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ABSTRACT: 3-Phosphoglycerate kinase is a hinge-bending enzyme with substrate-assisted domain closure.
However, the closure mechanism has not been described in terms of structural details. Here we present
experimental evidence of the participation of individual substrate binding side chains in the operation of
the main hinge which is distant from the substrate binding sites. The combined mutational, kinetic, and
structural (DSC and SAXS) data for human 3-phosphoglycerate kinase have shown that catalytic residue
R38, which also binds the substrate 3-phosphoglycerate, is essential in inducing domain closure. Similarly,
residues K219, N336, and E343 which interact with the nucleotide substrates are involved in the process
of domain closure. The other catalytic residue, K215, covers a large distance during catalysis but has no
direct role in domain closure. The transmission path of the nucleotide effect toward the main hinge of
PGK is described for the first time at the level of interactions existing in the tertiary structure.

Domain movement is the most spectacular phenomenon
of protein flexibility and is essential for the function of most
multidomain proteins, including enzymes (cf. reviews /-3).
Domain closure is generally regulated by sophisticated
molecular mechanisms, descriptions of which are required
to fully understand the structure—function relationship of
multidomain proteins. 3-Phosphoglycerate kinase (PGK)" is
the subject of this investigation and is a typical hinge-bending
enzyme with two interacting structural domains. PGK
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catalyzes the phospho transfer from 1,3-bisphosphoglycerate
(1,3-BPG) to MgADP and produces 3-phosphoglycerate (3-
PG) and MgATP during glycolysis. In addition, PGK plays
an important role in the phosphorylation of L-nucleoside
analogues which are drug molecules against cancer and viral
infections (4, 5).

The PGK domains are approximately equal in size (6-8),
and each of them binds one of the two substrates. 3-PG (9)
and 1,3-BPG interact with the N-terminal domain, while the
nucleotide substrates [MgATP (/0) or MgADP (/1)] bind
to the C-terminal domain (cf. Figure 1A). Two extreme
conformations (open and closed) of the structure of PGK
(from different sources) are known (/2—15). In the open
structure, the two bound substrates are distant from each other
for the reaction to occur. However, upon closure of the
domains, the reactive groups of the substrates move together
and become correctly oriented for the catalyzed phospho
transfer reaction, as suggested in one of the closed crystal
structures (/4). By comparing different pairs of open and
closed crystal structures, Szilagyi et al. proposed that 3-strand
L (located between the two domains) operates as the main
hinge of PGK, since the conformation of SL determines the
relative position of the two domains (/5) (Figure 1A).
Location of a hinge at SL has been supported with molecular
modeling using DynDom2 (2, 16, 17). However, besides L,
the molecular modeling also identified another possible hinge
at the C-terminus of helix 7 which connects the two domains.

2 See http://www.cmp.uea.ac.uk/dyndom.
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FIGURE 1: 3-Strand L operates as the main hinge of PGK. In panel A, the Ca traces of the molecules of the open conformation of the 3-PG
binary complex of pig muscle [green (9)] and the closed conformation of the MgADP—3-PG ternary complex of 7. brucei [red, Tb (14)]
PGKs are superimposed according to the backbone atoms of the core f3-sheets of the C-terminal domain. 3-Strand L and helix 14 in both
structures are highlighted by ribbons. In panels B and C, the structural details (Co traces, ribbons, and stick models of certain side chains)
in the surroundings of the main hinge at AL, including the substrate binding sites, are illustrated in the case of the closed conformation of
the MgADP—3-PG ternary complex of 7. brucei PGK (/4). In all the panels, 3-PG and the nucleotide are shown as ball-and-stick models.
The transferring phospho group is illustrated in panel B as a gray ball-and-stick model. The numbering of the side chains corresponds to
the hPGK sequence numbering. The side chains that have been replaced via mutagenesis with Ala are highlighted as blue stick models. The
H-bonds and hydrophobic interactions are shown as dashed black lines. Arrows indicate the route of transmission of the effects of 3-PG
and the nucleotide toward L. The H-bonds formed upon domain closure in the ternary complexes are indicated by black double-sided

arrows.

From comparison of open and closed crystal structures,
hinges at C- and N-termini of helix 7 have also been
suggested (15, 18). However, analysis of the sequence
composition of the termini of helix 7 and the scrutinized
atomic contacts of this region excluded the possibility that
either of these hinges acts as the main one (/9).

In contrast, analysis of the atomic contacts of the conserved
side chains (which change upon substrate binding) at and in
the region of SL suggests that it is plausible that the shape
of SL is regulated under the simultaneous action of both
substrates. The other hinges at the termini of helix 7 possibly
act concertedly with SL due to their direct (through E192 of
helix 7) or indirect contacts (/5). Thus, for operation of the
molecular hinge at SL, we have proposed the hypothesis that
both substrates together promote domain closure by inducing
formation of a double-sided H-bond network around SL (20).
To test this hypothesis, we have selected conserved residues
of human PGK (hPGK) for mutational studies at and near
the substrate binding sites, the atomic contacts of which are
different in the absence and presence of substrates. Such
residues are R38 in the 3-PG binding site and K215, K219,
N336, T375, and E343 at the nucleotide site. We have
replaced them individually with alanine, and the mutants have
been tested in functional (substrate binding and kinetics) as
well as structural (DSC and SAXS) investigations. Among
the mutants, R38A (27) and K215A (22) have been char-

acterized in previous functional studies and found to be
essential catalytic residues consistent with the structural data.
Figure 1B illustrates stabilization of the modeled transferring
phospho group by R38 and K215 in the closed active site.
Upon domain closure, both local (2—3 A) and long-range
(10 A) movements of R38 and K215, respectively, have been
observed. These observed movements raised the possibility
that these catalytic residues participate in domain closure,
which is a question that was also addressed.

The results described here demonstrate the important role
of R38, but not of K215 (i.e., only one of the two known
catalytic residues), in domain movement during catalysis.
Moreover, these results also allow us to conclude that among
the nucleotide binding residues K219, N336, and E343
contribute to the transmission of the nucleotide effect toward
the main hinge, while T375 seems to be irrelevant in this
respect. From structural analysis and the mutagenesis studies
described here, a detailed description of the possible trans-
mission of this conformational signal is given.

MATERIALS AND METHODS

Chemicals. Na salts of 3-PG, ATP, and ADP were from
Boehringer. Substrates MgATP and MgADP were formed
by addition of MgCl, (Sigma) to ATP and ADP, respectively.
The dissociation constants of MgATP and MgADP were
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taken to be 0.1 and 0.6 mM, respectively (23-25). NADH,
NADP, and glucose were from Sigma. 1,3-BPG was prepared
from glyceraldehyde 3-phosphate (Sigma) according to the
Negelein method (26) with the modifications described by
Furfine et al. (27). Isopropyl [-D-thiogalactopyranoside
(Fermentas), chloramphenicol, and ampicillin (Sigma) were
used for the fermentation. The QuikChange mutagenesis kit
was purchased from Stratagene. Primers were produced by
Invitrogen. The 1-anilino-8-naphthalenesulfonate (ANS) was
purchased from Sigma. All other chemicals were reagent
grade commercial preparations.

Enzymes. Expression and purification of recombinant
hPGK have been described previously (22). The protein
solution [20 mg/mL, in a buffer of 50 mM Tris (pH 7.5)
containing 1 mM EDTA and 1 mM DTT] was stored at —80
°C. The concentration of the hPGK solution was determined
at 280 nm using an extinction coefficient of 27960 M~! cm™!
calculated on the basis of a published formula (28). Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was pre-
pared from pig muscle and stored as a microcrystalline
suspension (29). Hexokinase (HK) and glucose-6-phosphate
dehydrogenase (G6PDH) were from Sigma. Solutions of the
auxiliary enzymes were dialyzed against the buffer given
above.

Site-Directed Mutagenesis. Preparation of R38A and
K215A mutants was described previously (22). The side
chains of K219, N336, E343, and T375 of hPGK were
mutated into alanine using the QuikChange site-directed
mutagenesis kit (Stratagene). The primers were as follows:
K219A, forward (5-GCTAAAGTTGCAGACGCGATC-
CAGCTCATC-3") and reverse (5-GATGAGCTGGAT-
CGCGTCTGCAACTTTAGC-3'); N336A, forward (5'-
GCAGATTGTGTGGGCTGGTCCTGTGGGGG-3") and
reverse (5-CCCCCACAGGACCAGCCCACACAATCTGC-
3"); E343A, forward (5-GTCCTGTGGGGGTATTTG-
CATGGGAAGCTTTTGCCCG-3’) and reverse (5"-CGGG-
CAAAAGCTTCCCATGCAAATACCCCCACAGGAC-
3"); T375A, forward (5-GGTGGTGGAGACGCTGCC-
ACTTGCTGTG-3") and reverse (5-CACAGCAAGTG-
GCAGCGTCTCCACCACC-3’). The mutations were checked
by DNA sequencing.

Circular Dichroism (CD) Spectroscopy. The measurements
were carried out with a Jasco 720 spectropolarimeter in the
far-UV (200—260 nm) and in the near-UV (260—350 nm)
regions. The spectra were measured at 20 °C in 50 mM Tris-
HCI buffer containing 1 mM EDTA (pH 7.5), using 0.1 and
1 cm path length cells, at protein concentrations of 0.4 and
2.5 mg/mL (0.009 and 0.056 mM), respectively.

Differential Scanning Calorimetry (DSC) Experiments. The
measurements were carried out in a MicroCal VP-DSC-type
microcalorimeter (MicroCal Inc.) with a cell volume of 0.51
mL, at a constant scan rate of 60 °C/h in 50 mM Tris-HC1
buffer (pH 7.5) containing 1 mM EDTA and 10 mM DTT.
For all DSC experiments, samples were degassed and a
protein concentration of 0.13 mg/mL (0.003 mM) was used.
Although the temperature coefficient of Tris buffer [+0.028
pH/°C (30)] is not negligible, the change in pH (from 7.5 to
8.6) during the DSC runs did not affect the results, since
neither the activity nor the conformational stability of PGK
is changed between pH 7.5 and 8.6 (37). The data were
analyzed using MicroCal Origin 5.0.
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Enzyme Kinetic Studies. The activity of hPGK was
measured in both directions of the enzyme reaction with the
substrates being either 3-PG and MgATP or 1,3-BPG and
MgADP. Both methods and the respective kinetic analyses
of the substrate concentration dependencies are described in
detail by Flachner et al. (22). Briefly, for analysis, besides
the well-known Michaelis—Menten equation (applied for all
mutants), for wild-type PGK the equation (cf. the Supporting
Information) elaborated earlier for the case of activation by
the excess of substrate (32) has been used. Similarly, anion
activation and inhibition of the wild-type enzyme, in the
presence of pyrophosphate, were analyzed as described in
ref 22, and the respective equation is shown in the Supporting
Information. All the kinetic experiments were carried out at
20 °C in 20 mM Tris-HCI buffer (pH 7.5) containing 1 mM
DTT. This buffer ensured the low ionic strength required
for studies of the effect of low concentrations of anions.

Substrate Binding Studies: Fluorescence Titrations of
hPGK in the Presence of ANS. Fluorescence emission of
ANS (fluorescence dye) bound to PGK was detected using
a SPEX Fluoromax-3 spectrofluorometer equipped with a
Peltier (Edison, NJ) thermostat. The samples were excited
at 350 nm using 1 cm path lengths for excitation and 4 mm
for emission, and 2 or 4 nm bandwidths were used for
excitation; in all cases, 4 nm was applied for emission. The
protein and the ANS concentrations were 3 and 150 uM,
respectively. The measurements were carried out in 50 mM
Tris-HCIl and 1 mM EDTA (pH 7.5) at 20 °C. Upon addition
of substrates or ligands to the ANS-labeled PGK, charac-
teristic changes in the emitted fluorescence signal (33) were
used to detect ligand binding and to determine their Ky values
for the various enzyme forms. From the measured fluores-
cence intensity (Fmeasured) at @ constant wavelength at various
concentrations of a given ligand ([L]), the values of K4 were
obtained by fitting the experimental points to eqs 1 and 2.
For the decrease or increase in the magnitude of the
fluorescent signal upon ligand binding:

F =F _ (Fmax - Fmin)[L] 1
measured ~ © max Kd + (L] ( )
(Fmax - Fmin) [L]
measured = K.+ (2)
¢ T[]

It was previously verified that this method gives K4 values
comparable to those determined by either the more direct
equilibrium dialysis (34, 35) or isothermal titration calorim-
etry (10).

Calculation of Thermodynamic Parameters from the
Kinetic and Binding Data. The change in Gibbs free energy
that accompanies substrate binding (AGs) has been calculated
for each substrate from their respective binding constants
(Kq) using the known thermodynamic relationship (cf. the
Supporting Information).

To express the total activation free energy change (AGY)
that accompanies the catalytic cycle, we have used the
terminology introduced by Fersht (36), and the details of
the calculations are given in the Supporting Information.

To express the activation free energy change for the
chemical step (AG¥) of the reaction, the rationale described
in the Supporting Information has been applied. The AG*
values were calculated independently from the determined
kinetic constants for both of the two randomly bound
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substrates and were, as expected, found to be similar to each
other. Since the difference between the two values obtained
could possibly be due to experimental error, we took the
average of these two quantities to characterize the energy
requirement of the catalysis in one direction of the enzyme
reaction. The analysis was carried out in both the forward
and reverse directions of catalysis, for wild-type PGK as well
as for its mutants. The thermodynamic parameters are
summarized in Table 1 of the Supporting Information.

Small Angle X-ray Scattering (SAXS) Measurements and
Data Processing. Synchrotron radiation X-ray scattering data
were collected on beamline X33 at the Hamburg EMBL
Outstation (37) as described by Varga et al. (20). Solutions
of hPGK (5—15 mg/mL; i.e., 0.1—0.3 mM in storage buffer)
and its mutants, as well as its ternary complexes with 3-PG
and MgATP in 50 mM Tris-HCI buffer (pH 7.5) containing
1 mM DTT and 1 mM EDTA, were assessed at 20 °C. For
all SAXS data, a MAR345 Image Plate at a sample—detector
distance of 2.4 m and an X-ray wavelength of 1.5 A were
used, covering the momentum transfer range (s) of 0.012—0.45
A~ [s = 4a sin(@)/A, where 20 is the scattering angle]. To
check for radiation damage, the data were collected in two
2 min exposures. These measurements indicated no changes
in the scattering patterns with increased exposure time,
demonstrating no measurable radiation damage. The data
were averaged after normalization to the intensity of the
incident beam, and the scattering of the buffer was subtracted.
All data manipulations were performed using PRIMUS (38).
The radii of gyration and the scattering patterns from the
crystallographic models of wild-type substrate-free PGK and
its various complexes with substrates were computed using
CRYSOL (39). Computational details for this program are
given in the Supporting Information.

Molecular Graphical Analysis. For visualizing and analyz-
ing the molecular details of the hinge region of the closed
PGK conformations, Insight II (Biosym/MSI, San Diego,
CA) was used. The Protein Data Bank (PDB) codes of the
protein coordinates used in structural comparisons are 13PK
[T. brucei PGK—3-PG—MgADP (14)], 1 VPE [Th. maritima
PGK—3-PG—MgAMP-PNP (12)], and 1PHP [B. stearother-
mophilus PGK—MgADP (11)]. The PDB coordinates of pig
muscle PGK—3-PG binary (9) and pig muscle PGK—3-
PG—MnAMP-PNP ternary (/3) complexes were obtained
from the authors. The limiting values for H-bond, hydro-
phobic, and ionic interactions are considered to be 3.5, 4.5,
and 4.0 A, respectively.

RESULTS AND DISCUSSION

Effects of Mutations on Substrate Binding by hPGK. To
determine the contribution of residues K219, N336, E343,
and T375 at the nucleotide site to the binding energy of each
substrate, the substrate binding properties of hPGK mutants
bearing alanines in place of these residues were characterized.
The binding constants (K4) of each substrate are determined
as exemplified in Figure 2. Figure 2A shows the characteristic
changes in the emitted fluorescence of the enzyme-bound
fluorescent dye (ANS) upon addition of each substrate. As
noted previously for wild-type pig muscle PGK (33), the
nucleotide substrate caused a small but well-defined decrease
in the fluorescence intensity, while 3-PG caused a relatively
large increase. The same type of characteristic spectral
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change has been detected for wild-type hPGK as well as for
its various mutants. Their similar behavior is in accordance
with the absence of conformational perturbation upon muta-
tions (cf. below). Panels B and C of Figure 2 show typical
titration curves with MgADP and 3-PG, respectively. The
calculated K, values for all four substrates and for all mutants
are summarized in Table 1. For comparison, the results
obtained previously with the wild-type enzyme as well as
for the mutants of the catalytic residues (R38A and K215A)
are also shown. As expected, mutations at the nucleotide site
had little to no effect on binding of 3-PG or 1,3-BPG to the
N-terminal domain. Conversely, the mutations of K219,
N336, and E343 at the nucleotide site weaken the binding
of both MgATP and MgADP. However, mutation of K215
exclusively weakens MgATP binding but does not affect
MgADP binding. Mutation of T375 exclusively weakens
MgADP binding but does not affect MgATP binding. These
latter observations are in agreement with the known crystal
structures of the binary complexes of PGK with MgADP
(I1) and MgATP (10). The X-ray structures revealed
interaction of K219 with the o-phosphate of both MgADP
and MgATP, while interaction of neither K215 with MgADP
nor T375 with MgATP was seen.

Effects of Mutations on the Kinetic Parameters of hPGK.
With regard to the kinetic parameters, the k., values for all
mutants (except T375A) are drastically decreased and the
K., values for all substrates are greatly increased. It is also
notable that the mutants do not exhibit the peculiar kinetic
properties of wild-type PGK, such as activation by the excess
of substrates (Figure 1A of the Supporting Information) or
by anions (Figure 1B of the Supporting Information). All
kinetic results are summarized in Table 1. The disappearance
of anion activation upon mutation of residues, such as N336
and E343, having no a priori anion binding properties is
noticeable. One may assume that this property is closely
related to the simultaneous loss of domain closure ability
(cf. below), since anion activation and domain closure are
interrelated phenomena (32).

Among the new mutants, the activity loss is the largest
for K219A, and the loss is comparable with the activity
decrease caused by mutation of either catalytic residue R38
or K215. This large loss of activity was not expected since
in most of the crystal structures, K219 is known to interact
with only the o-phosphate of the nucleotide. However, the
drastically reduced activity raises the possibility that K219
might also act as a real catalytic residue in concert with
K215. NMR ("°F) experiments with the transition state
analogue AlF; are in progress to clarify this point (M. CIiff,
personal communication).

The strong influence on the kinetic parameters (both kcy
and K, values) of mutations of N336 and E343 is also
remarkable (cf. Table 1). From these data, one can see that
the K, values are generally increased, even in those cases
where Ky values are not changed (cf. the K, values of 3-PG
in the case of all the nucleotide site mutants or the K,, value
of MgATP in the case of the 3-PG site mutant R38A). From
these observations, one can conclude that these side chains
assist in formation of the proper interactions of the two
substrates in the catalytic Michaelis complex having a closed
conformation. Further, when the highly reduced k., values
of N336A and E343A are taken into account, the possibility
of a more direct contribution of the side chains of N336 and
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FIGURE 2: Titration of the T375A mutant with substrates using the fluorescence signal of ANS bound to PGK. (A) Fluorescence emission
spectra of free ANS (-++) and PGK-bound ANS in the absence of substrates (—) or in the presence of 10 mM ADP and 12.5 mM MgCl,
(———) or 10 mM 3-PG (—+—) were recorded as described in Materials and Methods. In panels B and C, the changes of the fluorescence
intensity are plotted as a function of the concentration of MgADP and 3-PG, respectively. The solid lines represent the best fit of the
experimental data shown in panels B and C to eqs 4 and 5, respectively.

Table 1: Summary of the Functional Properties of Wild-Type and Mutant PGKs*

hPGK¢ R38A¢ K215A¢ K219A N336A E343A T375A
kinetic constants
reverse direction
keat (vsa) 833 4 50 0.45 £ 0.03 0.48 £ 0.05 0.90 + 0.07 6.0+0.8 143+1.5 1250+ 8.3
a (activation factor) 3.8 £ 0.6 1 1 1 1 1 1
KMeATP 0.11 £0.02 0.96 £ 0.07 247402 443 £0.51 1.34 £0.19 1.69 £ 0.06 1.04 £ 0.06
K3Fo 0.10 £ 0.027 45404 0.41 £ 0.04 1.72+£0.12 0.54 + 0.04¢ 0.31 £ 0.03¢ 0.63 £ 0.06
0.05 £ 0.01¢
anion activation + - - — - — —
Kpyrophosphate 0.22 £ 0.07 0.13 £ 0.09 0.51 £0.15 0.52£0.11 0.09 + 0.06 0.14 £ 0.06 1.940.6
forward direction
ket (Vinax) 2633 + 417 60403 0.78 £ 0.08 5.25+0.83 233+ 1.0 84 +2 675+ 13
KMeADP 0.12 £ 0.02 0.10 £ 0.03 0.15£0.03 1.42 £0.08 0.42 £ 0.05 091 £0.11 1.12£0.10
KL3BPG (5£2) x 107%  (2940.1) x 107! (3.8 £0.3) x 1073 (7.74+2.2) x 1073 (22+0.8) x 1073 (1.34+0.2) x 1073 (3.0£0.8) x 1073
binding constants
EATP 033 +£0.15 0.59 £ 0.20 1.45 +£0.15 2.65 £ 0.64 1.01 £0.22 1.61 £0.23 0.22 £ 0.05
KY'eADP 0.029 + 0.004 0.035 £ 0.009 0.045 + 0.007 1.96 + 0.47 0.38 £0.14 0.57 £0.10 0.30 £ 0.06
K3t 0.035 & 0.008 0.94 + 0.30 0.039 + 0.01 0.043 + 0.001 0.054 + 0.003 0.032 4 0.003 0.017 £ 0.005
K3 BPO (5.6 £2.4) x 1075 (9.0 £2.0) x 1073 (5.2 £ 1.9) x 1075 (8.4 % 1.0) x 1075 (1.4 £ 0.4) x 107* (2.7 = 0.5) x 1075 not determined

“Rate and equilibrium constants are given in inverse seconds and millimolar, respectively. ” In the presence of 10 mM MgATP.  In the presence of

2.5 mM MgATP. “In the presence of 4.0 mM MgATP. ¢ Data from ref 22.

E343 in inducing domain closure is also raised. This
possibility is tested below by structural (DSC and SAXS)
studies. Among the mutants, T375A affected much more
weakly the catalytic efficiency (kca/Km) compared to that of
wild-type hPGK (cf. Supporting Information, Table 1).
Furthermore, this mutation caused a significant weakening
of the interaction with the inhibiting anion, pyrophosphate
(Table 1). Structural and kinetic studies have suggested the
identity of one of the two inhibiting anion sites with the

binding site of the nucleotide phosphate(s) in the Michaelis
complex (22). In agreement, the K, values for both MgATP
and MgADP are significantly increased for the T375A
mutant. It follows, therefore, that the side chain of T375
contributes to the formation of the proper catalytic interac-
tions with the nucleotide phosphates.

Energetic Aspects of Mutations in Catalysis. To improve
visualization of the effect of mutations on the catalytic
parameters, we summarize the values of k,/K), together with
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the derived activation parameters (AG?)3 of the PGK-
catalyzed reaction in Table 1 of the Supporting Information
for all the mutants and wild-type hPGK. The table also
contains the free energy changes (AGs) of substrate binding
derived from the Ky values. The activation free energy
changes for the chemical step (AG*) of the enzyme reaction
are also listed in this table. Calculation details of these values
are described in the Supporting Information. The values for
the reaction with 3-PG and MgATP are illustrated in a
difference energy diagram (AAG¥) for all the mutants,
relative to the wild-type enzyme (Figure 3A). This diagram
shows the increase in the activation energy of catalysis with
different types of mutations. The contribution of the indi-
vidual mutated side chains to the binding energy of each
substrate can also be visualized separately in other difference
energy diagrams (AAGs) prepared from AGs data (Figure
3B for 3-PG and Figure 3C for MgATP). It clearly follows
from these data that R38 and N336 plus E343 make a
considerable contribution to 3-PG and to nucleotide binding,
respectively, which is in full agreement with the conclusions
described above. Figure 3A clearly supports the closely
similar large impacts of the side chains of R38, K215, and
K219 on catalysis. Similar conclusions can be also drawn
from the equivalent data for the reaction with 1,3-BPG and
MgADP (not shown). To better specify the contribution of
these side chains to catalysis, we have carried out comple-
mentary structural (DSC and SAXS) experiments with the
mutants (cf. below). With these methods, the possible role
of the side chains in mediation of the large-scale domain
movement during the catalytic cycle has been tested.

CD and DSC Studies Elucidate the Effects of Mutations
on the Structural Integrity of hPGK. To test whether the
mutations introduced have any effect on the structure and
stability of the enzyme, CD and DSC measurements were
carried out. CD spectra did not indicate any substantial
change in the secondary structure of either of the mutants
with respect to the wild-type enzyme (some representative
spectra are shown in Figure 4A). However, the calorimetric
melting curves are more sensitive to even the small extent
of changes (as exemplified by Figure 4B). The heat transition
curves in all cases indicated cooperative transitions, char-
acteristic of the native fold, and only the melting temperatures
were slightly different (Table 2). A significant stabilization
(an increase of 5 °C in T},) upon mutation is observed in the
case of N336A, the structural reason for which is unknown.

DSC and SAXS Experiments Elucidate the Effects of
Mutations on the Substrate-Caused Domain Closure of
hPGK. We have noticed from previous DSC studies that in
the ternary complex of the enzyme both substrates together
stabilized the PGK conformation better than each of them
does separately in the respective binary complexes (40). This
observation correlated well with the occurrence of domain
closure, detected by independent SAXS measurements.
Namely, analysis of the SAXS scattering curves has led to
the conclusion that simultaneous binding of both substrates
is required to induce a domain-closed conformation, which
represents the highest-stability form of PGK (20, 40). Here
we have applied both DSC and SAXS to test the occurrence
of domain closure with all nucleotide site mutants, as well

3 For the terminology cf. ref 36.
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FIGURE 3: Difference energy diagram of the effect of mutations.
The activation free energy changes during the reaction catalyzed
by the various PGK mutants relative to that of the wild-type enzyme
(AAG?) are illustrated in panel A. The free energy changes during
MgATP and 3-PG binding by the various mutants relative to wild-
type hPGK (AAGs) are shown in panels B and C, respectively.
The meaning and the method of calculation of the respective
quantities are described in Materials and Methods. The values for
both directions of the PGK-catalyzed reactions and for all four
substrates are summarized in Table 1 of the Supporting Information.

as for the R38A mutant, and the results are summarized in
Tables 2 and 3. As reported above and previously, R38 is a
catalytic residue located in the N-terminal domain (21, 22),
which participates in the binding of the substrate, 3-PG (9)
or 1,3-BPG (/4), and interacts with the transferring phospho
group (/4, 22). At the same time, R38 interacts directly
(through the contact with the O atom of T393) with SL
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FIGURE 4: Effect of mutations on CD spectra and on the thermal stability of PGK. The far-UV CD spectra (A) and the DSC transition
curves (B) of substrate-free wild-type hPGK (—) as well as its mutants, N336A (———) and K219A (++*), were recorded. The 7, values
together with the results obtained with other mutants as well as those obtained in the presence of substrates are summarized in Table 2.

Table 2: Melting Temperatures (7r,) of Wild-Type and Mutant hPGKs
in the Absence and Presence of Saturating Concentrations of Substrates

T (°C)
no with with with 3-PG AT,
substrate  3-PG MgADP and MgADP (ternary—binary)®

hPGK 54.7 59.1 58.9 60.5 +1.4
K215A 535 58.2 574 59.2 +1.0
R38A 49.0 50.1 53.8 53.6 —0.2
K219A 53.7 58.4 549 57.3 —1.1
N336A 58.2 61.4 59.4 60.9 —0.5
E343A 53.3 58.5 55.9 57.6 —0.9
T375A 53.6 58.1 56.5 58.4 +0.3

“ ATy values were calculated from the melting temperatures of the
ternary minus the more stable binary complexes.

(12—-14; cf. also Figure IB); thus, its participation in domain
movements is expected and clearly supported by our DSC
(Table 2) and SAXS (Table 3) data, suggesting the absence
of domain closure for the R38A mutant. Namely, both
substrates together in the ternary complex did not improve
the stability of the conformation of this mutant compared to
the stabilization effect observed in its more stable binary
complex with MgADP (Table 2). Furthermore, we have
tested the correlation between the experimental SAXS
scattering curves of the ternary complex of each mutant
(exemplified in Figure 2 of the Supporting Information) and
the theoretical curves calculated from various crystal struc-
tures (Table 3). Among the X-ray data, the substrate-free
enzyme and the binary enzyme—substrate complexes exhib-
ited open conformations, while two ternary complexes of
Tm and Tb PGKs exhibited closed conformations. The
minimum value of discrepancy (calculated with eq 8 of the
Supporting Information and given in bold in Table 3)
indicated the best correlation to a given crystal structure.
The ternary complex of R38A resembles best that of the open
crystal structure. Since R38 interacts with the substrate 3-PG,
this finding underlines the importance of this interaction and
the 3-PG caused conformational changes in domain closure,
the proposal that we have put forward (20). Figure 1B
illustrates by arrows the transmission of the 3-PG-caused
effect toward the main hinge, SL. Similar SAXS experiments
revealed that the other catalytic residue, K215, at the
nucleotide site does not fill a similar role (cf. Tables 2 and
3). The large-scale movement of this residue during domain
closure is possibly dictated by the other residues, K219,

N336, and E343, which may be directly involved not only
in nucleotide binding but also in domain closure, as suggested
by the data presented in Tables 2 and 3. It is seen from the
data that the K219A, N336A, and E343A mutants do not
exhibit domain closure, even in their ternary complexes with
both substrates. On the other hand, T375A exhibits domain
closure, indicating that the side chain of T375, although
important for the proper interactions with the nucleotide
phosphates, has no direct role in the molecular events leading
to domain movements.

Molecular Graphical Description of the Communication
between the Nucleotide Site and the Hinge. We have
proposed that in addition to 3-PG, the nucleotide substrate
also participates in inducing the domain-closed conformation:
in the active ternary complex the two substrates act together
on the main hinge at SL (20). Our data clearly demonstrate
the importance of K219, N336, and E343 in domain closure.
These residues interact with the nucleotide substrates. Panels
B and C of Figure 1 depict (by arrows) the possible route of
the conformational transmission between the nucleotide site
and the main hinge region at SL in the case of the closed
Tb PGK crystal structure. In all nucleotide-binding structures,
K219/Tb223* (located in o-helix 8) and N336/Tb338 (located
in J) interact with the o.- and -phosphates of the nucleotide,
respectively (Figure 1B). Furthermore, K219/Tb223 and
N336/Tb338 are also H-bonded to each other. The side chain
of N336/Tb338 is H-bonded further to the peptide O atom
of G371/Tb374 close to the N-terminus of helix 13. These
interactions also strengthen the otherwise existing connec-
tions among f-strands J, K, and L; meanwhile, two new
H-bonding connections (labeled with double-sided black
arrows) are formed between S-strands K and L. when both
substrates are bound. The formation of the latter two H-bonds
leads to an essential change in the conformation of SL, and
as a consequence, domain closure is completed.

This structural background clearly supports the role of both
nucleotide binding K219 and N336 residues in domain
closure. The arrows in Figure 1B designate the pathway of
transmission of the nucleotide effect (through the contribution
of K219 and N336) toward the hinge at SL. The somewhat
smaller activity of K219A compared to that of N336A,

“The first and the second numbers refer to hPGK and Tb PGK
sequence numbering of the equivalent residue, respectively.
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Table 3: Comparison of SAXS Experimental Data with Those Derived from the Crystallographic Models”

discrepancy values (as given in eq 10) between the scattering from

SAXS experiments

crystallographic models and experimental data

Ry(experimental) (A)”

open crystal structures

closed crystal structures

GNOM Guinier pig PGK Bs PGK— pig PGK— pig PGK— Tm PGK“ Tb PGK“

PGK method method (no ligand) MgADP binary MgATP binary 3-PG binary ternary 1 ternary2
wild type 225+£05 23.0£0.2 6.14 6.04 4.66 5.31 2.247 1.61
R38A 24.0£0.3 243 +0.3 1.41 1.35 1.26 1.33 1.62 1.91
K215A 226+£02 229+£03 3.48 3.74 2.79 293 2.26 2.21
K219A 23.6+£04 239402 1.49 1.83 1.58 1.44 2.32 2.37
N336A 237403 240402 2.71 3.70 2.89 2.35 4.26 3.71
E343A 237403 239402 1.53 1.75 1.41 1.37 1.55 1.66
T375A 227403 229403 1.92 1.95 1.64 1.69 1.40 1.37
Ry(theoretical) Ay 24.25 24.34 24.02 23.97 23.26 22.64

molecular mass (kDa)“ 43.7 43.2 43.6 43.8 43.7 45.3

“The minimum values of discrepancy (bold) indicate the best correlation between SAXS data and the crystallographic model. Only the ternary
complexes exhibit good agreement with the closed crystal structures, while the unliganded PGK and the binary complexes better correlate with the open
crystal structures. The small variations in the calculated molecular mass are due to different numbers of residues resolved in different crystal structures.
The influence of these variations was checked by deleting appropriate numbers of amino acids from more complete models. These deletions had an only
marginal impact on the discrepancy values compared to the opening and closure of the structure, confirming that the small variations in mass did not
influence any of the conclusions given above. ” The experimental R, values are computed by two alternative methods, using GNOM and the Guinier
approximation. ¢ The radius of gyration and the molecular mass of the high-resolution models as retrieved from the PDB: PDB entries 1PHP for the Bs
PGK—MgADP complex, 1VIC for the pig PGK—MgATP complex, and 1VPE for the Tm PGK ternary and 13PK for Tb PGK ternary complexes. The
PDB coordinates of the pig substrate-free structure and the PGK—3-PG binary complex (9) were obtained from the authors. ¢ ternaryl and ternary2
denote MgAMP-PNP—3-PG and MgADP—3-PG ternary complexes, respectively.

however, raises the question of whether K219 may also have
a further role: either it is directly involved in the catalysis
(as assumed above), or it may assist in the right positioning
of the nucleotide phosphate chain during catalysis. Further
studies are needed to answer these questions properly.

As for E343/Tb345, the carboxylate of this residue
interacts with the ribose OH groups in all nucleotide binding
structures, including 7. brucei PGK (Figure 1C). The side
chain of E343/Tb345 is also involved in the permanent
hydrophobic interactions with the sequentially neighboring
F342/Tb344, which interacts further with the carbon atoms
of the ring of P338/Tb340. This transmission of the nucle-
otide effect is further continued through the interaction
between the rings of P338/Tb340 and W335/Tb337. The
latter side chain is contacted further with the main chain
carbon and the Ca atoms of Asn336/Tb338. This route is
depicted by arrows in Figure 1C. In this way, the effect of
the nucleotide is transmitted from both E343 and K219 to
the main hinge f-strand L.

General Considerations. Our mutagenesis studies have
helped us to uncover in detail the molecular events which
are initiated at the substrate sites, are transmitted to the
hinge at S-strand L, and finally lead to domain closure.
Thus, our results with hPGK are consistent with the
involvement of both substrates (each bound to separate
domains) in the realization of domain movement during
the catalytic cycle. A similar contribution of the substrates,
especially of the nucleotides, to the induced fit closure of
the active site has been concluded for other kinases, e.g.,
arginine kinase (47) or adenylate kinase (42, 43). Our work
is entirely consistent with the ligand-driven domain closure
model (e.g., ref 43), which is in apparent contradiction with
other literature data (e.g., refs 44 and 45). We have no
experimental data that indicate the occurrence of the con-
formational transition of PGK in the absence of substrates.
However, molecular dynamic simulations indicate the oc-
currence of domain motion on the time scale of nanoseconds
even for substrate-free PGK (46). It is indeed possible that

the equilibria of these fast conformational fluctuations are
perturbed by the bound substrates, which may lead to
stabilization of the domain-closed conformations on a much
longer time scale.

In the analysis of SAXS data as described above, we
classified the scattering patterns on the basis of a series of
structures observed in the crystal. Given the potential domain
motions in solution, care must be taken when attributing the
solution scattering results to a single conformation. It should
be noted that the SAXS data alone would not distinguish
between a single (e.g., partially closed) state and a mixture
of, for example, two extreme (open and closed) states.
However, the model of fluctuating protein structure contains
not only the two extreme conformations in equilibrium but
also many intermediate conformations between them. Sub-
strate binding shifts the equilibrium toward a specific
conformation, which would remain the only one observed
in the crystal. In solution, multiple fluctuating conformations
can be observed, and SAXS reports on the predominant
conformation stabilized by the absence or presence of one
substrate or both or side chain mutations. Given the existence
of partially closed structures in the crystal, mixtures of
the two extreme (open and closed) states in solutions can be
excluded, but the models best describing the SAXS data
should not be considered as rigid conformations of the protein
in solution but rather as predominant conformations under
the given conditions.

With regard to the energetic (thermodynamic) aspects
of domain closure, the question arises about the driving
forces required for such a large extent of cooperative
motion as domain closure. It is plausible that the binding
free energy of substrates can contribute not only to the
activation free energy of the chemical step of catalysis
but also to the activation free energy of domain closure,
which is an inherent event during catalysis. However, the
entropic contribution of a protein in its substrate-free form
(i.e., internal conformational entropy) to the free energy
of substrate binding and the concomitant enzyme catalysis
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is less understood. Recent data (47) indicate that a close
relationship may exist between the total entropy of ligand
binding and the internal protein conformational entropy.
Thus, the temperature-driven motion may also contribute
to the occurrence of domain closure; namely, thermal
motions can lead to conformational sampling of protein
configurations that facilitate the chemical reactions.
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thermodynamic parameters from the enzyme kinetic and
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data, summary of the thermodynamic parameters of the
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