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Bisphosphoglycerate mutase is an erythrocyte-specific en-
zyme catalyzing a series of intermolecular phosphoryl group
transfer reactions. Its main function is to synthesize 2,3-
bisphosphoglycerate, the allosteric effector of hemoglobin. In
this paper, we directly observed real-timemotion of the enzyme
active site and the substrate during phosphoryl transfer. A series
of high resolution crystal structures of human bisphosphoglyc-
erate mutase co-crystallized with 2,3-bisphosphoglycerate, rep-
resenting different time points in the phosphoryl transfer reac-
tion,were solved. These structures not only clarify the argument
concerning the substrate binding mode for this enzyme family
but also depict the entire process of the key histidine phospho-
rylation as a “slowmovie”. It was observed that the enzyme con-
formation continuously changed during the different states of
the reaction. These results provide direct evidence for an “in
line” phosphoryl transfer mechanism, and the roles of some key
residues in the phosphoryl transfer process are identified.

Phosphoryl transfer is an important biochemical reaction
involved in numerous critical physiological processes in life.
It is thought that the catalyzed reaction occurs by nucleo-
philic attack on the reaction center phosphorus, for which an
“in line” mechanism is believed to be the most likely (1),
although an adjacent mechanism has been suggested to be a
possibility in some cases (2). The in line mechanism
describes a continuum between two extremes, associative
and dissociative mechanisms.
Bisphosphoglycerate mutase (BPGM)2 and cofactor-depen-

dent phosphoglycerate mutase (dPGM) are tri-functional

enzymes, catalyzing a series of intermolecular phosphoryl
group transfer reactions (3, 4). Both BPGM and dPGM can
catalyze the same three overall reactions for which phosphoryl-
ation of the catalytic histidine by 2,3-bisphosphoglycerate is the
first step. Previous studies of BPGM and dPGMs have provided
important but so far incomplete information on the structural
basis for the specific activities and molecular mechanisms
(5–14). Although a number of structures of dPGMs (9, 10, 12,
13, 15–18) and human BPGM (8) have been reported, no struc-
ture of the enzyme�substrate complex is available. The struc-
ture of the dPGM from Escherichia coli in complex with its
vanadate inhibitor modeled the monophosphoglycerate and
bisphosphoglycerate binding (9). However, this model is
inconsistent with the Saccharomyces cerevisiae dPGM/3-
PGA complex structure, although the electron density for
the 3-PGA in this structure is very poor (19). Thus the model
of substrate binding and the roles of active site residues as well
as the possible conformational changes during the catalysis
have remained a mystery.
Here we present the crystal structures of human BPGM

binding with 2,3-BPG, 3PGA � AlF4�, or 3-PGA as well as the
equilibrated structures of phosphorylated BPGM and BPGM
binding with 2,3-BPG. We observed that the process of histi-
dine phosphorylation in human BPGM was dramatically
slowed down under crystallization conditions so that each step
of the reaction had been captured. The series of structures
reveal the stepwise conformational changes of the enzyme dur-
ing the reaction. The nucleophile histidine moved back and
forth to access the substrate and catch the phosphoryl group,
whereas the substrate remained relatively still.

EXPERIMENTAL PROCEDURES

The expression and purification of human BPGM were
performed as described previously (8). All crystals were
grown using the hanging drop vapor diffusion method.
Three conditions were used to obtain BPGM�substrate com-
plex crystals. Condition A: protein sample (30 mg/ml) was
mixed with 2,3-BPG at a 1:20 molar ratio; the reservoir solu-
tion was 22–24% (w/v) polyethylene glycol 6000, 0.1 M
Hepes, pH 7.0, at 4 °C. Condition B: as for condition A but
with a pH value of 8.0 and at 16 °C. Condition C: protein
sample (30 mg/ml) was mixed with NaF, AlCl3, and 3-PGA at
a 1:30:10:10 molar ratio. All crystals were flash frozen in
liquid nitrogen without any cryoprotectant. The diffraction
data were collected at the Beijing Synchrotron Radiation
Facility equipped with a Mar CCD detector, flash cooled
with liquid nitrogen at 100 K. Diffraction data were pro-
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cessed with DENZO and SCALEPACK programs (20). The
crystals belonged to space group P212121 with similar unit
cell parameters. There was a dimer in the asymmetric unit.
The mode of dimerization was the same as in free BPGM,
indicating that the dimer was a physiological one. The crystal
structures were determined by molecular replacement using
the free BPGM structure (Protein Data Bank code 1T8P) as
the search model and were refined with the non-crystallog-
raphy symmetry restraint using the crystallography NMR
software package (21) and program O (22). Substrate and
water molecules were included at the later steps of refine-
ment. The quality and stereochemistry of the final models
were analyzed with PROCHECK (23). In the Ramachandran
plots of all structures, more than 91.8% of the residues are
located in the most-favored regions, and only Ser-24 is
located in the general allowed region as in the free BPGM
structure (8). The statistics of data collection and structure
refinement are listed in Table 1.

RESULTS

Structure of BPGM Bound with a 2,3-BPG before Reaction—
To obtain the BPGM�substrate complex structure, we co-crys-
tallized human BPGM with 2,3-BPG at 4 °C and at room tem-
perature (crystallization condition A). In the crystal grown at
4 °C, the electron density clearly shows the presence of a 2,3-
BPG molecule (Fig. 1A, structure 1). The N�-2 atom of the cat-
alytic His-11 formed a hydrogen bond with the 2�-phosphoryl
group, which was also stabilized by the side chains of Arg-10,
Arg-62, His-188, the amide atom of Gly-189, and four water
molecules. On the other side, the 3�-phosphoryl group was
anchored by hydrogen bonds with Arg-100, Arg-116, Arg-117,
Tyr-92, Asn-190, and two water molecules. The carboxylate
group of C-1 atom hydrogen bonds to the amide atoms Ser-24
(Fig. 5C and Supplemental Fig. 1). Compared with free BPGM
(8), residues 99–122 move toward the active site, with a 36°

rotation toward the “core” domain (calculated by the program
DynDom (24)), puttingArg-100, Arg-116, andArg-117 into the
active site. The C-terminal residues 236–250 also shift along
the C-terminal helix by more than 3 Å. Residues 251–256,
whichwere disordered in free BPGM, stretched forward with
clear electron density. Thus the active pocket is fully closed.
In addition, the backbone conformations of residues 12–21
also significantly changed to accommodate 2,3-BPG binding
(Fig. 2).
Equilibrated Structures of BPGM Bound with 2,3-BPG and

Phosphorylated BPGM—Unexpectedly, when BPGM was co-
crystallized with 2,3-BPG at room temperature (crystallization
condition B) for 15 days, continuous electron density was
observed between His-11 and 2,3-BPG (Fig. 1B). Structure
refinement was carefully carried out to 1.5-Å resolution. This
density was defined as a mixture of a 2,3-BPG, ready for reac-
tion and a phosphoryl group covalent bonding to His-11 plus a
3-PGA (Fig. 3). The two monomers in the asymmetric unit
exhibited the same structurewith slightly different occupancies
of the ligands (40% of His-11 phosphorylated with 60% of 2,3-
BPG unreacted in monomer A and 65% of His-11 phosphoryl-
atedwith 35% of 2,3-BPGunreacted inmonomer B) (Figs. 4 and
5D). The phosphorylated histidine is the intermediate in the
BPGM reaction. In this mixed structure, each of the active site
residues exhibits a single conformation indicating that this is an
equilibrated state in which the phosphoryl group is being trans-
ferred. An equilibratedmixture of states in the enzyme reaction
was also observed for 3-hydroxy-3-methylglutaryl-CoA syn-
thase (25, 26). For the phosphorylated BPGM, the covalent N-P
bond length of phosphorylated His-11 is 1.7 Å, consistent with
the calculated value of 1.76 Å (27). Compared with structure 1
(Fig. 1A), further conformational changes occurred at residues
11–19 with the C� atoms shifting an average of 1 Å,making the
imidazole ring of His-11 rotate about 20° and move toward

TABLE 1
Statistics of data collection and structure refinement
Numbers in parentheses represent the values for the highest resolution shell.

Data set Structure 1 Structure 2 Structure 3 Structure 4 Structure 5
Data collection
Resolution (Å) 100-2.0 (2.05-2.0) 30.0-1.5 (1.53-1.50) 50-1.85 (1.89-1.85) 30-2.0 (2.05-2.0) 50-2.0 (2.05-2.0)
Space group P212121 P212121 P212121 P212121 P212121
a (Å) 49.1 48.7 48.5 48.7 48.4
b (Å) 71.2 71.6 71.4 71.4 71.7
c (Å) 159.3 159.2 160.2 159.8 158.8

Completeness (%) 96.7 (95.8) 97.8 (92.3) 98.0 (94.2) 96.4 (96.6) 98.4 (98.2)
Observed reflections 381,231 1,004,338 930,645 522,915 667,830
Unique reflections 37,662 88,158 47,571 37,400 37,619
I/� 17.2 (3.6) 19.6 (1.8) 21.3 (4.4) 45.3 (17.7) 33.0 (6.2)
Rmerge (%) 0.066 (0.326) 0.069 (0.438) 0.081 (0.284) 0.038 (0.070) 0.075 (0.298)

Refinement
R-factor 0.184 (0.239) 0.182 (0.241) 0.180 (0.242) 0.200 (0.221) 0.183 (0.203)
Rfree 0.225 (0.281) 0.209 (0.247) 0.215 (0.275) 0.236 (0.257) 0.228 (0.248)
Number of non-hydrogen atoms
Protein 4113 4158 4140 4056 4150
Water 555 761 698 456 612
Ligand 30 30 22 22 32

r.m.s.d.a from ideal
Bond length (Å) 0.005 0.004 0.005 0.005 0.005
Bond angles (°) 1.3 1.2 1.2 1.2 1.2

Average B-factor (Å2)
Protein 24.1 15.9 19.5 24.3 20.3
Ligand 25.3 14.5 16.2 23.5 16.2
Water 33.2 29.6 32.6 33.5 31.6

a Root mean square deviation.
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2,3-BPG by 0.5 Å. Consequently, the N�-2 atom of His-11, cen-
tral phosphorus atom, and the C-2 oxygen atom of 2,3-BPG are
in a line, and the distance between the N�-2 atom of His-11 to
the C-2 oxygen atom is shortened from 5.1 to 4.6 Å (Fig. 5A).
This conformation is consistent with an in line mechanism
(1). To stabilize this conformation, Asn-17moves its side chain
toward the substrate, forming a hydrogen bond with the
2�-phosphoryl group. The side chain of Gln-28 also protrudes
into the active site pocket, strengthening the hydrogen bond
network.
Structure of BPGM Bound with 3-PGA—To further confirm

the above equilibrated structures and to observe what would
happen before and after the observed steps, BPGM crystals
were grown with 2,3-BPG at room temperature (crystalliza-
tion condition B) for different time periods, and the struc-
tures were determined. (Crystals suitable for diffraction
could be obtained after growing for at least 12 days.) When
crystals were allowed to grow for 12–16 days, the structures
observed were similar to the equilibrated mixture described
above. However, in crystals that were allowed to grow for
more than 18 days, only 3-PGA was observed (Fig. 1C, struc-
ture 3). The 2�-phosphoryl group was absent, and His-11 was
no longer phosphorylated. Two water molecules replaced
the 2�-phosphoryl group (Fig. 5E and supplemental Fig. 2).
This structure is quite stable and remains unchanged in
crystals grown for 4 months. Consistent with the above
observation, the 17th day crystal revealed that 2,3-BPG had
almost converted to 3-PGA (Fig. 1D, structure 4). The back-
bone of residues 11–19 in structures 3 and 4 returned to a
similar position as in structure 1, so that the imidazole ring
of His-11 returned to the position it occupied at the start of
the reaction. It suggests that this enzyme adopts a similar
conformation at the beginning and the end of the reaction.
Structure of BPGM Bound with an Intermediate Analogue

AlF4�—AlF3 or AlF4� is often used to mimic the intermediate
in phosphoryl transfer reactions. To investigate the interme-
diate structure, BPGM was crystallized from a solution con-
taining 3-PGA, AlCl3, and NaF (crystallization condition C).
In this structure (Fig. 1E, structure 5), 3-PGA was observed
to bind at the same position as above, and an AlF4� molecule
was located between His-11 and 3-PGA with its AlF4� plane
perpendicular to the line between the His-11 N�-2 atom and
the C-2 oxygen of 3-PGA (Figs. 1E and 5F; Supplemental Fig.
3). The enzyme conformation is almost identical to structure
2 with a root mean square deviation of 0.14 Å when all of the
250 C� atoms are superimposed. The only significant struc-
tural difference is that His-11 shifts further toward 3-PGA by
about 0.5 Å so that the distance from the His-11 N�-2 atom
to the 3-PGA C-2 oxygen atom is 4.1 Å. The aluminum atom
is 2.1 Å from the N�-2 atom of His-11 and 2.0 Å from the
3-PGA C-2 oxygen atom. The axial bond lengths are almost
the same as in the pentavalent phosphorus intermediate of

FIGURE 1. A Fo � Fc electron density map (contoured at 3.5 �, purple cage)
at the active site when the side chain of His-11 and the ligand are omit-
ted. A (structure 1), co-crystallized with 2,3-BPG at 4 °C. B (structure 2),

co-crystallized with 2,3-BPG at 16 °C for less than 16 days. C (structure 3), only
3-PGA binding. D (structure 4), co-crystallized with 2,3-BPG at 16 °C for 17 days.
Extra Fo � Fc electron density (contoured at 3 �, blue cage) exists when two
water molecules and 3-PGA are modeled in. E (structure 5), co-crystallized with
AlF4

� and 3-PGA.
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�-phosphoglucomutase (28), although the structure of this
intermediate is still a matter of argument (29, 30).

DISCUSSION

Our structures depict clearly the binding modes of 2,3-
BPG and 3-PGA for the first time. In all of the BPGM com-
plex structures we obtained, only the 2�-phosphoryl group
was observed to access and donate the phosphoryl group to
His-11, whereas the 3�-phosphoryl group remained distant
(Fig. 4 and supplemental Figs. 1–3). Both 2�- and 3�-phos-
phoryl groups were tightly bound involving a number of
hydrogen bonds. In addition, there was insufficient space for
2,3-BPG to rotate within the active site. Thus it is unlikely
that both of the phosphoryl groups in 2,3-BPG could phos-
phorylate His-11, as proposed previously (3).
The above structures of the BPGM complex provide a series

of snapshots of the process of phosphoryl transfer between 2,3-
BPG and BPGM (Fig. 5A). These structures, for the first time,

provide direct evidence that His-11 phosphorylation occurs by
an in line partially associative mechanism. In the structure that
mimics the transition state (Fig. 1E, structure 5), the distance
between the nucleophile (His-11) and the leaving group is 4.1Å,
indicating the mechanism is 28% associative, approaching an
SN2 mechanism. The bond order here is similar to that
observed in the pentavalent phosphorus intermediate of
�-phosphoglucomutase (28).

In SN2 nucleophilic substitution, stretching and then
breaking of the bond to the leaving group occurred during
the transformation of the reactants into the products. How
could the distance between the nucleophile and the attacked
atom be shortened? The motion of the catalytic His-11 offers
the first glimpse. During the reaction, the backbone confor-
mational changes of residues 11–19 drove the imidazole ring
of His-11 to move back and forth, whereas 2,3-BPG and
3-PGA remained static with tight hydrogen binding (Fig.
5B). Besides, comparing BPGM structures 1 and 2 (Fig. 1, A

and B), although both of them
bind to 2,3-BPG, the conforma-
tions of the enzyme vary signifi-
cantly. This indicates that the con-
formation of the enzyme in the
substrate-bound state may differ
from that in the reacting state.
This is consistent with the idea
that enzymes not only provide the
reactive chemical group for catal-
ysis but also, through conforma-
tional rearrangements, play a
significant role in aligning the
reactive atoms perfectly for the
reaction (31).
In addition, comparison of the

series of structures presented here
shows the importance ofHis-188 and
Glu-89 in catalyzing the phosphoryl
transfer. Both these residues are

FIGURE 2. Stereo drawing of the superposition of BPGM (green) and BPGM complexed with 2,3-BPG
(purple). 2,3-BPG is shown as orange spheres. The residues showing significant conformational changes and
the N and C termini are labeled.

FIGURE 3. Identification of the mixed ligands in the equilibrated structure (Fig. 1B, structure 2). Ligands and the side chain of His-11 are shown with the
omitted Fo � Fc density map (blue cages) contoured at 3.5 �. It is also shown with the extra Fo - Fc electron density (red cages, contoured at 3.5 �) when different
ligands were added in the model used for refinement. A, only 3-PGA was added. B, only 2,3-BPG was added. Extra electron density was located between His-11
and 2,3-BPG. C, a phosphoryl group covalent bond with the N�-2 atom of His-11 to phosphorylate His-11 and 3-PGA was added. Extra electron density was
located between 3-PGA and the phosphorylation group. D and E, the density was thought to be a 3-PGA plus a pentavalent phosphorus intermediate. The
pentavalent phosphorus intermediate was finally refined at different locations in the two monomers. D, in monomer A. E, in monomer B. Some extra density
still exists. Considering the instability of the pentavalent phosphorus intermediate, this possibility was ruled out.
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FIGURE 4. Schematic of the interactions between the ligand and human BPGM with all interactions between the ligand and residues depicted as
dashed lines and labeled with the bond lengths (Å). A, interactions between 2,3-BPG and BPGM in the reacting state. B, interaction between 3-PGA and the
phosphorylated enzyme.
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strictly conserved within the BPGM/dPGM family. His-188
hydrogen bonds toHis-11, helping it to attain the correct position
in freeBPGM, and is involved in substrate binding in the complex.
This explains why the mutation of His-188 to Ala in yeast dPGM
results in a 1000-fold decrease in activity (32–34). On the other
hand, Glu-89 is not directly involved in 2,3-BPG binding in struc-
ture 1 (Fig. 1A). However, during the reaction (the equilibrated
structure), the carboxylate group of Glu-89 rotated about 90°,
forming a hydrogen bond with the leaving group, the C-2 oxygen
atom.This indicates thatGlu-89could act as aprotondonor to the
C-2oxygen, helping thephosphoryl group to leave.This is consist-
ent with the fact that the E89Q mutant has a slightly higher Km
value for 2,3-BPG but a kcat value less than 5% of that of wild type
(13).
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