titrations of the
crystals with the nucleotide substrates in the presence of TNP-ATP.
Binding of the chromophoric analogue TNP-ATP in single crystals
of the binary complex of PGK with 3-PG (A) and of the ternary
complex with MgAMP-PCP and 3-PG (B) at variable concentrations
of MgADP. The constant concentration of TNP-ATP was 0.40 mM
in (A) and 0.10 mM in (B). The continuous lines represent the
best fit to the experimental points, calculated using eq 7. The
theoretical curves calculated by using theK2 values obtained in
solution (15) for binding of MgADP in the presence of 3-PG (dotted
lines) and in the absence of 3-PG (dashed lines) are reported for
comparison.
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equilibrium dialysis measurements were not performed in
the presence of 3-PG. For these reasons, there were some
uncertainties in theKd values, mainly for Mg2+-free ADP,
and the effect of 3-PG on nucleotide binding needed
clarification.

In this work, we have extended binding studies on PGK
in solution by using both independent methods: fluorimetric
titration and the more direct equilibrium dialysis. The results,
shown in Figure 3A and B and summarized in Table 1,
confirm the weakening effect of 3-PG on MgADP binding
and, in addition, clearly indicate that, within the experimental
error, 3-PG has no effect on the binding of Mg2+-free ADP.
It is also notable that the fluorimetric titration and the
equilibrium dialysis methods lead to essentially the same
results.

It is remarkable that in the presence of 3-PG the affinities
of MgADP and ADP for the enzyme become similar.
Therefore, 3-PG abolishes the previously observed strength-
ening effect (21) of the Mg2+ ion on ADP binding. Another
possibly relevant finding is that MgAMP and adenosine are
respectively mixed-type and noncompetitive inhibitors (Flach-
ner, Szilágyi, and Vas, unpublished), while MgADP (as a
product) is apparently a competitive inhibitor toward the
substrate 3-PG (21).

These experiments have shown that either without the
complete phosphate chain of ADP or without the Mg2+ ion
that forms a complex with it, no antagonistic effect of 3-PG
on nucleotide binding could be observed. At the same time,
the present results with Mg2+-free ADP argue against the
electrostatic repulsion between the negatively charged phos-
phate and carboxyl groups of the bound nucleotide and 3-PG,
respectively, as a possible reason for the observed antagonism
with MgADP.

The effect of the carboxyl-lacking structural analogue of
3-PG, glycerol-3-phosphate, on MgADP binding has also
been investigated by equilibrium dialysis. Glycerol-3-
phosphate has been found to be a good competitive inhibitor
of the PGK-catalyzed reaction with respect to 3-PG (19).
As seen in Table 1, glycerol-3-phosphate, in contrast to 3-PG,
does not weaken the binding of MgADP.

Table 1 also shows an appreciably weaker binding of
MgATP with respect to MgADP in solution in the presence
of 3-PG. In this case, an equilibrium mixture of substrates
and products is present, although the equilibrium is far shifted
toward MgATP and 3-PG (23) (in our conditions, only
4-10% of the substrates are converted to products). The
observed effect, therefore, can be attributed to the weakening
effect of 3-PG on the binding of MgATP, with a minor
contribution of the much lower concentration of the product
1,3 bis-phosphoglycerate (15).

DISCUSSION

To interpret the above results on nucleotide binding to
PGK, that is, the antagonistic effect of 3-PG in solution and
the absence of this effect in the investigated crystal forms,
we have inspected the existing X-ray crystallographic
structural data. Thereby, we expected to identify the structural
basis of substrate antagonism and to understand its possible
relevance in the catalytic process.

The absence of substrate antagonism in the crystal of the
binary complex with 3-PG, having an open domain confor-
mation (3), is consistent with the assumption that substrate
antagonism is related to domain closure. Furthermore, the
absence of antagonism in solution, when 3-PG is replaced
by glycerol-3-phosphate, is in line with the possible impor-
tance of the 3-PG carboxylate group in the interdomain
communication leading to domain closure. These assump-
tions are supported by both the absence of strong interactions
of 3-PG carboxylate with the protein and the absence of the
H bond between Gly 372(N) of helix 13 and Ser 392(O) of
theâ-strand L in this structure (Figure 4A), which have been
shown to be part of the network of H bonds essential for
operation of the main hinge point at this region (24).

To have a closer insight into the structural basis of
substrate antagonism, comparison of the nucleotide-protein
interaction in the binary and ternary complexes with open

FIGURE 3: Effect of 3-PG on binding of MgADP (A) and of ADP
(B) to the solubilized PGK as determined by equilibrium dialysis.
One-half of each dialysis cell contained 0.916 mM PGK, and the
other half contained different initial concentrations (from 0.6 to
4.0 mM) of ADP with 20 mM MgCl2 (A) and without it (B).
Experiments were carried out in the absence (O) and presence (b)
of 14 mM 3-PG, as well as in the presence of 20 mM G-3P (9).
The concentration of free ADP was measured in the enzyme-free
compartment of the dialysis cells by both UV absorption and
enzymatic testing (cf. Materials and Methods). The curves were
obtained by fitting the experimental data to a binding equation that
assumes a single binding site. The respectiveKd values that gave
the best fit are 0.058, 0.068, and 0.384 mM (A) as well as 0.346
and 0.394 mM (B). The bars represent the whole range of the
experimental values, and the points are the means of the data.
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FIGURE 4: Surroundings of the bound substrates in the X-ray crystallographic structures of PGKs of various origin. Parts of the structures,
represented by ribbon diagrams with the stick model of a few critical side chains around the bound substrates (ball-and-stick models), are
shown: the binary complex of pig muscle PGK with 3-PG (A) (3); the binary complex ofB. stearothermophilusPGK with MgADP (B)
(4), and the ternary complex ofT. bruceiPGK with MgADP and 3-PG (C) (12). A superimposition of the two MgADP-bound structures,
optimizing the alignment of all atoms of the conserved N-terminal residues of helix 13, is also shown (D). The bound nucleotide and the
part of the C-terminal domain are colored according to the structures of different origins: blue (pig muscle), red (B. stearothermophilus),
and green (T. brucei) PGK. The bound 3-PG and the respective part from the N-terminal domain are shown in gray. The indicated distances
are in angstroms (Å). The conserved amino acid residues having corresponding structural positions possess different numbering due to their
different positions in sequence of PGKs of various origin. The figures were made on a Silicon Graphics workstation with the software
Insight II 95.0, using the coordinates of the respective structures (PDB accession numbers forB. stearothermophilusandT. bruceiPGKs
are 1php and 13pk, respectively).
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and closed conformations, respectively, would be required.
However, crystallographic data could not be determined until
now for either of these complexes of the pig muscle enzyme.
Instead, high-resolution data are available for the binary
complex with MgADP ofB. stearothermophilusPGK in the
open conformation (4) and the 3-PG*MgADP ternary
complex ofT. bruceiPGK in a closed form (12). Since the
PGK structure is highly conserved at all levels (25, 26) and
only conserved side chains are involved in enzyme-substrate
interactions (24), it is reasonable to compare in detail the
interactions between MgADP and the protein in the binary
and the ternary complexes, even if their structures are
obtained from different sources (Figure 4B and C, respec-
tively).

All of the following considerations refer to the unproduc-
tive ternary complex containing bound 3-PG (substrate) and
MgADP (product) but can be extended to the productive
ternary complex as also assumed in the crystallographic
studies on the closed structure of the 3-PG*MgADP ternary
complex ofT. bruceiPGK (8, 12). The fact that 3-PG exerts
an antagonistic effect toward the ATP analogue MgAMP-
PCP (Kovári, Flachner, Na´ray-Szabo´, and Vas, unpublished)
as well as toward ATP (Table 1) supports this assumption.

In the binary complex ofB. stearothermophilusPGK with
MgADP (open conformation), the Mg2+ ion is strongly
coordinated with both the phosphate oxygen atoms of ADP
and the carboxyl group of the conserved Asp352 (Figure 4B),
and the distances of the ligands fulfill the requirements of
the coordination sphere of Mg2+, that is, 2.0-2.2 Å (27). In
the closed ternary complex ofT. bruceiPGK, the coordina-
tion of Mg2+ is weakened (Figure 4C). It is worth noting
that Asp352 ofB. stearothermophilusPGK (corresponding
to Asp377 and Asp374 inT. bruceiand pig muscle PGKs,
respectively) is at the N-terminus of helix 13 that, in the
closed conformation, is hydrogen-bonded to theâ-strand L.

A further contribution to the stronger nucleotide binding
in the open structure is given by the interaction between
Lys201(Nε) (equivalent to Lys223 inT. bruceiPGK) and
the negatively charged phosphates (Figure 4B). On the other
hand, only the H-bond interactions of the nucleotide with
Ala196(N) look slightly weaker in the open structure (Figure
4B) than do the equivalent interactions with Ala218(N) in
the closed structure (Figure 4C).

There are also remarkable changes in the interactions with
3-PG, when one compares the respective binary (Figure 4A)
and ternary (Figure 4C) complexes, possessing open and
closed conformations. In the closed structure ofT. brucei
PGK, the 3-PG carboxylate group forms stronger interactions
with the conserved Arg39 (corresponding to Arg36 inB.
stearothermophilusand Arg38 in the muscle PGKs, respec-
tively), a residue making a direct link between the two
domains (Figure 4C). These interactions are weaker if not
absent in the open structure of the pig muscle PGK binary
complex with 3-PG (Figure 4A).

This H-bond network represents a continuous link from
the 3-PG carboxyl group through Arg39 to the most
important hinge atâ strand L and thereby to the N-terminus
of helix 13, as can be visualized in Figure 4C. This network
largely contributes to the interdomain communication in the
ternary complex and may perturb the Mg2+-ion linked
interaction of the nucleotide phosphates with the N-terminus
of helix 13. In fact, the position of Mg2+ ions in the two

conformations differs by about 0.8-1.0 Å (and, similarly,
the phosphates of the nucleotide occupy different positions)
when the respective PGK molecules are superimposed
(Figure 4D).

These changes around the metal ion may be brought about
not only by the immediate changes in the interactions
between 3-PG and the contacting conserved side chains, as
described above. A more complex, highly coordinated
conformational change may be propagated from the 3-PG
site to the nucleotide site, concomitant with domain closure,
which may also be responsible for release of the Mg2+-bound
phosphate chain of ADP from the N-terminus of helix 13.
The present experimental finding of the absence of any effect
of 3-PG on the binding of Mg2+-free ADP (Table 1) strongly
argues in favor of these suggestions.

The question arises on what would be the significance of
the weakening of the metal-mediated coordination of the
nucleotide phosphates caused by bound 3-PG.

In general, it is assumed that the coordination pattern of
the metal ion to the nucleotide changes during the enzyme-
catalyzed phospho-group transfer, concomitant with the
ADP-ATP transformation. There are still controversial results
concerning this pattern, as well as about the role of the metal
ion in catalysis, but, in most cases, Mg2+ is found to be
coordinated to both theR- and theâ-phosphates of ADP
and to both theâ- and theγ-phosphates of ATP. This implies
the movement of the Mg2+ ion during catalysis, which is
apparently consistent with the accumulating structural ob-
servations in various kinases, including PGK (11, 12, 28).
Different roles have been proposed for the Mg2+ ion: either
to provide a template in orienting the reacting substrates of
PGK or simply to shield the negative charges of the
nucleotide phosphates and, thereby, to assist departure of
the leaving group (8, 9, 29).

Here we suggest that the substrate antagonism observed
by us reflects the initial weakening of the Mg2+-mediated
link between the bound nucleotide phosphates and PGK,
which may be a prerequisite for the occurrence of phospho-
transfer. In light of the above structure-based analysis, we
can also interpret the binding data obtained in the new crystal
of the ternary complex of pig muscle PGK with MgAMP-
PCP and 3-PG. Cocrystallization with both these ligands
could have stabilized a different conformation of the protein
in a ternary complex. However, the present results indicate
the absence of substrate antagonism, and the dissociation
constant of the chromophoric nucleotide analogue is similar
to that obtained for the binary complex. Thus, in contrast to
expectation, it is likely that the enzyme exhibits an open
conformation also in this new crystal form of a ternary
complex.

It is notable that, so far, the pig muscle enzyme has not
been crystallized in the closed conformation. Another ternary
complex of pig muscle PGK with MgADP and 3-PG has
also been observed in an open conformation (24), unlike the
similar ternary complex ofT. bruceiPGK (8), crystallized
in identical conditions. The primary structure ofT. brucei
PGK differs by about 50% from that of the muscle enzyme
(24). It has been suggested that many conformers of PGK
are present in solution, and the rate of conformational change
depends on many anions (22). It is likely that differences in
sequence direct the selection of different conformers in the
crystal lattice. The possible selection of a specific conformer
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by lattice interactions is a problem of general interest in the
comparison of protein conformation in solution and in the
crystal (30-32). We are currently inspecting the nature of
protein-protein interactions in the crystal packing of PGK
from various sources in the hope of understanding the forces
that prevent domain closure in the various crystal forms of
pig muscle PGK.

APPENDIX

Equations Used for EValuating the Microspectrophoto-
metric Titration Data.Analysis of ligand binding data for
single crystals is simple, as the concentration of free ligand
in the medium is practically the same as the concentration
of the total ligand due to the comparatively negligible number
of enzyme sites in the crystal. Therefore, the binding
equations for the calculation ofKd values of the crystalline
enzyme are independent of protein concentration as in
solution when [S]. [E] (e.g.,33).

To take into account the different thicknesses of the
crystals, the fractional saturation of the enzyme with TNP-
ATP (Y) was calculated by relating the ratio of absorbance
at 490 nm and at 280 nm (R) and the same ratio at saturating
TNP-ATP concentration (Rmax), that is, Y ) R/Rmax. The
polarized spectrum in which the higher intensity at 490 nm
is observed was used for calculation.

1. Dissociation Constants for TNP-ATP.The dissociation
equation for TNP-ATP binding follows:

By substituting [EA] ) Y[ET] into eq 1, one can get the
following:

Thus,K1 can be calculated, in principle, by determining
the saturation level (Y) of the protein crystal with TNP-ATP
at a fixed total concentration [A] of the analogue without
knowing the enzyme concentration. The measurements were
repeated at different concentrations of the total analogue, and
the experimental points were fitted to a theoretical dissocia-
tion curve given by eq 2.

2. Dissociation Constants for the Nucleotide Substrates.
When the nucleotide substrate (MgADP or MgATP) is bound
to the crystal in the presence of TNP-ATP, the following
equations are valid, assuming that they bind to the same
protein site:

whereK2 is the dissociation constant for the binding of either
MgADP or Mg ATP to the crystal, while [EN] and [N] stand
for the bound and the total concentrations, respectively, of
the nucleotide substrate. By solving both equations for the
concentration of free enzyme and equalizing, it follows that,

and after rearrangements and substituting the saturation
function,

that is,

Thus, knowingK1, the dissociation constant for the nucleotide
substrateK2 can be calculated from the experimentally
determinedY at given concentrations of TNP-ATP (A) and
of the substrate (N). The measurements were carried out at
a fixed concentration of TNP-ATP and different concentra-
tions of either MgADP or MgATP. The experimental points
were fitted by a theoretical curve given by eq 7.
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