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ABSTRACT:. Phosphoglucose isomerase (PGI; E.C. 5.3.1.9) catalyzes the second step in glycolysis, the
interconversion ob-glucose-6-phosphate amdfructose-6-phosphate. We determined the X-ray crystal
structure of rabbit PGl complexed with a competitive inhibitor of isomerase activity, 5-phaspho-
arabinonate (5PAA), at 1.9 A resolution. 5PAA is a better mimic of the propasednediol(ate)
intermediate than 6-phosphegluconate, which was used in a previously reported crystal structure of
rabbit PGI. The orientation of 5PAA bound in the enzyme active site predicts that active site residue
Glu357 is the residue that transfers a proton between C2 and C1 of the progiesattdiol(ate)
intermediate. Amino acid residues Arg272 and Lys210 are predicted to be involved in stabilizing the
negative charge of the intermediate.

Phosphoglucose isomerase (PGl; E.C. 5.3'k&alyzes acis-enediol(ate) intermediate with the double bond located
the interconversion ob-glucose-6-phosphate (G6P) and between C1 and C2. An enzymic base transfers a proton
p-fructose-6-phosphate (F6P). It is a key enzyme in gly- between C2 and C1 of the intermediate to form the open-
colysis and gluconeogenesis and is required by nearly all chain form of F6P.

organ_isms; exceptio_ns inc_lude some obligate intracellular  previous crystallographic studies of PGl include a partial
parasites such as Rickettsi).( structure of the pig enzymd.{, 12) and structures of PGl
Surprisingly, this cytosolic enzyme shares sequence iden-from Bacillus stearothermophilud 3) and rabbit 14). Two
tity to the extracellular cytokines and growth factors neu- additional structures of thB. stearothermophilugnzyme
roleukin (NL) (2, 3), autocrine motility factor (AMF) 4), were reported during the preparation of this manusctipi (
and differentiation and maturation mediator (DMMJ).( Of the three bacterial PGI structures, one contains no bound
Neuroleukin has been shown to promote the survival of someligand, and the other two contain bound inhibitors 5-phospho-
embryonic neurons and cause premature B cells to differenti- p-arabinonate (5PAA) or N-bromoacetylethanolamine phos-
ate into antibody secreting cells. AMF affects the motility phate. However, the bacterial PGI structures were determined
of tumor cells and may play a role in cancer metastasis andin the presence of 50 mM inorganic phosphate, a competitive
invasion @). DMM can cause the in vitro differentiation of inhibitor of isomerase catalytic activity. Since the inorganic
human myeloid leukemia HL-60 cells to terminal monocytic phosphate is likely to compete for the binding site of the
cells ). inhibitor’'s phosphate group, the orientation of the inhibitors
PGl is a dimer with 557 amino acids per subunit. Extensive in the crystal structures of the bacterial enzyme might not
characterization of PGl enzymatic activity has led to a representthe orientation of the opened form of the substrate
proposed multistep catalytic mechanism that involves generalG6P (or F6P) bound in the active site of the enzyme.
acid—base catalysi(-9). Since G6P exists predominantly The previously reported rabbit PGI structure also contained
in its cyclic form in solution L0), it is believed that the  a bound competitive inhibitor of isomerase catalytic activity,
enzyme first catalyzes opening of the hexose ring to yield 6-phosphm-gluconate (6PGA). Since the rabbit PGI struc-
the open chain form of G6P. The reaction proceeds throughture was determined in the absence of added inorganic
phosphate, the 6PGA inhibitor is likely to be bound with its
p . . _phosphate group in the correct position in the active site.
e i he comettive I o e omete ars ™ However, the other end of the 6PGA inhibitor differs from
deggrsoitewdhig r;hi cl;’rrrcétsepi)g n%aetﬁcgagﬁo%h tttwee laDd g;)edse; :59% seffery: the sulzstrates b)ecaluse it contains an t?]xtra oxyl?en atom bound
) . : ssed. L. -to C1 (Figure 1). Also, 6PGA is a rather weak competitive
cieff S%\%Js'ﬁf ﬂ?',,}ﬁ(',?g’ f;(t)ré:eHiCS;JéZO-.Q%-BlGS. FAX: 312-413-2691. inhibitor of the F6P isomerization catalyzed by rabbit PGI,
§ |nstitut de Chimie Moleulaire d’Orsay. with Kj = 43 uM [Kn, (F6P)= 100 uM] (16). Interactions
;Pﬁrl‘.eprfrllgfiﬁpoglgtcoor_sil iLsorr]r;eizlsee;kFi’nD_% '\;)K/Iotzii?f edrg;atigﬁgrlf;aﬁg/ﬁ observed between the C1 and C2 of the 6PGA inhibitor and
%uatc:ﬁation medi;tor; GPCA, é-phuosphlzglucyzonate;’5PAH, 5-phospho- the enzyme m_|ght not r_epresent the mteractlons_ between C.l
p-arabinonhydroxamate: 5PAA, 5-phospb@rabinonate; TIM, triose- ~ and C2 of the intermediate and the enzyme. While the rabbit
phosphate isomerase. PGI/6PGA complex structure is likely to represent the
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Table 1: Statistics for Data Collection and Refinement

H ‘00 OH
HO.__~ HO.__N ‘0O
OH data collection PGH 5PAA
HO HO HO HO
OH OH OH OH igﬁ%?rr?gr)]l;?ons A 223
OH OH OH OH a 82.83

CH,0P0Oz* CHo0PO4 CHo0POz* CHo0PO4* b 116.55
c 271.82
A B c D temperature®(C) —180
Ficure 1: Proposedcis-enediol(ate) intermediate and inhibitor resolution limit (A) 1.9
molecules mentioned in the text. YAhe 1,2¢is-enediol intermedi- observed reflections
ate; (B 6-phosphas-gluconate; (¢ 5PAH; (D) 5PAA. total 486 988
unique 95 997
correct binding of the phosphate end of the inhibitor/ fg&ﬂ'g;igiss (%) 59‘1"3 (99.8)
substrate, it is not clear which active site amino acid residues Rsym (% on Iy 0.035
are involved in promoting proton transfer between C2 and .
c1 refinement
Also, none of the structures reported so far have demon- gf;gg'ro(fg /:)a”ge A 281'91%'292%'97_1'90)
strated a reason for the enzyme’s strict specificity for the g __(o4)c 23.6 (27.4)
substrates G6P and F6P. Many phosphosugars, such as ordered water molecules 892
p-gluconate-6-phosphaté?), p-erythrose-4-phosphat#g), r.m.s. deviations from ideal geometry
and other phosphorylated compounds, serve as competitive Eggg Lelfglggio('&) 1040088
inhibitors of the reaction. However, other 6-carbon phos- averageB?actor ) 26.0

phosugars such asmannose-6-phosphate prgalactose- a ;
6-phosphate are not substrates for the reaction. It might be Th(_a numbers in parentheses correspond to the values for the last
p p : g resolution bin of datal Rsym= Z|I; — OVZl; R factor= X||Fo —

expected that a crystal structure containing a compound MOrer(|/s|Fo. © Ry is the equivalent of R factor, but it is calculated for
similar to the natural substrates than 6PGA would have 10% randomly chosen set of reflections that were omitted from the
additional interactions between the enzyme and the hydroxyl refinement process.
groups of the inhibitor that might play a role in enzyme
specificity. To better understand the catalytic mechanism an
substrate specificity of PGlI, it would be good to have a
structure of the enzyme with a good transition state mimic
that was not solved in the presence of inorganic phosphate
In addition, the highest resolution structures previously
reported for rabbit and. stearothermophilu$®GIl were

gset was processed with the programs DENZO and SCALE-
PACK (20).

RefinementkRefinement consisted of alternating rounds of
computational refinement using the CNS program package
(21) and manual fitting of the model to the electron density
maps using the program %). The initial model for
solved at 2.5 to 2.3 A resolution, respectively. We report refinement was the previously reported rabbit PGI structure

herein the X-ray crystal structure of rabbit PGI with bound (PDB entry lDQR’l.A'). after removal of all the water
5PAA inhibitor determined at 1.9 A resolution. molecules and the inhibitor molecule. Ten percent of the data

set was set aside to compiRg.. (23). Simulated annealing

was used to remove model bias. Data between 8 and 1.9 A

resolution were used in positional and individual B factor

Crystallization of PGI.Rabbit skeletal muscle PGl was efinement. The “peak picking” feature of CNS was used to
purchased from Sigma Chem. Co. The protein was desaltegSelect about 400 water molecule_s _for the structure based on
by ion exchange chromatography and concentrated as€'€ctron density maps with coefficientso — Fc|, together
described previouslyld). 5SPAH was prepared as described W|th_ criteria based on geometry and refined B-factors.
previously (L9). Crystals were grown by the hanging drop Addmonal waters \./verelplaced using the AR_PI_3 subprogram
vapor diffusion method at room temperature. The hanging In CCP4 @4). The inhibitor molecule was built into each of
drops contained an equal mixture of protein solution§15 Fhe two active sites in the PGl molecule. The f|.naI R factor
20 mg/mL PGI, 10 mM imidazole (pH 7.5), 50 mM KClI, 3 is 21.1 for all data from 8 to 1.9 A resolution with a free R
mM NaNs, and 5 mM 5PAH] and reservoir solution [0 factor of 23.6 (Table 1).
15% PEG 8000, 250 mM magnesium acetate, and 100 mM
sodium cacodylate (pH 6.5)]. The drops were allowed to RESULTS AND DISCUSSION
equilibrate with 1 mL of reservoir solution. The crystals were  The crystal structure of rabbit skeletal muscle PGl was
colorless hexagonal rods approximately 8.8.3 x 1.0 mn¥ solved at 1.9 A resolution with a bound competitive inhibitor
in size and with the symmetry of the orthorhombic space that mimics the proposets-enediol(ate) intermediate of the
groupC222 (a=82.83 A,b = 116.55 A,c = 271.82 A). isomerization reaction. The highest resolution structures
Data Collection and Structure Determinatidbiffraction previously solved for the rabbit PGl argl stearothermo-

data from a single crystal of the enzymiahibitor complex, philus PGI were determined at 2.5 A and 2.3 A resolution,
flash frozen at-180°C, were collected at the APS beamline respectively, so this new structure provides a clearer view
14C (BioCars) at Argonne National Laboratories using of the active site. The PGI/5PAA final model includes two
monochromatic X-rays. Immediately before data collection, PGI subunits, two bound inhibitor molecules, and 892 water
the crystal was soaked briefly in a stabilization solution molecules per asymmetric unit. Each subunit in the model
containing 20% PEG 8000, 250 mM magnesium acetate, 100contains residues 1 through 555; the two amino acids at the
mM sodium cacodylate (pH 6.5), and 5 mM 5PAH. The data C-terminus of each subunit were disordered.

MATERIALS AND METHODS



1562 Biochemistry, Vol. 40, No. 6, 2001 Jeffery et al.

The overall structure of the PGI protein in this model is some of the interactions between the inhibitor and the active
similar to that reported previously for rabbit PGI with bound site amino acid residues vary. The new interactions are due
6-phosphas-gluconate inhibitor 14), except for a small  to differences in the 6PGA and 5PAA molecules and to a
conformational change described below. The root-mean- conformational change in the enzyme. In addition, the use
square deviation of alpha carbon positions for the two rabbit of high-resolution X-ray diffraction data (1.9 A resolution)
PGl structures is 0.60 A. The two subunits in the asymmetric aided in the identification of additional ordered water
unit are arranged as a dimer. Each subunit is made up ofmolecules.
one large and one small/§ sandwich domain and has an Overall, the active site pocket contains many more
extended C-terminus containing two helices and a loop that hydrogen bonding interactions than previously described
extends across the surface of the other subunit in the dimer.(Figure 2, panel B). There is an extensive network of
The rms deviation of. carbon positions for the two subunits  hydrogen bonds between the inhibitor, active site amino

in the dimer is 0.33 A. acids, and ordered water molecules that fills the active site
Bound Inhibitor. A difference electron density map pocket.
calculated with the coefficient§o — Fc| and contoured at Conformational ChangeA comparison of the 6PGA and

2.0 o contains electron density corresponding to a bound 5PAA bound forms of the rabbit PGI enzyme identifies a
inhibitor molecule in each of the two identical substrate small conformational change on one side of the active site
binding pockets. These pockets correspond to the bindingpocket. The helix containing amino acid residues 513 to 522
site for 6PGA in the rabbit PGI structure reported previously. is shifted toward the inhibitor (Figure 3). This new position
The pockets are located between the takf sandwich brings Lys518 and Glu515 closer to the inhibitor. The side
domains of one subunit and at the interface between the twochain of Glu515 interacts with Water832, which forms
subunits and are composed of residues from both subunitshydrogen bonds witlDel of the inhibitor, the side chain of
of the dimer and from both domains of a subunit. For Lys518, and Water833. The side chain of Glu515 also makes
example, one active site includes amino acid residues 158,hydrogen bonds with Waters 838 and 247 in the active site
271, 159, 518, 272, 357, and 209 through 211 from subunit pocket. Water838 forms a hydrogen bond to Water860,
A and amino acid residue 388 from subunit B. which forms a hydrogen bond to Water833, which in turn
While the enzyme was crystallized in the presence of interacts with Water832 and the O3P of the inhibitor.
5PAH (Figure 1), a strong inhibitor of isomerase catalytic ~ The side chain of Lys518 interacts directly with O4 (2.9
activity (16), the shape of the electron density map suggestsA) and O5 (3.0 A) of the inhibitor. These distances were
a smaller compound is bound in each enzyme active site.4.9 and 6.6 A to the equivalent positions on the 6-phospho-
An electron density map contains clear and connected b-gluconate inhibitor (O5 and O6 of 6PGA, respectively).
electron density for all of the inhibitor molecule except for Lys518 also forms hydrogen bonds with Waters 836 and 832.
the hydroxyl group that is bound to the nitrogen atom in Water836 in turn forms hydrogen bonds with the side chains
5PAH (Figure 2, panel A). There is clear spherical density of Thr211 and Thr214. Water832 forms hydrogen bonds with
that is the appropriate size for an oxygen atom located nearthe inhibitor Oe1 (equivalent to the hydroxyl group on C2
the nitrogen atom of the inhibitor, but the position of the of the proposedis-enediol intermediate) and Water833,
density is such that an atom placed at the center of that spheravhich in turn forms a hydrogen bond to an oxygen on the
is too far away (2.5 A) from the nitrogen atom to make a phosphate group of the inhibitor (O3P).
covalent bond with the nitrogen. In the crystal structure of ~ Phosphate Binding Sitdhe phosphate group of the 5PAA
triosephosphate isomerase complexed with phosphoglycolo-inhibitor forms many of the same interactions with the
hydroxamateZ5), the C-N distance is 1.40 A. Furthermore, enzyme as seen with the 6PGA inhibitor, and there are some
ab initio calculations of the hydroxamate functionr{R(O")= additional interactions. The phosphate group of the inhibitor
N—OH] give a value of 1.40 A (work in progress). Instead forms hydrogen bonds with the side chains of Serl59,
of a covalently attached hydroxyl group, the density in the Ser209, Thr211, and Thr214, and with backbone amide
PGI/5PAH complex structure appears to be due to an orderedgroups from residues Lys210 and Thr211. The phosphate
water molecule forming a hydrogen bond to an oxygen in group also interacts with water molecules 817, 833, and 816.
the inhibitor, and it has been modeled as Water819. Water817 is in turn hydrogen bonded to the side chain of
The 5PAH inhibitor is likely to have been hydrolyzed Thr217, the amide nitrogen of Ile156, and the carbonyl
during the several weeks between setting up the crystalliza-oxygen of Ala208.
tion experiment and X-ray data collection. From the electron  The location of the phosphate atom in the binding site of
density map, it cannot be determined if the hydrolysis the rabbit PGI with 5SPAA structure was confirmed using an
resulted in replacement of the nitrogen atom with an oxygen electron density omit map calculated with coefficientgFaf
atom. Instead of the 5PAH molecule that was initially added — Fc| with the inhibitor molecules omitted and drawn with
to the crystallization solution, the bound compound appearsa 100 contour level (Figure 2, panel A). At this high contour
to be 5-phosphao-arabinonate (5PAA, Figure 1). Hydrolysis level, the electron density for the protein and most of the
of 5PAH to produce 5PAA has been reported previoussy. inhibitor is not visible, but the electron density surrounding
Like the original compound, 5PAH, 5PAA is also an the electron-rich phosphate atom is still visible as a sphere.

excellent inhibitor of the isomerase reaction (5PKH= 2 However, the orientation of the 5SPAA molecule in the active

x 1077, 5PAAK; = 2 x 1076 M) (19, 26) and mimic of the site of the rabbit PGl differs from the orientation of the 5PAA

proposed intermediate of the reaction. in a structure of theB. stearothermophilu®Gl reported
Interactions between the Inhibitor and the Enzyifiee during preparation of this paper. Chou and co-workers

5PAA inhibitor is bound in a similar orientation as the 6PGA reported two structures @. stearothermophilu®Gl with
inhibitor in the previously reported rabbit PGI structure, but bound competitive inhibitors 5SPAA anbl-bromoacetyl-
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FIGURE 2: Isomerase Active Site. (AElectron density maps. Part of an electron density map surrounding the 5PAA inhibitor and active
site amino acid residues R272 and E357 is shown. An electron density map was calculated with coeffig2€tts-dfc| and shown with

a 1o contour level (blue). An omit electron density map was prepared by leaving out the inhibitor molecule. The omit map was calculated
with coefficients of|Fo — Fc| and is shown with a 1@ contour level to indicate the position of the phosphate atom (purf®) (B)

Stereo diagram of the active site. A ball-and-stick diagram of the 5SPAA inhibitor is shown (dark green bonds) relative to essential amino
acid residues of the active site and ordered water molecules (purple). Hydrogen bond interactions are indicated by dashed lines. Amino
acids involved in binding the phosphate group are shown with orange bonds. Amino acids shown with light green bonds interact with
C2-OH, C3-0OH, or C4-OH (corresponding to substrate C3-OH, C4-OH, and C5-OH, respectively) and are likely to be involved in substrate
specificity and in positioning the C1 end of the substrate close to residue Glu357. Amino acids shown with dark blue bonds are likely to
be involved in proton transfer between C2 and C1 (Glu357), stabilization dafisfkenediol(ate) intermediate (Arg272, Gly271, Lys210),

or positioning of the catalytic Glu357 side chain (GIn353). This figure and Figure 3 were made using the program MOLSZERIPT (

ethanolamine phosphat&5). In the bacterial PG# bromo- other bacterial PGI structure. In the bacterial PGI structure,
acetylethanolamine phosphate structure, the phosphate grouthe phosphate group of the 5PAA inhibitor forms hydrogen
of the inhibitor was located in a similar position to the bonds with residues Gly201, Arg202, Glu285, and GIn413
phosphate group in the 5PAA or 6PGA inhibitors bound to (equivalent to residues Gly271, Arg272, Glu357, and GIn511
the rabbit PG, so that it forms hydrogen bonds with residues in rabbit PGI). One possible explanation for the two different
Ser140, Thr143, Glu417, and Lys420 (equivalent to Thr211, binding orientations for the inhibitors in the two bacterial
Thr214, Glu515, and Lys518, respectively, in rabbit PGI). PGI structures is that the bacterial enzyme was crystallized
However, in the structure of th&. stearothermophiluBGI in the presence of 50 mM inorganic phosphate. Inorganic
with bound 5PAA inhibitor, the inhibitor was found to be phosphate is a weak competitive inhibitor of the isomerase
turned around in the active site relative to the positioning of reaction Ki = 50 mM) (9). It is possible that inorganic
the 5PAA or 6PGA inhibitors in the rabbit PGI structures phosphate competed with the phosphate group of the 5SPAA
and the bromoacetylethanolamine phosphate inhibitor in theinhibitor for the phosphate binding site and thereby prevented
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Ficure 3: Stereo diagram of overlay of rabbit PGI with 5SPAA and rabbit PGl with 6PGA. dlvarbon atoms of residues 16850 of

the rabbit PGI structure with bound 6-phosphogluconate were superposed on the rabbit PGI structure with bound 5PAA, using the Isg_explicit
command in the program Q2). A portion of the active site of the overlayed structures is shown as a stereo diagram with theSPGA

structure in red and the PG 6PGA structure in blue. Most of the amino acids are from one subunit in the dimer, except for His388, which

is from the other subunit (indicated by the asterisk). Ball and stick models indicate the relative positions of several active site amino acid
residues. The helix containing residues 513 to 522 is shown ascarbon trace to indicate the portion of the helix that has changed
position. Most of the active site residues overlay quite closely. Exceptions include K518 and E515, which are in the helix that moved closer
to the inhibitor. (OE1 and OEZ2 of the inhibitor correspond tedl@nd Q2 in the text.)

the 5PAA inhibitor from binding in the correct orientation biochemically. Its catalysis is believed to involve general
in the crystal structure of the bacterial PGI. acid/base catalysis with proton transfer via a di®2-
Because of the considerable binding energy provided by enediol(ate) intermediaté,(7). In a proposed mechanism,
the many interactions between the phosphate group of thethe cyclic form ofb-glucose-6-phosphate first binds to the
5PAA and 6PGA inhibitors in the rabbit structures (here and active site. An acidic amino acid side chain from the enzyme
in ref 14), which were determined in the absence of added protonates the ring oxygen and a basic side chain depro-
inorganic phosphate, it is likely that the position of the tonates the hydroxyl group at C1, promoting an electron shift
phosphate group in the two crystal structures for the rabbit that opens the ring. An enzymic base abstracts the C2 proton,
enzyme represent the binding orientation of the phosphateand a double bond is formed between C1 and C2, yielding
group of the substrate in the enzyme active site. the cis-enediol(ate) intermediate. Then the enzymic base
Substrate SpecificityThe hydroxyl groups bound to C2, transfers the same proton back to the intermediate at C1,
C3, and C4 of 5PAA (equivalent to the C3, C4, and C5 and concurrent electron shifts result in the loss of a proton
positions of G6P) also make several interactions with the from the oxygen at C2 and the gain of a proton by the oxygen
enzyme. OH2 forms hydrogen bonds to the carbonyl oxygen at C1 of the substrate, resulting in the formation of the open-
of His388 and the amide nitrogen of Gly158. OH3 forms chain form of the product-fructose-6-phosphate. The cyclic
hydrogen bonds to the amide nitrogen of Gly158 and form of p-fructose-6-phosphate can then be formed by
Water816. Water816 in turn forms hydrogen bonds to the transfer of a pair of electrons from the incipient ring oxygen
inhibitor phosphate group and to two other water molecules to C2. Upon formation of this bond, the ketose oxygen
in the hydrogen bonding network. OH4 forms hydrogen accepts a proton from the protonated basic side chain.
bonds with the side chains of His388 and Lys518. OH5 also  pH profile experiments suggest that groups wiky'p of
forms a hydrogen bond with the side chain of Lys518. 6.7 and 9.4, possibly a histidine and a lysine, are candidates
These additional interactions between the enzyme and thefor catalytic residuesd). In addition, chemical modification
inhibitor help explain the enzyme’s strict specificity for studies have also predicted that a histidig@) (and lysine
glucose-6-phosphate and fructose-6-phosphate. While it(28) as well as glutamate2@), and arginine 30) residues
appears that the numerous interactions between the phosphatare involved in the reaction. When the structure of rabbit
group and the enzyme provide a firm anchor for binding PGl was determined with bound 6PGA, the presence of
one end of the substrate molecule to the enzyme, it is possibleHis388 and Lys518 in the active site pocket suggested that
that additional interactions between the enzyme and thethey would be good candidates for amino acid residues that
hydroxyl groups on the C3, C4, and C5 positions of the promote transfer of a proton from C2 to C1. In the PGI with
substrate help to position carefully C1 and C2 near the 6-phosphoe-gluconate structure, the C1 and C2 positions
enzyme'’s catalytic residue(s). It is possible that the hydroxyl of the inhibitor were not located close to these two residues,
groups on other six-carbon sugars would not be in the correctbut a possible explanation was presented that the true
positions to interact with the amino acid residues in the substrate could bind in a bent conformation to bring C1 and
correct orientations, so the C1 and C2 positions of these otherC2 closer to His388 and Lys518. However, in light of the
sugars would not be correctly positioned relative to the new rabbit PGI structure containing 5PAA, a compound
catalytic residues. somewhat closer to the structure of the proposesl
Mechanism of Reactioince 5PAA is likely to be a better  enediol(ate) intermediate, it appears that this model should
mimic of the cis-enediol(ate) intermediate than 6PGA, the be revisited with the possibility that other residues could also
interactions between 5PAA provide a better indication of be involved in the transfer of a proton from C2 to C1. His388
the interactions between the G6P substrate and the enzymeand Lys518 could have other roles in the interaction with
Phosphoglucose isomerase has been extensively characterizatie substrate, such as in catalyzing ring opening. In Figure
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Ficure 4: Proposed role of Glu357 in catalytic mechanism of PGI. First, His388 and Lys518 catalyze ring opening to yield the open chain
form of p-glucose-6-phosphate. Lys518 protonates the ring oxygen, while His388 abstracts a proton from the hydroxyl group on C1. Then,
the side chain of Glu357 abstracts a proton from the C2 position of the open chain form of the substrate, resultinig-entuiol(ate)
intermediate. The protonated Glu357 side chain then transfers the same proton to the C-1 position of the intermediate, yielding the open
chain form ofp-fructose-6-phosphate. Arg272 helps stabilize the charged transition state.

2, panel B, these two residues are interacting with the intermediate at C1 to yield the open chain form of F6P. A
hydroxyl on C4 of the inhibitor, which would correspond to reversal of the ring opening step results in formation of the
the ring-oxygen of the cyclic form of the substrate (or to cyclic form of F6P.
the hydroxyl on C5 of the linear form of the substrate). A database search and sequence alignment using the
Possible Catalytic Residueshe 5PAA-C1 corresponds  program BLAST 81) found 129 phosphoglucose isomerase
to C2 of thecis-enediol(ate) intermediate. Because of the sequences. Glu357, Arg272, His388, and Lys518 were
symmetry of the carboxylate group and some differences completely conserved in all the sequences.
between the compound in the active site and the proposed The mechanism presented in Figure 4 for PGl is similar
cis-enediol(ate) intermediate, there is the possibility that the to the catalytic mechanism proposed for triosephosphate
5PAA Oel or Ge2 could be in the position of C1 (Figure 2, isomerase (TIM). Both mechanisms involve a glutamate
panel C). This would suggest that Water819 or Water719 amino acid residue (Glu165 in TIM) that transfers a proton
would approximate the position of the hydroxyl group at from C2 to C1 of the substrate to formcis-enediol(ate)
G6P-C1, respectively. Water719 is located 2.6 A froelO  intermediate 32, 33). Also, PGI Arg272 is located where it
and also forms a hydrogen bond to water 822 (2.8 A). can provide a positive charge to help stabilize the negative

Water822 also forms a hydrogen bond to Lys210(R.8 charges of the enediol(ate) intermediate, which is the role
A). Neither of these would serve as good candidates to of a similarly positioned Lys12 in TIM.
transfer the proton from C2 to C1 during catalysis. The mechanism presented here differs significantly from

In contrast, if the 5SPAA-@2 represents the C1 of the a mechanism proposed based on the structui stearo-
intermediate, then a candidate for an enzymic functional thermophilusPGl (15). In that mechanism, Lys420 (equiva-
group to transfer the proton would be the side chain of lent to Lys518 in rabbit PGI) is proposed to act as a general
Glu357 (Figure 4). @L of Glu357 is 2.5 A from the 5PAA  base to catalyze ring opening. His306 (equivalent to His388)
atom corresponding to C1 of the intermediate. It is also 3.2 transfers a proton from C2 to C1 of the substrate to form
A from the 5PAA atom corresponding to C2. The side chain the cis-enediol(ate) intermediate, while Glu285 (equivalent
of Arg272 and the backbone nitrogens of Arg272 and Gly271 to Glu357) protonates the C1 carbonyl oxygen. In addition,
are in position to help stabilize the negative charge of the Arg202 (equivalent to Arg272) stabilizes the negative charge
intermediate. on Glu285, while Lys420 helps stabilizes ttis-enediol(ate)

On the basis of the results from the rabbit PGI/SPAA intermediate. While the equivalent Lys, Glu, His, and Arg
complex crystal structure, we propose the following catalytic amino acid residues play important roles in both proposed
mechanism for PGI: In the first step, G6P binds to the mechanisms, the role of each amino acid differs in the two
enzyme active site with its phosphate group interacting with mechanisms. Most notably, the role of transferring the proton
Ser209, Ser159, Thr211, and Thr214. Lys518 protonates theffom C2 to C1 was assigned by Chou and co-workers to
ring oxygen and His388 accepts a proton from the hydroxyl His306, but in our mechanism, that role is assigned to
group on C1 to catalyze opening of the hexose ring. Glu357. As described above, this is due to a different
Interactions between the hydroxyl groups at C3, C4, and C5orientation of binding of the SPAA inhibitor in the two
of the open chain form of the substrate with His388, Gly158, structures, which probably results from the presence of
and Lys518 and a network of ordered water molecules held phosphate in the crystallization conditions for the bacterial
in position by other conserved active site amino acid residuesénzyme.
help position C1 and C2 near Glu357. Glu357 accepts a SummaryThe crystal structure of mammalian PGI with
proton from C2 of the substrate, and accompanying electronbound 5PAA inhibitor has been solved at 1.9 A. The
shifts result in the formation of theis-enediol(ate) inter-  orientation of the inhibitor in the active site pocket is in
mediate. Theis-enediol(ate) intermediate is stabilized in part agreement with a previous structure of rabbit PGI with bound
by the side chain of Arg272. Glu357 then protonates the 6PGA in that the phosphate group interacts with Ser159,
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Ser209, Thr211, Thr214, and Lys210. The new structure 14.
predicts that amino acid residue Glu357 transfers a proton
between C2 and C1 of the substrate during catalysis. Lys518 1°:

and His388 are likely to be involved catalyzing ring opening
to provide the open chain form of the substrate. The 5PAA
inhibitor in the new structure makes many additional

tions are likely to be responsible for the enzyme’s strict
substrate specificity.
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