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The pyruvate kinase (PK) from a moderate thermophile, Geobacillus stearothermo-
philus, is an allosteric enzyme activated by AMP and ribose 5-phosphate but not
fructose 1, 6-bisphosphate (FBP), which is a common activator of PKs. It has an extra
C-terminal sequence (ECTS), which contains a highly conserved phosphoenolpyr-
uvate (PEP) binding motif, but its function and structure remain unclear. To
elucidate the structural characteristics of the effector-binding site and the ECTS, the
crystal structure of the C9S/C268S mutant of the enzyme was determined at 2.4 A
resolution. The crystal belonged to space group P6,22, with unit cell parameters
a, b=145.97A, ¢=118.03 A. The enzyme was a homotetramer and its overall domain
structure was similar to the previously solved structures except that the ECTS
formed a new domain (C' domain). The structure of the C' domain closely resembled
that of the PEP binding domain of maize pyruvate phosphate dikinase. A sulphate
ion was found in a pocket in the effector-binding C domain. This site corresponds to
the 6-phosphate group-binding site in yeast PK bound FBP and seems to be the
effector-binding site. Through comparison of the structure of the putative effector-
binding site to that of the FBP binding site of the yeast enzyme, the structural basis
of the effector specificity of the G. stearothermophilus PK is discussed.
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Abbreviations: Ag 5, activator concentration required for half maximal activation; ECTS, extra C-terminal
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concentration required for half maximal saturation.

Pyruvate kinase (PK; EC 2.7.1.40) catalyzes the final step
of glycolysis, the phosphoryl group of phosphoenolpyruvate
(PEP) being transferred to ADP to yield pyruvate and ATP
(1, 2). This reaction is essentially irreversible and is one of
the major control points in glycolysis. The PKs from a
number of prokaryotes and eukaryotes have been isolated
and characterized. Most of them exist as tetramers of
identical subunits (1, 3, 4). The crystal structures of the cat,
rabbit muscle, human erythrocyte, yeast, Escherichia coli
and Leishmania mexicana PKs have been reported, and
their overall structures are similar (5-9). Each subunit
of the tetramer consists of four domains: A, B, C and
N-terminal domains. The N-terminal domain is only
found in mammalian enzymes and all the prokaryotic
enzymes lack this domain. The A domain, located between
the B and C domains, has a (/)8 structure. The active
site lies at the interface of the A and B domains in each
of the four subunits. In the yeast and erythrocyte PKs,
the binding site for an allosteric effector is completely
located in the C domain (6, 7).
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Almost all PKs are activated by fructose 1, 6-bisphos-
phate (FBP). The PK from Geobacillus stearothermophi-
lus (GstPK) is, however, allosterically activated by AMP
and ribose 5-phosphate (R5P) but not by FBP. The
enzyme is very stable at high temperature, in spite of the
instability of other microbial PKs (10). The PKs from
genus Geobacillus and some other bacteria have a long
extra C-terminal sequence (ECTS) composed of about 110
amino acid residues (11-15). A part of this sequence is
highly homologous to that of the PEP-binding motif. It is
suggested that the ECTS weakly interacts with the A
domain and C domain (16). The ECTS may play some
role in the structural stability of the enzyme.

We have tried to crystallize GstPK to determine its
crystal structure, and to determine the structural bases
of the effector specificity and the ECTS structure. The
wild-type and W416F/V435W mutant GstPK were crys-
tallized, but they were unsuitable for structural analysis
because of the low completeness value of their dataset
(17). GstPK has two cysteine residues (C9 and C268).
These two residues were mutated to serines, and the
resultant mutated enzyme was designated as GstPKNC
(18). GstPKNC gave a crystal suitable for structural
analysis. In this report, we describe the structure of
GstPKNC. This is the first report on the structure of a
PK having the ECTS and that is allosterically activated
by AMP and R5P.

© 2008 The Japanese Biochemical Society.
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MATERIALS AND METHODS

Protein Expression and Purification—The wild-type
GstPK and two mutants were expressed and purified as
described previously (16). Plasmid pKHNC, which com-
prised pKH510 with the C9S/C268S mutation intro-
duced, was employed for GstPKNC production (18).
PK-deficient E. coli mutant PB25 (pyrA::kan pyrF::cat)
was generously donated by Dr E. Ponce and used as the
host cells in this experiment (19). Escherichia coli
mutant PB25 harbouring plasmid pKHNC was cultivated
at 37°C in Luria—Bertani broth containing 100 pg/ml of
ampicillin with an inoculum of 1% of an overnight
culture. Three hours later, isopropyl-l-thio-p-p-galacto-
pyranoside was added to 0.5 mM and the cultivation was
continued for 16-8h. Cells were harvested by centrifu-
gation, suspended in five volumes of 25 mM Tris—HCI,
pH 7.5, containing 150mM NaCl and then disrupted
with a Sonifier ultrasonic disruptor (Branson, CT, USA).
The enzymes were purified by means of Butyl-Toyopearl
650S (Tosoh, Japan) and Resource Q column (Amersham
Biosciences, United Kingdom) chromatography. The puri-
fied GstPKs were dialyzed against 5 mM Tris—HCI buffer,
pH 7.5, and then concentrated to 10-15mg/ml using a
Centricon YM-30 (Millipore). About 60mg of purified
GstPK was obtained from 11 LB culture.

Enzymatic Assay—PK activity was measured by means
of a coupling assay method using lactate dehydrogenase
(LDH) (10). The assay mixture consisted of 50 mM
imidazole-HCl (pH 7.2), 7TmM MgCl,, 100mM KCI,
0.25mM nicotinamide adenine dinucleotide (NADH) and
one unit of LDH per 0.2 ml assay mixture. To measure PEP
saturation, the ADP concentration was fixed at 0.4 mM,
which was far from saturation, but was chosen to minimize
the effect of possible contamination by AMP of the ADP
preparation. To measure the allosteric activation by R5P or
AMP, the ADP and PEP concentrations were fixed at 0.5
and 0.4mM, respectively. The velocities thus obtained
were fitted to the Michaelis—Menten equation or Hill’s
equation by means of non-linear regression, and the kinetic
parameters were calculated using a Kaleidagraph
(Synergy Software, Reading, PA).

Crystallization—The protein was crystallized as des-
cribed previously (17). Crystals suitable for data collec-
tion were obtained with a reservoir solution comprising
2.1M ammonium sulphate and 0.1M MES, pH 6.5, at
285K at the protein concentration of 15 mg/ml. Crystals
grew in one to two weeks.

X-ray Diffraction Experiments—Diffraction data for
GstPKNC were collected at 2.4 A resolution at beamline
NW12, Photon Factory, Advanced Ring (PF-AR), Tsukuba,
Japan. The crystals were soaked for a few minutes in
mother liquor containing 20% (v/v) glycerol and then
flash frozen in liquid nitrogen. Diffraction data were
collected with a Quantum 210 CCD X-ray detector
(Area Detector Systems Corporation, Poway, CA, USA).
The dataset was processed and scaled using programs
DENZO and SCALEPACK in the HKL 2000 package
(20) (Table 1). The Vi values (21) and solvent contents
of GstPKNC were calculated to be 2.91 A%*/Da and 57.8%,
respectively, assuming one tetrameric protein molecule per
asymmetric unit.

Table 1. Data-collection
GstPKNC.

K. Suzuki et al.

and refinement statistics for

X-ray wavelength (A) 1.000
Space group P6,22
Unit cell parameters

a (A 145.97
b (A) 145.97
¢ (A) 118.03

o, B=90.0°, v=120.0°
Resolution (A) 50 — 2.4 (2.49 — 2.40)
No. of observations 821,411
No. of unique reflections 28,179

Completeness (%) 97.7 (79.9)
Roerge (%) 5.5 (32.2)
Mean I/o (I) 16.7 (6.1)
Refinement

R-factor (%) 22.6

Rpvee (%) 29.4
R.m.s deviations

Bond length (A) 0.008
Bond angels (°) 1.44

Values in parentheses are for the last resolution shell.

Structure Determination—The GstPKNC structure was
determined by molecular replacement with Molrep (ccp4i)
using the structure of E. coli PKI as a search model (PDB
ID: 1PKY) (22). The conditions for the data collection
and refinement statistics are presented in Table 1. The
structure was refined by simulated annealing and B-factor
adjustments using program CNS (23), with iterative
manual adjustment of the model using program O (24).
The number of water molecules added to the model was
156. The final R factor for the model was 22.6%, with a Ryce
value of 29.4% at 2.4 A resolution.

Accession Code—The coordinates and structure factors
have been deposited in the Protein Data Bank under
accession code 2E28.

Preparation of GstPK Mutants—Site-directed muta-
genesis was performed for recombinant expression
plasmid pKH510 (10). Mutations were introduced by
means of the polymerase chain reaction Megaprimer
method (25, 26).

The oligonucleotide primers used for the H425A, V435R,
V435K and V435E mutations were 5'-GAAAGAAGCGCCG
GCTGTGAACACGACG-3, 5-GAAATGCTCGATCG CGC
CGTCGACGCGGCGGTGCGC-3, 5-GAAATGCTCGATA
AAGCCGTCGAC G CGGCGGTGCGC-3' and 5'-GAAATG
CTCGATGAAGCCGTCGACGCGGCGGTGC GC-3, res-
pectively. The underlined sequences indicate the intro-
duced restriction sites and the mutated bases are
expressed in boldface. The introduction of each mutation
and the absence of an undesired mutation were confirmed
by DNA sequencing. The mutant enzymes were purified
and assayed as described earlier.

RESULTS

Overall Structure—The structure of GstPKNC was
determined at 2.4A resolution as described under
MATERIALS AND METHODS section. A single subunit
and the tetrameric structure of GstPKNC are shown
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Fig. 1. Ribbon diagram of the overall GstPKNC monomer.
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green and red, respectively. This figure and other figures were

His425, Val435 and the sulphate ion are shown as a ball and prepared with PyMOL (32).

stick model. Domains A, B, C and C’ are shown in cyan, magenta,

schematically in Figs 1 and 3A, respectively. GstPKNC
was a homotetramer and its overall conformation was
similar to the previously solved structures. Each subunit
of GstPK was composed of four separate domains (Fig. 1).
The first domain, A, was supposed to be the catalytic
domain and was formed by two separate stretches of
amino acids (residues 1-70 and 170-360) that fold
together into a common parallel (B/a)g barrel motif with
two additional o helices. The mutated residues, S9 and
S268, were buried deeply in the A domain. The second
domain, B, a capped domain (residues 71-169), com-
prised a small four-stranded B-barrel motif that formed a
cap over the active site. The third domain, C, comprised
an o/f open-sheet motif and contained an allosteric
effector binding site (residues 361-470). Finally, the
ETCS formed a new domain. This new domain was
located at the C terminus of the protein (residues 477—
587) and was named the C’' domain. The four domains
were aligned almost linearly in the order of B, A, C and
C’. The position of the C' domain was slightly displaced
from the axis formed by the centres of the B, A and C
domains, which enabled face to face contact between
neighbouring C domain (Fig. 3A).

C-terminal Sequence and C' Domain Structure—It has
been reported that the PKs from G. stearothermophilus
(11), B. subtilis (14), B. licheniformis, L. delbrueckii,
B. psychrophilus and cyanobacteria Synechocystis sp
have an ECTS. In GstPK for example, this sequence
consists of ~110 amino acid residues and includes a
highly conserved PEP-binding motif (11).

This motif is found in E. coli and Salmonella
typhimurium PEP-sugar phosphotransferase system
enzyme I, maize pyruvate phosphate dikinase (PPDK)
and E. coli PEP synthase (11, 27, 28). In these enzymes,
the PEP-binding motif is highly conserved principally
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Fig. 2. Ca superpositioning of the GstPKNC C' domain
(red) and the PPDK phosphohistidine domain (blue). The
Hisb541 residue of GstPKNC is shown as a ball-and-stick model
and His455 of PPDK is shown as a wire frame.

around the histidyl residue, which is phosphorylated
during the enzymatic reaction. The C' domain in GstPK
has been suggested to be derived from a PEP synthase
late in the evolutionary process (27).

The C' domain spans residues 477-587, and its
structure closely resembles that of the PPDK phospho-
histidine domain (Ca root mean square deviation, 2.79 A.
Fig. 2). It consists of 3- and 5-stranded orthogonal
B-sheets (Fig. 2). These two P-sheets are antiparallel.
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Fig. 3. Overall structure of tetrameric GstPK, and inter-
action of the GstPKNC C' domain and the A domain at
the subunit interface. (A) Ribbon diagram of the GstPKNC
tetramer structure. The monomer is coloured blue, green, yellow
and wheat. (B) The structure with two monomers removed
(green and blue). (C) Close-up view of the C'-A domain
interface. The area in the small square in B is magnified.

The three-layer B/p/o architecture has been proposed to
be as a folding class in SCOP (29). The fold of the
phosphohistidine domain of PPDK (30) remotely resem-
bles that of aconitase (31).

Interaction between the A Domain and C' Domain at
the Subunit Interface—Some weak interactions between
the C' domain and A domain, and the C’ domain and C
domain have been postulated based on the results of
kinetic analysis of the C-terminally truncated enzyme
(16). Figure 3C shows the subunit interface between the
C’ domain and A domain of neighbouring subunits. It
seems that the amido nitrogen of Leu538 in the C’
domain and the carboxyl oxygen of Glu209 in the A
domain form a hydrogen bond (distance, 2.82 A) (Fig. 3C).
No significant interaction was found between the C’
domain and C domain.

R5P-Binding Site—dJurica et al. and Valentini et al.
reported the structures of yeast PK and human erythro-
cyte PK complexed with a substrate analog and a
catalytic metal ion in the presence and absence of
bound FBP, respectively. In these PKs, the 6-phosphate
group of bound FBP is tightly held by three hydroxyl
groups provided by two Ser and one Thr. In GstPK, this
position was occupied by a sulphate ion, and was
coordinated similarly by three hydroxyl groups (Thr381,
Ser383 and Thr386) (Fig. 4). The occupancy of a sulphate
ion at the corresponding position has also been observed
in E. coli PKI and L. mexicana PK. Thus, this sulphate
ion binding site is thought to be a part of the effector-
binding site. Many PKs are allosterically activated by
FBP, but GstPK is activated by R5P and AMP. It is
expected that the structure of the allosteric effector-
binding site of GstPK differs from that of other PKs.

Site-directed Mutagenesis—In yeast PK, the allosteric
effector-binding site is formed by a pocket in the C
domain. The 1-phosphate group of FBP exhibits a strong
2.8 A electrostatic interaction with a guanidino group of
Arg459. In the GstPK structure this Arg459 corresponds
to Val435. His425 is located in the loop between CB3 and

K. Suzuki et al.

Fig. 4. Electron density map of the region around the
sulphate ion binding site of the C domain of GstPKNC.
The electron density map (2Fo-Fc) is shown in blue (1.50
contour). Thr381, Thr386, His425 and the sulphate ion are
shown as a ball-and-stick model.

Fig. 5. Ca superpositioning of the C domains of GstPKNC
(magenta), yeast PK (cyan) and human erythrocyte PK
(green), and a close-up view of the Cp4-Cp5 loop (right)
and Cp3-Ca5 loop (left). The His425 and Val435 residues of
GstPKNC, the Pro521 and Arg532 ones of human erythrocyte
PK, the Pro449 and Arg459 ones of yeast PK, FBP bound to
human erythrocyte PK and yeast PK and the sulphate ion
bound to GstPKNC are shown as a ball-and-stick model. The
distance between the Co atom of His425 of GstPK and
corresponding Co atom of Pro449 of yeast PK is shown.

Cab of GstPK, and exists at the position considered to be
the entrance of the effector-binding site (Fig. 5).

These four residues were subjected to mutagenesis
(V435R, V435K, V435E and H425A). The mutated
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Fig. 6. PEP saturation, and AMP and R5P activation
profiles for wild-type GstPK and the four mutants. (A)
PEP saturation curves in the presence of 0.2mM AMP. (B) AMP
activation curves. The PEP concentration was fixed at 0.5 mM.

Table 2. Kinetic parameters of the wild-type and H425A
mutant.

So5 or Ags Condition Wild-type H425A
So.5 (mM) R5P (0.2 mM) 0.13+0.02 0.41+0.01
Vmax (U/mg) 204.94+5.8 167.1+2.5
So.5 (mM) AMP (0.2 mM) 0.14+0.01 1.214+0.05
Vmax (U/mg) 217.3+5.3 149.4+3.8
So.5 (mM) AMP (4.0 mM) 0.13+0.01 0.3640.03
Vmax (U/mg) 197.2+6.8 106.9+4.1

Ay s (mM) for RSP PEP (0.5 mM) 75%x107%  6.5x1072

Vmax (U/mg) 202.4+3.6 128.8+24
Ay s (mM) for AMP PEP (0.5 mM) 1.3 x 102 0.744+0.03
Vmax (U/mg) 182.1+24 96.6+1.3

enzymes were overexpressed in E. coli PB25 cells. The PEP
saturation curves and activation profiles of AMP and R5P
for V435 mutants are shown in Fig. 6. The Ay 5 values for
R5P of the V435R, V435K and V435E mutants were
increased about 4-fold, compared with that of the wild-type
enzyme. The Ag 5 values for AMP and the Sj 5 values were
essentially identical. This indicates that V435 does not
play a major role in effector binding. The kinetic
parameters for the H425A mutant were determined as

Vol. 144, No. 3, 2008
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(C) PEP saturation curves in the presence of 0.2mM R5P.
(D) R5P activation curves. The PEP concentration was fixed at
0.5mM. Other assay conditions were given under MATERIALS
AND METHODS section.

described under EXPERIMENTAL PROCEDURES sec-
tion and are shown in Table 2. The Sy 5 value of the H425A
mutant in the presence of 0.2mM AMP and R5P was
increased 8.6- and 3.2-fold, respectively (Fig. 6 and
Table 2). Additionally, the saturation curve in the presence
of 0.2 mM AMP was still sigmoidal (Fig. 6A). Therefore, we
measured the activation profiles of R5P and AMP. The Ag 5
values for H425A were increased 8.0- and 60-fold for
R5P and AMP, respectively (Fig. 6B and D). The larger
decrease in the affinity for AMP may indicate interaction
between the imidazole group of His425 and the adenine
ring of AMP.

DISCUSSION

The overall structures of a single subunit and the
tetrameric form of GstPKNC were similar to the previously
solved structures of PKs from other sources except for
having a new domain. The ECTS, which contained a PEP-
binding motif, formed a new domain, the C’ domain (Figs 1
and 2). The structure of this domain resembled that of the
phosphohistidine domain of PPDK (Fig. 2). This suggest
that the C’ domain plays some functional role in the PK
activity or its regulation. A mutagenetic study, however,
suggested that ECTS has no apparent functional role
in the enzymatic activity or the enzyme’s allosteric
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Fig. 7. Schematic presentation of the effector recognition
by yeast PK and GstPK. (A) Structure-based alignment of the
GstPK, human erythrocyte PK, yeast PK, E. coli form I and
L. mexicana sequences. The secondary structure elements of
these PKs are depicted below, as squares for o-helices and
arrows for B-sheets. The CB3—Cab5 loop (the mobile loop) region is
shown in gray. His425 of GstPK and the corresponding residues

characteristics but may play some role in thermal stability
(16). Ahydrogen bond found between the A domain and the
C’ domain of the neighbouring subunit may slightly
stabilize the structure and contribute to the thermostabil-
ity of the enzyme (Fig. 3). The PEP-binding motif found in
the ECTS and the structural similarity to the phosphohis-
tidine domain of PPDK led us to imagine that it may once
have played some role in the evolution of PK.

As shown in Fig. 4, a sulphate ion was found in the C
domain and the site corresponded to the binding site for
the 6-phosphate group of FBP. This position is thought to
be the effector-binding site of GstPK.

The structure of the C domain of GstPK was compared
with those of FBP-bound yeast PK and human erythro-
cyte PK. Two positions with significantly different
conformations were found. One is the loop between
CPB4-Cp5. The conformations of the loop of GstPK and
human erythrocyte PK are essentially identical, but the
loop of yeast PK is located about 5 A away from the loops
of GstPK and human erythrocyte PK. The difference
in the position of the loop may not be due to the bound

in other PKs, and Val435 of GstPK and the corresponding
residues in other PKs are shown in arrows. (B) Schema of the
FBP-binding interaction in yeast PK (7). (C) Plausible interac-
tions when AMP is accommodated in the GstPK effector site.
(D) When R5P is accommodated in this site. (E) In the case when
FBP is accommodated.

FBP, because the positions of the loop of the E. coli,
L. mexicana and rabbit muscle PKs (6, 8, 9) in the
absence of an effector were very similar to that of GstPK.
The loop may be very flexible.

Another difference was found in the loop between CB3
and Cob. This loop is one of the most variable parts of
PK, and differs in both length and amino acid sequence.
The corresponding loop in yeast PK comprises eight
residues instead of the only five residues in GstPK
(Fig. 7D). In yeast PK and human erythrocyte PK, it
seems that FBP cannot interact with amino acid residues
in the CB3—Cab loop since the loop is far from the bound
FBP. On the other hand, in GstPK, this loop is short and
close to a putative effector-binding site compared with in
yeast PK and human erythrocyte PK. The distance
between the Co atom of His425 of GstPK and the
corresponding Co atom of Pro449 of yeast PK is 4.45A
(Fig. 5). When His425 in this loop was replaced by Ala,
the affinity for the allosteric activators was greatly
decreased. The degree of the decrease was greater for
AMP than for R5P. This may indicate that the adenine
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ring of AMP interacts with the imidazole ring of His425.
Other PKs activated by AMP and R5P, such as those
of B. licheniformis, B. psychrophilus, L. lactis and
L. delbrueckii, have His or Lys at this position. On the
other hand, in yeast and human erythrocyte PKs, the
loops are longer and far from the effector-binding site
thus cannot participate in effector binding. Arg459 of
yeast PK and Arg532 of human erythrocyte PK, however,
extend their side chains from Cob5 and form a salt bridge
with the 1-phosphate group of FBP. The amino acid
residue in GstPK corresponding to these arginines is
Val435. The kinetic properties of mutant PKs V435R,
V435K and V435E were essentially identical to those of
the wild-type enzyme. This indicates that Val435 does
not participate in the effector recognition.

Kinetic analysis of the H425A mutant suggested that
there are some interactions between His425 and allos-
teric effectors. The aromatic ring interaction between the
adenine ring of AMP and the imidazole ring of His425
may be important for effector binding (Fig. 7C). Another
possible interaction is the hydrogen bond formed between
a nitrogen atom of the imidazole moiety and the atom
bound at the 1-position of the sugar part of the effector
(Fig. 7D). In the case of FBP, the atom is a non-polar
methylene carbon and may not interact with the side
chain of His425 (Fig. 7E). This may explain the effector
specificity of GstPK.

In E. coli PK, which is activated by FBP but not by
AMP or R5P, the effector recognition mechanism seems
fairly different from that of the yeast enzyme. Arg459,
which forms a salt bridge with the 1-phosphate of FBP,
corresponds to Leu432 in the E. coli enzyme. The only
positively charged amino acid residue near Leu432 is
Arg431. Valentini et al. mutated this residue to glutamic
acid and then kinetically analysed the mutant. There were
no apparent differences in the allosteric activation (2).
The CB3-Cab loop of the E. coli enzyme is short and
this loop may be important for effector recognition, as in
the case of GstPK. The residue corresponding to His425
of GstPK is Glu 422. This residue seems unfavourable
for the binding of the negatively charged phosphate
moiety of FBP. Lys 421 neighbouring Glu422 may play
some role in FBP binding.

More details of the mechanism underlying allosteric
regulation will be revealed by determining the crystal
structure of the complex of GstPK and an allosteric
effector.
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