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Abstract

The B-type cofactor-dependent phosphoglycerate mutase (dPGM-B) catalyzes the interconversion of 2-phosphoglycerate and
3-phosphoglycerate in glycolysis and gluconeogenesis pathways using 2,3-bisphosphoglycerate as the cofactor. The crystal structures
of human dPGM-B bound with citrate were determined in two crystal forms. These structures reveal a dimerization mode conserved
in both of dPGM and BPGM (bisphosphoglycerate mutase), based on which a dPGM/BPGM heterodimer structure is proposed.
Structural comparison supports that the conformational changes of residues 13-21 and 98-117 determine PGM/BPGM activity dif-
ferences. The citrate-binding mode suggests a substrate-binding model, consistent with the structure of Escherichia coli dPGM/van-
adate complex. A chloride ion was found in the center of the dimer, providing explanation for the contribution of chloride ion to
dPGM activities. Based on the structural information, the possible reasons for the deficient human dPGM mutations found in some

patients are also discussed.
© 2005 Elsevier Inc. All rights reserved.
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Phosphoglycerate mutase (PGM, EC 5.4.2.1) catalyzes
the interconversion of 2-phosphoglycerate and 3-phos-
phoglycerate in glycolysis and gluconeogenesis [1]. There
are broadly two classes of PGMs: cofactor-dependent
PGM (dPGM) and cofactor-independent PGM (iPGM).
The dPGM superfamily contains dPGM, bisphosphogly-
cerate mutase (BPGM EC 5.4.2.4) [1-3], phosphatase
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portion of the bifunctional enzyme 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase (F26Bpase, EC
3.1.3.46) [4], and prostatic acid phosphatase (PAP, EC
3.1.3.2) [5]. Although these enzymes catalyze different
reactions, they share a common fold and some conserved
residues [6].

Two iso-types of dPGM genes, dPGM-B and dPGM-
M, exist in mammals. They can form homodimers MM,
BB or heterodimer MB [7]. The B-type dPGM (dPGM-
B) is found in brain, liver, kidney, erythrocyte, and early
fetal skeletal muscle, whereas the M-type is present in
adult skeletal and cardiac muscle [8,9]. The MB hetero-
dimer occurs in heart and in late fetal or neonatal mus-
cle, where the M- and B-types are also both present [7,9].

Besides being involved in the glycolytic pathway, there
is increasing evidence that dPGM may regulate the bal-
ance between glycolysis and another ATP-producing
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pathway, glutaminolysis in tumor cell lines [10]. Recently,
it was reported that the expression level of monoubiquti-
nated dPGM-B is higher in tumor than in the normal
tissue [11]. The cellular abundance of the monoubiquiti-
nated dPGM-B tends to increase with the stages of colon
cancer, suggesting its correlation with the tumor progres-
sion. Thus, the quantification of the ubiquitin-dPGM-B
conjugates might have diagnostic or prognostic values.

To deeply understand the catalytic mechanism of
human dPGM and its relationship to tumor progres-
sion, the detailed structural information is necessary.
To date, only the crystal structures of dPGMs from
bacteria or yeast such as Escherichia coli [12,13], Sac-
charomyces cerevisiae [14-17], Schizosaccharomyces
pombe [18], Thermus thermophilus [19], Plasmodium
falciparum [19], Mycobacterium tuberculosis [19], and
Bacillus stearothermophilus [20,21] are available. More-
over, the catalytic mechanism of dPGM has not been
well defined yet. Previous studies on the substrate
binding mode of dPGM showed some contradictory
results. Different binding positions of 3-PGA were
proposed with the crystal structures of S. cerevisiae
and E. coli dPGMs. Here we report the first crystal
structure of human dPGM-B in complex with citrate
molecules.

Materials and methods

Crystallization and data collection. The human dPGM-B-(His)g
protein was expressed from pET22b vector in E. coli cell and purified
by affinity chromatography as described earlier [22]. The optimal
crystallization conditions were determined to be 20%(w/v) PEG4000,
18%(v/v) isopropanol, and 0.1 M trisodium citrate dihydrate, pH 5.7,
at 277 K. Addition of 0.2 M (NH,4),SO, results in another crystal form
with a different space group.

All of the diffraction data were collected at Beijing Synchrotron
Radiation Facility (BSRF) equipped with a MAR CCD detector, flash
cooled with liquid nitrogen at 100 K. Diffraction data were processed
with DENZO and SCALEPACK programs [23].

Structure determination and refinement. Human dPGM-B crystal
structures were determined by molecular replacement using AmoRe
[24]. The dimer form of S. cerevisiee dPGM (Protein Data Bank
accession entry SPGM, Chains A and B) was used as a searching
model. Subsequent model building and refinement were carried out
with program O [25]and CNS [26]. The improvement of the model was
monitored with the help of the Rge value. The non-crystallography
symmetry restraint was applied during all steps of refinement. Water
molecules were included at the later steps of refinement. For each di-
mer, a strong peak (above 119) in the F,—F, electron density map was
found at the dimer interface. Considering the facts that a chloride ion
was found in E. coli dPGM crystal structure at the similar position and
NacCl is present in the protein solution, this peak was defined as a
chloride ion. After refinement, the chloride ion fits the density and the
molecular environment very well, with the B value at the approxi-
mately same level as the residues around. The sequence alignment was
carried out using CLUSTAL W [27] and referred to the three-dimen-
sional structural comparison by DALI [28]. The quality and stereo-
chemistry of the final models were analyzed with PROCHECK][29].
Details of data collection and structure refinement statistics are sum-
marized in Table 1.

Table 1
Summary of data collection and structure refinement

Crystal form I Crystal form II

Space group P2, P2,

Unit cell (A) a=130.5 a=429
b=1759 b=065."7
c=187.0 c=124.8
p =944 p=944

Resolution limit (A) 30-2.8 (2.87-2.8)  30-2.7 (2.76-2.7)

Completeness (%) 93.9 (93.8) 94.7 (94.4)

Number of reflections 1,603,227 189,089

Number of independent 85,016 17,981

reflections

Runeree 0.121 (0.454) 0.129 (0.436)

I/o 8.6 (2.2) 9.3(2.3)

R-factor 0.233 (0.340) 0.216 (0.319)

Rivee 0.272 (0.362) 0.256 (0.372)

Number of non-H atoms

Protein atoms 22,789 3801
Water molecules 149 120
Citrate molecules 12 2
Chloride 6 1
B-factors (Az)
Main-chain 36.4 30.3
Side-chain 36.2 31.3
Water 23.2 28.0
Chloride 26.4 22.8
r.m.s.d. of bond lengths (A) 0.007 0.007
r.m.s.d. of bond angles (°) 1.3 1.3

Results and discussion
Structure determination

Two crystal forms of human dPGM-B were obtained.
The final model in crystal I contains 12 protein mole-
cules in the asymmetric unit, with R-factor of 0.233
and Rge. of 0.272 at 2.8 A resolution. The crystal II con-
tains only two protein molecules per asymmetric unit.
The final model was refined to 2.7 A resolution with
the R-factor and Rg. of 0.216 and 0.257, respectively.
The stereochemistry parameters were proved to be quite
good by PROCHECK [29]. The conformations of the
total of 14 monomers in two crystals are essentially
same, with variations in some loops and the C-terminal
regions. Each monomer was found to bind with a citrate
molecule. In crystal form II, although ammonium sul-
fate was added in the crystallization solution, no bound
sulfate molecule was found.

The monomer

The fold of the human dPGM-B is quite similar to
those of S. cerevisiae and E. coli dPGMs (Fig. 1). As
predicated by the sequence comparison (Fig. 1), the seg-
ment from residue 127 to 151, where the sequence
homology is low, is structurally different in these three
dPGMs. In human dPGM-B, two residues were inserted
at residues 136 and 137. This insertion makes an addi-
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Fig. 1. (A) Structure-based sequence alignment of dPGMs from human type B (hPGM-B), and type M (hPGM-M), S. cerevisiae (S.c), S. pombe
(S.p), and E. coli (E.c). The secondary structure elements and residue number of human dPGM-B are shown above the alignment with arrows for p-
strands and coils for helices. Strictly conserved and conservatively substituted residues are boxed and marked with red background or colored in red,
respectively. (B) Stereo view of the structure comparison of the human dPGM-B (red), human BPGM (green), S. cerevisiae dPGM (yellow), and
E. coli dPGM (blue).

tional short a-helix. Although E. coli dPGM has as this region is at the back of the active site, its conforma-
many residues as that of S. cerevisiae dPGM in this re- tions would be irrelative to the enzyme activities.

gion, the conformations are also different between them. Human BPGM shares approximately 50% sequence
In S. pombe dPGM, residues 125-152 are absent. Since identity with dPGMs, but has different specific activities.



1210

Compared with dPGM:s, the overall fold is similar except
residues 13-21, 98-117, 130-150, and the C-terminal tail
[30]. The current structure of human dPGM-B indicates
that the conformations of residues 130-150 and the C-ter-
minal tail vary in different enzymes, no matter in dPGM
or BPGM. However, residues 13-21 and 98117 keep sim-
ilar conformations in all of the dPGMs but significantly
different from those in BPGM. This further confirms that
residues 13-21 and 98-117 would be the structural basis
for determining dPGM or BPGM activities.

The homodimer

Human dPGM-B exists as identical homodimers in
both of the two crystal forms, dimerized in the same
way as E. coli dPGM and one dimer of S. cerevisiae
dPGM. No tetramer as in S. cerevisiae dPGM is ob-
served. This suggests that the dimerization mode is con-
served during evolution, although the relationship of
the dimerization and the activities has not been known.
The subunit interactions of human dPGM-B resemble
the A-B interface of S. cerevisiae dPGM, formed by the
anti-parallel alignment of the secondary structures o2
and B3 of the two monomers, with a non-crystallographic
2-fold axis in between. The major contacts are hydropho-
bic interactions, including Ile64, Trp68, Leu71, Met77,
and Val81, especially the side-chain plane of Trp68 stack-
ing to each other. Several charged or polar resides Asp53,
Lys61, Arg65, Asp72, Asp75, GIn76, Arg83, and Argl40
are also involved in the dimerization by the hydrogen
bonds or electrostatic interactions.

It is worth mentioning that a chloride ion is located
near the 2-fold axis of dPGM-B dimer, interacting with
the NE1 atoms of Trp68 and the NE2 atoms of Arg83
(Fig. 2), and thus strengthening the interactions of the
two monomers. It was reported that low concentration
of chloride (5-100 mM) could accelerate the dPGM
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reaction, while a higher concentration of chloride would
inhibit the activity [31]. Based on the structure, chloride
ion would help the stabilization of the quaternary struc-
ture. However, at higher concentration, the chloride
ions could bind at the active site which is rich in posi-
tive-charged residues, competing with the substrate
and resulting in a lower activity.

The heterodimer

The conserved dimer interface of dPGM is obviously
accommodated with the formation of dPGM BM het-
erodimers. Human dPGM-B dimer is also similar to hu-
man BPGM dimer [30]. It has been observed that
BPGM can form heterodimers with B-type or M-type
dPGM [1,32]. Therefore, in erythrocyte where both
dPGM-B and BPGM genes are active, BPGM-dPGM-
B heterodimer should be formed by the similar interface.
Four of the five residues involved in the hydrophobic
dimerization interactions remain the same in human
dPGM-B and BPGM (Table 2). The residues contribut-
ing to hydrogen bonds or electrostatic interactions vary
in dPGM-B and BPGM, resulting in losing some inter-
actions. However, some new interactions in the hetero-
dimer would be formed, including Lys61 of dPGM-B
to Glu77 of BPGM, Arg65 of dPGM-B to Glu72 and
Glu77 of BPGM, and Glu75 of dPGM-B to His65 of
BPGM (Fig. 3). For this reason, the heterodimer should
be stable under the physiological conditions.

The flexible gateway for substrates

The active site is located at the bottom of a deep hol-
low at the C-terminal end of the four-stranded parallel
B-sheet. Above the active site, two long loops extend
away from the core of the enzyme. The area between
these loops leads to a funnel-like active site.

Fig. 2. Stereo view of the interactions between chloride ion and Trp68 and Arg83.
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Table 2
The residues whose side-chain is involved in the dimerization interactions in human dPGM-B and BPGM

Hydrophobic Polar
Residue number 64 68 71 77 81 61 65 72 75 76 83 140
dPGM-B 1 \"% L M v K R D D Q R R
BPGM 1 W L E A\ N H E G Q S R

Fig. 3. Dimer interfaces of (A) human dPGM-B, (B) human BPGM, (C) putative human dPGM-B/BPGM, and (D) the dPGM-B/BPGM dimer

(dPGM-B, yellow; BPGM, purple).

There are two regions with obviously relatively high
B-factor values and flexible conformations in human
dPGM-B: the C-terminal region which is over the active
site and the segment of residue 106—117 which forms one
side of the substrate-binding cavity. Some residues
(length of 6-13 residues) and the poly-His at the C-ter-
minal tail have no clear electronic density. The B-factor
values of residue 106-117 in all of the 14 molecules in
two crystals are obviously high unless they are involved
in crystal packing in some of the molecules, which sug-
gests that this region is likely to be mobile in solution.

The disordered C-terminal tail and the high-B-valued
residues 106-117 have been also observed in other
dPGMs and human BPGM structures when no sub-
strate is bound. The flexibility of these two regions
may be important in allowing the enzyme to accommo-
date the entrance of substrate and cofactor.

Active site

Hisl1 is the most important residue by forming a
phosphohistidine—the enzyme intermediate as a key
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step of the catalytic cycle [33,34]. Hisl1 and most of the
residues in the active site are conserved among dPGMs
and BPGMs. When superimposing human dPGM-B
with other dPGMs, Hisll, as well as Argl0, Serl4,
Thr23, Arg62, Glu89, Argd0, Tyr92, Lys100, Argll6,
Argl17, His186, and Asn188 are all fitted very well. This
supports that these residues could be involved in the
substrate binding or chemical reaction. Two human defi-
ciencies resulted from the mutations of Glu89Ala and
Arg90Trp in human dPGM-M [35,36] (which has 81%
sequence identity to dPGM-B). Glu89 may act as the
acid and base catalyst during the phosphor transfer
[16]. Arg90 would bind to the phosphogroup in the sub-
strate (discussed below). Thus, it is reasonable that the
substitution of these residues may seriously affect the
activity.

p21-activated kinase inhibits glycolysis by association
of its catalytic domain with dPGM-B and subsequent
phosphorylation of dPGM-B on Ser23 and Ser118 [37].
Ser23 is close to the catalytic residues Hisl1 and Arg62,
which may be involved in the proximate phosphogroup
binding. Ser118 is next to the basic residues Argl17 and
Argl16, which may be involved in the distal phospho-
binding. Thereby, their phosphorylation would abolish
dPGM-B activity. There would be another reason for
decreasing activity by Serll8 phosphorylation. The
side-chain of Ser118 is neighboring to the side-chains of
Ile114 and Vall21. Ser phosphorylation would cause the
hydroxyl group of Ser118 to flip from the hydrophobic
environment into a hydrophilic pocket and contact with
Arg90, Asn188, and Argl191, which might contact the sub-
strates as discussed below.

Another human deficiency has been described related
to human dPGM-B isoenzyme with the substitution of
Met230 by an Ile. This was thought that the mutation
would produce destabilization of the C-terminal helix
[38]. In our human dPGM-B structure, Met230 is six
residues away from the C-terminal helix thus unlikely
to affect its structure. Careful analysis shows that
Met23 locates at a strongly hydrophobic area formed
by Vall94, Leul97, Leu200, Leu208, Leu210 Pro2l11,
Pro226, Pro229, and Phe232, with a charged residue
Aspl98 close to Met230 at the edge of this area.
Aspl98 is at the end of helix a8, where it locates the sub-
strate-binding important residues Asn188. Compared to
Met, Ile is more hydrophobic. Therefore, this mutation
would decrease the structural stability of this area. This
is consistent with recent characterization of this deficient
mutation [39].

Citrate binding

The active pocket of dPGM is rich in basic residues
so that the enzyme can be inhibited by a wide range of
anionic compounds in the millimolar to low micromolar
concentration range [13,17]. With the carbon backbone

similar to that of 3-PGA and partial to that of 2,3-
BPG, citrate is a potential inhibitor of dPGM and its
binding mode may give a strong evidence for the sub-
strate binding. F,—F, electron density shows that a cit-
rate molecule is bound at human dPGM-B active site
in both of the two crystal forms. The 14 citrate mole-
cules in two crystals bind at the same position with a
similar conformation. The carboxyl group of citrate
Cl forms hydrogen bonds with Tyr92 and Arglleé.
The carboxyl group of citrate C5 interacts with the
amide nitrogen of Ser23 and Gly24 (Fig. 4A). The B-fac-
tors of the citrate molecules are above 60 A% and higher
than the surrounding atoms (average B-factor of 31 A?).
Our interpretation is that the citrate does not bind to the
protein tightly as the real substrate because its structure
is not as favorite as the substrates to the enzyme. How-
ever, its binding mode would indicate the general posi-
tion and orientation of the substrates.

Vanadate, commonly used to study the binding and
catalytic mechanism involving phospho- or sulfogroups,
was observed to bind with E. coli dPGM [13]. Interest-
ingly, the location and orientation of citrate molecule ob-
served here resemble those of the vanadates in E. coli
dPGM (Fig. 4B). Both of them interact with residues
Asnl7, Ser23, Gly24, Glu89, Lys100, Argll6, and
Asn188 by hydrogen bonds. The two internal vanadates
(V2 and V3), with well-defined electron density, locate
near the C5 and C1 atoms of the citrate. One oxygen atom
of V2 forms hydrogen bonds with the nitrogen atoms of
Thr23 (residue in E. coli dAPGM) and Gly24 similar to cit-
rate C5 carbonyl. The oxygen atoms of V3 form hydrogen
bonds with Argl16, Argl17, Arg90, Tyr92, and Asnl88,
similar to the carboxyl group at citrate C1.

Our observation, as well as the complex structure of E.
coli dPGM binding with vanadates, strongly suggests that
the distal phosphogroup of the substrates would bind at
C1 (V3) position, hydrogen bonding to Argl16, Argl17,
Tyr92, and Asn188. The carboxyl group of 3-PGA would
bind at C5 position and adopt a similar conformation as
the C5 carboxyl group of the citrate (Fig. 4C).

The structure of S. cerevisiae dPGM provided a differ-
ent 3-PGA binding mode [40] (Fig. 4D). In that structure,
3-PGA was located with its phosphogroup interacting
with Arg62, Thr23, and Serl4, carboxyl group forming
a salt bridge with ArglO, and the hydroxyl group at
carbon 2 forming a hydrogen bond with the oxygen
atom of Hisll (human dPGM-B residue number). This
binding model is not consistent with our observation.
No extra electron density was observed at the corre-
sponding position. Actually the electron density for the
3-PGA was very poor in S. cerevisiae dPGM structure.
The occupancy for 3PGA was refined to be 0.4. At the
same position, a sulfate ion was defined with occupancy
of 0.6. Considering the low concentration (1 mM) of
3PGA in the crystallization condition, it is questionable
whether the density was interpreted correctly.
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Fig. 4. The comparison of the binding modes of (A) citrate molecule in human dPGM-B, (B) vanadates in E. coli dPGM, (C) the proposed 3-PGA,
and (D) 3-PGA in S. cerevisiae dPGM. The residues of human dPGM-B active site are drawn in ball and stick representation and labeled. Atom
coloring: purple, phosphorus; gray, vanadium; green, carbon; red, oxygen; and blue, nitrogen.

In conclusion, the crystal structure of human dPGM-
B is reported for the first time. This enzyme remains of a
similar fold and the conserved active site as other mem-
bers in this superfamily. The conformation comparison
confirms the conformational differences for dPGM and
BPGM specific activities. dPGM-B dimerization inter-
face is same as that of BPGM, suggesting a dPGM/
BPGM heterodimer structure. As a general feature of
dPGM superfamily, the flexibility of the C-terminus
and the segment of 106-117 would be necessary for
the substrate entrance. The citrate-binding mode sup-
ports the 3-PGA binding model proposed by E. coli
dPGM/vanadate complex structure.

Protein Data Bank atomic coordinates

Coordinates and structure-factor amplitudes have
been deposited with the RCSB Protein Data Bank

(PDB) with entrance codes of 1YJX and 1YFK,
respectively.
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