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ABSTRACT: Phosphoglucose isomerase (PGI, EC 5.3.1.9) catalyzes the interconversion ofD-glucose
6-phosphate (G6P) andD-fructose 6-phosphate (F6P) and plays important roles in glycolysis and
gluconeogenesis. Biochemical characterization of the enzyme has led to a proposed multistep catalytic
mechanism. First, the enzyme catalyzes ring opening to yield the open chain form of the substrate. Then
isomerization proceeds via proton transfer between C2 and C1 of acis-enediol(ate) intermediate to yield
the open chain form of the product. Catalysis proceeds in both the G6P to F6P and F6P to G6P directions,
so both G6P and F6P are substrates. X-ray crystal structure analysis of rabbit and bacterial PGI has
previously identified the location of the enzyme active site, and a recent crystal structure of rabbit PGI
identified Glu357 as a candidate functional group for transferring the proton. However, it was not clear
which active site amino acid residues catalyze the ring opening step. In this paper, we report the X-ray
crystal structure of rabbit PGI complexed with the cyclic form of its substrate,D-fructose 6-phosphate, at
2.1 Å resolution. The location of the substrate relative to the side chains of His388 suggest that His388
promotes ring opening by protonating the ring oxygen. Glu216 helps to position His388, and a water
molecule that is held in position by Lys518 and Thr214 accepts a proton from the hydroxyl group at C2.
Comparison to a structure of rabbit PGI with 5PAA bound indicates that ring opening is followed by loss
of the protonated water molecule and conformational changes in the substrate and the protein so that a
helix containing amino acids 513-520 moves in toward the substrate to form additional hydrogen bonds
with the substrate.

Phosphoglucose isomerase (PGI,1 EC 5.3.1.9) catalyzes
the interconversion ofD-glucose 6-phosphate (G6P) and
D-fructose 6-phosphate (F6P). This reaction is the second
step in glycolysis and is also important in gluconeogenesis
and the glycosylation of proteins.

Although PGI is a cytosolic glycolytic enzyme, its DNA
sequence also encodes three extracellular cytokines and
growth factors: neuroleukin (NL) (1, 2), autocrine motility
factor (AMF) (3, 4), and differentiation and maturation medi-
ator (DMM) (5). Neuroleukin stimulates antibody secretion
by mononuclear blood cells and fosters the survival of
embryonic spinal neurons in vitro (6, 7). AMF is being
studied for a possible role in cancer metastasis because it
promotes an increase in tumor cell motility in vitro. DMM
causes differentiation of human myelogenous leukemia cells
(8) and a human promyelocytic cell line (HL-60 cells) (9,
10) to terminal monocytic cells. While it is not clear if there
is any difference between PGI and the three cytokines in
vivo, such as a posttranslational modification, it has been

demonstrated that purified PGI causes the same changes in
tumor cell motility and leukemia cell differentiation as AMF
or DMM.

PGI enzymatic activity was first described by Lohmann
in 1933 (11). Subsequent studies of PGI by several labora-
tories resulted in extensive biochemical characterization of
the enzyme. A proposed multistep catalytic mechanism
involves general acid/base catalysis with proton transfer
(12-15). The reaction proceeds readily in both the forward
(G6P to F6P) and reverse (F6P to G6P) directions in vitro.
Since G6P and F6P exist predominantly in their cyclic forms
in solution (16), it is believed that the cyclic form of the
substrate binds to the enzyme, and active site amino acid
residues catalyze opening of the hexose ring to produce the
open chain form of the substrate (17). In the forward reaction,
abstraction of a proton from C2 then yields the proposed a
1,2-cis-enediol(ate) intermediate. Donation of a proton back
to the intermediate on C1 results in formation of the open
chain form of F6P.

Several previously reported PGI crystal structures con-
tained competitive inhibitors of isomerase catalytic activity
bound in the active site. Crystal structures of rabbit PGI
contained 6-phospho-D-gluconate (6PGA) (18) or 5-phospho-
D-arabinonate (5PAA) (19). Bacillus stearothermophilusPGI
structures contained 5PAA orN-(bromoacetyl)ethanolamine
phosphate in the active site (20). N-(bromoacetyl)ethanol-
amine phosphate is a linear molecule that forms a covalent
bond with a histidine in the PGI active site. 6PGA and 5PAA
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are similar to the open chain form of the substrate, and 5PAA
resembles thecis-enediol(ate) intermediate. In fact, the rabbit
PGI/5PAA complex crystal structure identified Glu357 as
the amino acid residue that transfers a proton during the
isomerization step of the catalytic mechanism. However,
none of the crystal structures identified the mechanism by
which the enzyme catalyzes the ring opening step of the
reaction. To identify the active site amino acid residues
involved in the ring opening step of catalysis, it would be
helpful to have a structure of PGI with the cyclic form of a
competitive inhibitor or substrate bound in the active site.
We report herein the X-ray crystal structure of rabbit PGI
with the cyclic form ofD-fructose 6-phosphate bound in the
active site. The PGI/F6P complex crystal structure was
determined at 2.1 Å resolution.

EXPERIMENTAL PROCEDURES

Cocrystallization of PGI with G6P.Rabbit skeletal muscle
PGI was purchased from Sigma Chemical Co. The protein
was desalted by ion-exchange chromatography and concen-
trated as described previously (18). Crystals were grown by
the hanging drop vapor diffusion method at room tempera-
ture. The hanging drops contained an equal mixture of protein
solution [18-20 mg/mL PGI, 5 mMD-glucose 6-phosphate,
10 mM imidazole (pH 7.5), and 50 mM KCl] and reservoir
solution [14.5% PEG 8000, 250 mM magnesium acetate, and
100 mM sodium cacodylate (pH 6.5)]. The drops were
allowed to equilibrate with 1 mL of reservoir solution. The
crystals grew as colorless hexagonal rods.

Data Collection.A diffraction data set from a single crystal
of PGI complexed with F6P was collected at the APS
beamline 14C (BioCARS) at Argonne National Laboratories
using monochromatic X-rays. The crystal was approximately
0.2 × 0.3 × 0.4 mm3 in size and had the symmetry of the
orthorhombic space groupC2221 (a ) 82.44 Å,b ) 119.43
Å, c ) 272.14 Å). Immediately before data collection, the
crystal was soaked briefly in a stabilization solution contain-
ing 16% PEG 8000, 250 mM magnesium acetate, 100 mM
sodium cacodylate (pH 6.5), 5 mM glucose 6-phosphate, and
20% glycerol, and the crystal was flash frozen at-180 °C.
The data set was processed with the programs DENZO and
SCALEPACK (21).

Structure Refinement.Refinement consisted of alternating
rounds of computational refinement using the CNS program
package (22) and manual fitting of the model to electron
density maps using the program O (23). The initial model
for refinement was a previously reported rabbit PGI structure
[PDB entry 1DQR (18)] from which all of the water
molecules and the inhibitor molecule were removed. Ten
percent of the data set was set aside to computeRfree (24).
Simulated annealing was used to remove model bias. Data
between 30 and 2.1 Å resolution were used in positional and
B factor refinement with a bulk solvent correction applied.
During each round of refinement, the CNS program package
was used to suggest potential water molecules using electron
density maps with coefficients of|Fo - Fc|. Water molecules
were then added to the model on the basis of those electron
density maps, geometry, and refinedB factors. During the
final rounds of refinement, aD-fructose 6-phosphate molecule
was built into each of the two active sites in the PGI
molecule. Stereochemistry of the model was checked with

the programs CNS and PROCHECK (25). The finalR factor
is 19.3 for all data from 30 to 2.1 Å resolution with a free
R factor of 23.4 (Table 1).

RESULTS AND DISCUSSION

The crystal structure of PGI with a bound substrate,
fructose 6-phosphate, has been solved at 2.1 Å resolution
by X-ray crystallography. The asymmetric unit contains one
homodimer of PGI, and the dimer is similar to the two other
reported structures of rabbit PGI (18, 19). The root-mean-
square deviation inR carbon positions is 0.53 Å when
compared to the PGI/6PGA structure and 0.52 Å when
compared to the PGI/PAA structure. Each subunit contains
two R/â sandwich domains and a C-terminal region that
extends around the other subunit in the dimer. Each subunit
is made up of 557 amino acid residues, but the two
C-terminal amino acid residues are disordered and have not
been included in the final model. The two subunits are similar
to each other, with a root-mean-square deviation inR carbon
positions of only 0.37 Å. The final model also includes 868
water molecules per asymmetric unit.

Substrate Binding.A simulated annealing omit map
calculated with the coefficients|2Fo - Fc| and contoured at
1.5σ contains electron density for a bound fructose 6-phos-
phate molecule in each substrate binding pocket (Figure 1).
These binding sites correspond to the binding sites for 5PAA
and 6PGA in the PGI/5PAA and PGI/6PGA crystal struc-
tures. Each binding pocket is composed mainly of amino
acids from one subunit, with a few amino acid residues,
including His388, contributed from the other subunit in the
dimer.

In each active site, the shape of the electron density for
the ligand is clearly pentagonal in shape, which is consistent
with the ligand beingD-fructose 6-phosphate, and not hex-
agonal, which would be consistent with a boundD-glucose
6-phosphate molecule. Attempts to fitD-glucose 6-phosphate

Table 1: Statistics for Data Collection and Refinementa

data collection
space group C2221

cell dimensions (Å)
a 82.44
b 119.43
c 272.14

temperature (°C) -180
resolution range (Å) 30-2.1 (2.18-2.10)
observed reflections

total 315852 (31147)
unique 77413 (7640)

completeness (%) 98.6 (98.3)
redundancy 4.08 (4.08)
Rsym (% on I) 0.049 (0.346)

refinement
resolution range (Å) 30-2.1
R factor (%) 19.3
Rfree (%) 23.4
ordered water molecules 868
rmsd from ideal geometry

bond lengths (Å) 0.007
bond angles (deg) 1.290

averageB factor (Å2) 35.1
a Rsym ) ∑|Ii - 〈I〉|/∑Ii. R factor ) ∑|Fo - Fc|/∑Fo. Rfree is the

equivalent ofR factor, but it is calculated for a 10% randomly chosen
set of reflections that were omitted from the refinement process. The
numbers in parentheses refer to the last shell of data.
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into the electron density maps were not successful. Appar-
ently, the substrate added to the cocrystalization solutions,
G6P, was converted to product, F6P, which is the substrate
for the reverse reaction. Bulges in the electron density at
three of the vertices of the pentagon correspond to the sugar
hydroxyl groups. The lack of a bulge at one vertex indicates
the position of the ring oxygen, which also aided in the
orientation of the ring in the active site. The shape of the

electron density corresponding to the substrate C1 and C2
hydroxyl groups indicates that the bound substrate is theâ
anomer ofD-fructose 6-phosphate. The side chain of Glu357
forms hydrogen bonds with the C1 and C3 hydroxyl groups
and appears to play a role in specificity for theâ anomer.

F6P is oriented in each active site so that the phosphate
group forms hydrogen bonds with the side chains and
backbone amide and carbonyl groups from several active

FIGURE 1: PGI active site with bound F6P. (A) Electron density map of the active site. Part of an electron density map surrounding the
bound F6P substrate and active site amino acid residues His388, Lys518, Arg272, Glu216, Glu357, and water 389 is shown in stereo. The
electron density map (gray) was calculated with coefficients of|2Fo - Fc| and shown with a 1.5σ contour level. Panels A and B of this
figure and Figures 2 and 3A were made using the program BOBSCRIPT (31). (B) Hydrogen bond interactions with the substrate. A
ball-and-stick diagram of F6P is shown (green) relative to several active site residues, including His388, Lys518, and Thr214 (dark gray),
and ordered water molecules (purple). Hydrogen-bonding interactions are indicated by dashed lines. A simulated annealing omit electron
density map (gray) was calculated by leaving out the F6P. The electron density map is shown with a 1.5σ contour level.
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site amino acid residues and with ordered water molecules.
The interactions between F6P and the enzyme are similar to
the interactions reported previously between rabbit PGI and
the competitive inhibitors 6PGA and 5PAA (Figure 1B) (18,
19). The phosphate group of F6P forms hydrogen bonds with
the side chains of Thr214, Ser209, Ser159, and Thr211 and
the backbone amide groups from residues Lys210 and
Thr211. Water molecules 510 and 233 also interact with the
F6P phosphate group. In addition, water 510 forms hydrogen
bonds with the side chain of Thr217, the carbonyl oxygen
of Ala208, and the amide group of Ile156.

The hydroxyl groups at the C3 and C4 positions of F6P
also form interactions with the enzyme. OH3 forms hydrogen
bonds to the side chain of Glu357 and two ordered water
molecules, water 163 and water 384. Water 163 forms
hydrogen bonds with the backbone amide nitrogen and side
chain of Arg272 and the side chain of Glu357. Water 384
forms a hydrogen bond with water 185 and water 532. (Water
532 also makes hydrogen bonds with the substrate O2
hydroxyl group, O6, and the phosphoryl group.) The hy-
droxyl group on OH4 forms hydrogen bonds with water 233
and the backbone nitrogen of Gly158.

A comparison of the active sites of the PGI/F6P and PGI/
5PAA complex structures revealed that, while most of the
atoms of the ligand are in similar positions relative to the
protein, there is a significant difference in the positions of
C1 and OH1 (Figure 2). There is a rotation of approximately
140° around the substrate C3-C4 bond (corresponding to
the C2-C3 bond in the 5PAA inhibitor). As a result, the
C1 and OH1 of 5PAA are located on the other side of
Asp357, nearer to the side chain of Arg272.

A comparison of the protein conformation in the rabbit
PGI/5PAA, PGI/6PGA, and PGI/F6P complex structures
reveals that the PGI/F6P structure is still in the “open”
conformation as was seen in the structure of the PGI/6PGA
complex. PGI with the cyclic form of F6P bound cannot shift
to the closed conformation because movement of the helix
containing residues 513-520 toward the substrate would
result in steric clash between Val514 and both the substrate
C1 and the hydroxyl group on C1. After superposition of

the PGI/5PAA and the PGI/F6P structures with the program
O (23) usingR carbons from residues 100-400, the distance
between the Val514 CG1 and the F6P C1 is only 1.2 Å and
the distance between the Val514 CG1 and the F6P O1 is
1.7 Å (Figure 2). Also important, in the closed conformation,
Lys518 interacts directly with the substrate OH5 and O6
(corresponding to OH4 and O5 in the PGI/5PAA complex).
In this new position, Lys518 probably helps to position the
substrate correctly for the subsequent isomerization step. If
the helix moved upon substrate binding, water 389 would
not be available to accept a proton from the C2 hydroxyl
group, as described below in the proposed ring opening
mechanism. It is only after the conformational change in the
substrate and the loss of water 389 that the helix containing
residues 513-520 can move in toward the substrate. In
contrast to the model we presented previously based on only
the PGI/6PGA and PGI/5PAA structures (19), in our new
model it is only after the ring opening step that the helix
containing amino acids 513-520 moves; this shift is not
concurrent with substrate binding.

Mechanism of Reaction.Extensive biochemical charac-
terization of PGI has led to a proposed multistep reaction
mechanism that involves general acid/base catalysis with
proton transfer. In the forward reaction, the cyclic form of
G6P binds to the active site, and the enzyme first catalyzes
ring opening to yield the open chain form of G6P. The ring
opening step is followed by an isomerization step involving
proton transfer between C2 and C1 that yields the open chain
form of the product, F6P. In the reverse reaction, the enzyme
catalyzes ring opening of F6P, and proton transfer proceeds
from C1 to C2 to yield G6P.

Analysis of a previously reported rabbit PGI/5PAA
structure identified Glu357 as a candidate for the residue
that transfers a proton between C1 and C2 of the intermediate
during catalysis, and Arg272 was proposed to be involved
in stabilization of the 1,2-cis-enediol(ate) intermediate (19).
However, none of the previously reported structures identi-
fied the residues involved in the ring opening step. The new
structure with F6P bound in its cyclic form enables us to
identify the residues that are in positions where they could

FIGURE 2: Superposition of the active sites of the rabbit PGI/5PAA complex (blue) and the PGI/F6P complex (green). A significant difference
in the interaction of the ligands with PGI is that the C1 hydroxyl group of 5PAA is located farther from Val514 and closer to Arg272. The
helix containing amino acids 513-520 (shown as anR carbon trace) moves in toward the substrate. Without the conformational change in
the substrate, Val514 would be too close to the substrate C1 hydroxyl group to allow movement of the helix. Water 389 is absent from the
PGI/5PAA structure, and instead Lys518 interacts directly with the substrate.
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catalyze ring opening. In the new PGI/F6P complex structure,
His388 and Lys518 are the closest amino acids to the F6P
ring oxygen and the hydroxyl group on C2 (Figure 3A). The
side chain nitrogen (Nδ1) of His388 is 2.9 Å from the F6P
ring oxygen. Glu216 helps to position the side chain of
His388. Theε nitrogen of Lys518 is 4.2 Å from OH2. Water
389 is located between theε nitrogen of Lys518 and the C2
hydroxyl group of the substrate (2.7 and 2.2 Å, respectively).
Water 389 also forms a hydrogen bond with the side chain
hydroxyl group of Thr214.

On the basis of the PGI/F6P complex crystal structure,
we propose the following mechanism for the ring opening
step (Figure 3B): After the cyclic form of F6P binds to the
PGI active site, protonation of the ring oxygen by His388

provides a driving force that promotes an electron shift
resulting in opening of the hexose ring. During the ring
opening step, the proton on the hydroxyl group at C2 must
be removed. It could possibly be transferred to the bulk
solvent, but it is more likely transferred to water 389. The
hydroxyl group on Thr214 also interacts with one of the
negatively charged oxygens on the substrate phosphoryl
group, and the proton on the Thr214 hydroxyl group will be
located between the Thr214 side chain oxygen and the
phosphate oxygen. A lone pair of electrons on the Thr214
side chain oxygen will be oriented toward water 389, so one
proton of water 389 will be located between the water 389
oxygen and the Thr214 side chain oxygen. The lone pairs
of water 389 will be oriented toward the substrate C2

FIGURE 3: Proposed mechanism for the ring opening step. (A) Stereo diagram of the PGI active site indicating key interactions in the ring
opening step. Hydrogen bonds between the cyclic form of F6P and active site amino acid residues His388, Lys518, and Thr214 and water
389 are shown as dashed lines. (B) Schematic diagram of the mechanism of the proposed ring opening step and subsequent conformational
changes. His388 protonates the ring oxygen ofD-fructose 6-phosphate to catalyze the ring opening step and yield the open chain form of
D-fructose 6-phosphate. Water 389 accepts the proton from the C2 hydroxyl group. Removal of water 389 and a conformational change in
the substrate allow the helix-containing amino acid residues Lys518 and Val514 to move closer to the substrate. In its new conformation,
the substrate C1 and C2 are closer to Glu357 and Arg272, which have previously been proposed to be involved in the isomerization step.
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hydroxyl group and the side chain of Lys518. Water 389
can thus accept the proton from O2 to become a hydronium
ion. Alternatively, water 389 could be a hydroxide anion that
is stabilized by hydrogen bonding to Lys518, Thr214, and
the C2 hydroxyl group (Figure 3B). After accepting a proton
from the substrate, the resulting hydronium ion or water
molecule would be lost to solvent. The removal of water
389 is important for the protein conformational change that
follows the ring opening step.

The ring opening mechanism is also included in a
schematic diagram of our proposed PGI multistep catalytic
mechanism (Figure 4). After the ring opening step and con-
formational changes in the protein and substrate as described
above, the isomerization step can proceed as previously pro-
posed: Glu357 abstracts a proton from C1 of the substrate,
and electron shifts result in the formation of a double bond
between C1 and C2, yielding thecis-enediol(ate) intermedi-
ate. Glu357 then transfers the same proton back to thecis-
enediol(ate) intermediate at C2. The cyclic form of G6P can
then be formed by a reversal of the ring opening step, except
that a bond is formed between O5 and C1 instead of C2. A
water molecule from the solvent would bind between Lys518
and the substrate and donate a proton to the substrate

aldehyde oxygen, and His388 would accept the proton from
the C5 hydroxyl group.

This mechanism is consistent with previously reported
biochemical characterization of the enzyme, including pH
profile and chemical modification experiments. The results
of pH profile experiments suggested functional groups with
pKa’s of 6.7 and 9.4, possibly a histidine and a lysine, are
involved in catalysis (13, 26, 27). The results of chemical
modification studies have suggested that histidine (28), lysine
(29), and glutamate (30) residues are involved in the reaction.
In addition, His388, Lys518, and Glu357 were found to be
strictly conserved in 127 phosphoglucose isomerase se-
quences (19).

CONCLUSIONS

A 2.1 Å resolution structure of PGI complexed with bound
fructose 6-phosphate substrate has been determined. The
fructose 6-phosphate substrate is found bound to the active
site in its cyclic form, and consistent with previously reported
structures of rabbit PGI with bound 6PGA or 5PAA, it is
oriented so that its phosphate group interacts with Thr211,
Thr214, Ser159, Ser209, and Lys210. The structure with
bound F6P predicts that His388 catalyzes the ring opening

FIGURE 4: Proposed roles for active site amino acid residues in the multistep catalytic mechanism for phosphoglucose isomerase. A schematic
diagram of the ring opening, isomerization, and ring closing steps is shown. The substrate and intermediates are shown in red. Amino acids
involved in the ring opening step are shown in green, and amino acids involved in the isomerization step are shown in blue. The ring
closing step is proposed to be the reverse of the ring opening step, except that a bond is formed between O5 and C1 instead of C2.
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step of the proposed multistep catalytic mechanism. Com-
parison with the previously reported PGI/5PAA structure
indicates that the helix containing residues 513-520 moves
in toward the substrate after the ring opening step and before
the isomerization step. This movement is made possible by
the loss of water 389 and a conformational change in the
substrate.
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