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Crystal Structure of Rabbit Phosphoglucose Isomerase, a Glycolytic Enzyme That
Moonlights as Neuroleukin, Autocrine Motility Factor, and Differentiation
Mediator *
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ABSTRACT: The multifunctional protein phosphoglucose isomerase, also known as neuroleukin, autocrine
motility factor, and differentiation and maturation mediator, has different roles inside and outside the
cell. In the cytoplasm, it catalyzes the second step in glycolysis. Outside the cell, it serves as a nerve
growth factor and cytokine. We have determined the three-dimensional structure of rabbit muscle
phosphoglucose isomerase complexed with the competitive inhibighuconate 6-phosphate by X-ray
crystallography at 2.5 A resolution. The structure shows that the enzyme is a dimer wit{3sandwich
domains in each subunit. The location of the bourdluconate 6-phosphate inhibitor leads to the
identification of residues involved in substrate specificity (Ser209, Ser159, Thr214, Thr217, and Thr211).
The results of previously published kinetic studies suggest that a lysine and a histidine are involved in the
catalytic mechanism. The crystal structure suggests active site residues Lys518 and His388 might be
these residues. In addition, the positions of amino acid residues that are substituted in the genetic disease
nonspherocytic hemolytic anemia suggest how these substitutions can result in altered catalysis or protein
stability.

Phosphoglucose isomerase (P&C 5.3.1.9) is a cytosolic  of the substrates. Glucose 6-phosphate and fructose 6-phos-
enzyme that catalyzes the interconversion oefjlucose phate then undergo isomerization via formation ofis
6-phosphate anotHfructose 6-phosphate, an essential reaction enediol intermediate with the double bond located between
of glycolysis and gluconeogenesis. It is found in eukaryotes, C-1 and C-2. This mechanism contains features of the
bacteria, and archaea, with the exception of some obligatemechanisms for two other sugar isomerases, triose phosphate
intracellular parasites such &ickettsia(l). isomerase, which uses a proton-transfer mechanismaiga a

PGl is active as a dimer with a subunit molecular mass of enediol intermediate, and xylose isomerase, which catalyzes
approximately 55 kDa. Its enzymatic activity has been the ring opening of its sugar substrate. A crystal structure
characterized extensivel2<{4). The proposed mechanism of PGI could reveal the structural basis for its mechanism.

for sugar isomerization involves several steps and is thought A crystal structure could also elucidate the structural basis
to occur via general acid/base catalysis. Since glucosefor the enzyme’s strict specificity for the substrates glucose
6-phosphate and fructose 6-phosphate exist predominantlyg-phosphate and fructose 6-phosphate. The enzyme can also
in their cyclic forms, PGl is believed to catalyze first the catalyze epimerization of mannose 6-phosphate, but at a rate
opening of the hexose ring to yield the straight chain form that is orders of magnitude slower than the isomerization of
glucose 6-phosphate and fructose 6-phosphBleMany
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* Coordinates for the structure of phosphoglucose isomerase com-Se€rve as competitive inhibitors of the reaction. Unphospho-

plexed with the competitive inhibitor gluconate 6-phosphate have been rylated sugars are not substrates and do not serve as good

deposited in the Protein Data Bank under file name 1DQR. The cDNA competitive inhibitors

sequence for rabbit phosphoglucose isomerase has been deposited in ) ' ) )

GenBank under file name AF222069. Remarkably, this essential cytosolic enzyme also has roles
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vitro differentiation of human myeloid leukemia HL-60 cells filtration into a buffer containing 10 mM imidazole (pH 7.5),
to terminal monocytic cells1(l). 50 mM KCI, and 3 mM Nap, and then concentrated to 25

Several experiments have been performed to test if themg/mL. The competitive inhibitop-gluconate 6-phosphate
same polypeptide chain could indeed be carrying out the from Sigma Chemical Co6j was added to a concentration
intracellular and extracellular functions. It was shown that of 10 mM, and the protein stock was filtered through a 0.2
purified rabbit PGI, but not three other glycolytic enzymes um cellulose acetate filter. Incomplete factorial analy2®) (
(hexokinase, phosphofructokinase, or phosphoglycerate muwith the hanging drop vapor diffusion method at room
tase), can cause the increase in cell motility seen with AMF; temperature was used to determine the initial crystallization
further, AMF exhibits isomerase enzymatic activifyd). In conditions. X-ray diffraction quality crystals of PGI com-
addition, gluconate 6-phosphate and erythrose 4-phosphatelexed with gluconate 6-phosphate were obtained &t@5
block the induced cell motility but not the basal migration against a solution of 13% PEG 8000, 250 mM magnesium
rate. DMM was also shown to have isomerase activity, and acetate, and 100 mM sodium cacodylate (pH 6.5). The best
PGI also causes the dosage-dependent differentiation ofdiffracting crystals grew as colorless hexagonal rods with
human leukemia cells seen with DMM.Y). PGI has no the symmetry of orthorhombic space grodp22 (a= 83.4
obvious signal sequence that would direct it to be secreted,A, b= 118.7 A,c = 272.6 A). The final size (approximately
and the mechanism by which this cytosolic housekeeping 0.3 mmx 0.3 mmx 1.0 mm) was obtained through several
enzyme is brought outside the cell remains to be establishedrounds of macroseeding with freshly grown smaller crystals.
To perform its cytokine and growth factor functions, it is Prior to data collection, crystals were removed from the
likely that PGI/NL/AMF/DMM binds to a cell surface  hanging drops and placed in a stabilization soak solution of
receptor on target cells. One such receptor has been clone@0% PEG 8000, 250 mM magnesium acetate, and 100 mM
from fibrosarcoma cells, which have been studied for their sodium cacodylate (pH 6.5) with 5 mM gluconate 6-phos-
response in assays for AMF activit§4). phate.

Crystallographic studies of PGl were begun 30 years ago, Data Collection and Structure Determinatiddeavy atom
long before cloning allowed many different species to be derivatives were prepared by either a 30 min soak in 1 mM
surveyed for easily crystallizable proteins. A 3.5 A resolution ethyl mercuric phosphate (EMP) or a 5 day soak in a
tracing of the fold of the polypeptide chain of pig PGl was saturated solution ofp-chloromercuribenzoate (PCMB).
reported in 1977X3), but the absence of a sequence made piffraction data for multiple isomorphous replacement (MIR)
it impossible to verify the tracing or to complete the structure phasing were collected at°® on a Rigaku R-Axis Il image
determination. In 1981, the resolution was extended to 2.6 plate detector using 0.2 mm collimated, monochromatized
A, but once again the lack of sequence information prohibited ckq radiation from a Rigaku RU-200 rotating anode
refinement of the structurel€). As this paper was being  generator (Table 1). Diffraction data from crystals of the
prepared for publlcatlon, a report appeareo_l of the crystal enzyme-inhibitor complex, flash-frozen at180°C, were
structure of PGI fronBacillus stearothermophilud?). The  co|jected at NSLS beamline X12B at Brookhaven National
bacterial PGI structure has no bound ligand. The authors were| 5poratories (Brookhaven, NY) using monochromatic X-rays
able to show that the purified bacterial enzyme had activity 5: 1 gog A. Flash-freezing required the addition of 20%
in an AMF assay. glycerol to the stabilizing soak solution. Native and derivative

The structure of PGI with a bound Competitive inhibitor data sets were processed with the programs DENZO and
is important for elucidating the mechanism of its catalytic SCALEPACK @1).

activity and substrate specificity. The structure of a mam-
malian PGI is also important for understanding how the

énzyme can serve as a growth factor and cytoklr!e and hOWmethods using the program XTALVIEW2R). The heavy
amino acid substitutions can lead to nonspherocytic hemolyt- . . L L

; X : . atom sites were refined for the individual derivative data sets
ic anemia. We present here the cloning, sequencing, and

S : using the program HEAVYREF2@) and then refined in
X-ray c'rystal' structure determination of rabbit PGl to 2.5 A concert with the CCP4 program MLPHARE4) to calculate
resolution with bound gluconate 6-phosphate. C " ;
initial MIR phases. The heavy atom positions fell into two
MATERIALS AND METHODS groups that define a noncrystallographic 2-fold axis relating
the two subunits of the PGI dimer in the asymmetric unit.
Sequencing of the Rabbit PGl Geidasmid pPGlI, which  The initial MIR map was improved using the CCP4 program
encodes the pig PGI gene, was a gift from V. Claes (Lille, DM (24) to implement solvent flattening, histogram match-
France). Algt10 cDNA library (Clontech, Palo Alto, CA) ing, and electron density averaging. An entire protein
from rabbit muscle was screened with a probe made from monomer could then be built into the resulting averaged
the DNA sequence of the pig PGI ger®®.(A partial rabbit electron density map using the program23)( Refinement
PGI cDNA was purified from positive plaques identified of the model was initially performed using the program
during the library screen. Comparison to PGl sequences fromX-PLOR (26, 27). Initial refinement was carried out imposing
other species suggested the partial cONA lacked tran8 strict noncrystallographic symmetry between the two sub-
3’ ends of the coding region. The&nd 3 ends of the coding  units. Subsequent refinement was carried out using noncrys-
region were isolated using the RACE methd®,(19). The tallographic symmetry with restraints. This model was then
DNA sequences of these overlapping fragments were ob-refined against the data set collected to higher resolution (2.5
tained by standard procedures. A) at —180 °C. Several rounds of refinement and model
Crystallization of PGI Rabbit skeletal muscle PGl was adjusting brought th& factor to 23% with arRy.e (28) of
purchased from Sigma Chemical Co. and exchanged by gel33% using all data from 8 to 2.5 A resolution.

Heavy atom data sets were scaled to the native data, and
heavy atom positions were located by difference Patterson
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conate 6-phosphate, was determined to 2.5 A resolution by
the method of multiple isomorphous replacement. To com-
plete the crystal structure, it was necessary to determine the

Table 1: Statistics for Data Collection and Refinement

Data Collection

natve EMP PCMB native180 amino acid sequence of rabbit PGI, so the cDNA for rabbit
space group C222, C222, C222 C222 PGI was isolated and sequenced as described in Materials
cell dimensions (A) and Methods. The rabbit PGl amino acid sequence is shown
a 83.40 8379 8265 8270 in Figure 1
b 118.66 119.63 119.11 115.27 . . .
c 27256 273.82 271.48 271.84 ~ The final model includes two PGI subunits, two bound
temperature°C) 3 3 3 —180 inhibitor molecules, and 370 water molecules per asymmetric
feSO';Jtign rangde (él) 3030 30-3.0 30-3.0 3525 unit. The two subunits in the asymmetric unit are arranged
no. of observed reflections i H H H
total 250627 133464 142943 298487 as a dlmer,_ with a roughly spherical overall shape (Figure
unique 24543 21627 22457 41768 2A). There is a large cleft at each end and a hook shape that
completeness (%) 89 (56) 78(34) 81(81) 93(90) protrudes from each side (Figure 2B). Each subunit of the
Rsym (% onl) 6.6 (17) 6.1(17) 7.5(18) 4.1(13) model contains residues-555. The two C-terminal residues
no. of heavy atoms bound0 4 8 0 of each subunit are disordered. Each subunit is made up of
MFID _ 16.3 222~ two dissimilaro/s-sandwich domains (Figure 2C). The small
empiricalk anomalous  — 6.4 7.3 - : - . g :
R., isomorphous - 0.75 071 - domain contains a central five-stranded parajfesheet
R, anomalous - 0.90 084 - surrounded by loops and-helices. The large domain has
phasing power - 128 154 - four parallel g-strands, and two additional antiparallel
Refinement pB-strands from near the N-terminus that complete the six-
all data | > 20 data i’sr'grartlj(_lle(ﬁ-s_htee:c core. TheI sutt)ur;it intetLdomati_n inte_trfac$ ﬁ]nd
resolution range (A) 3505 Y e dimer interface overlap to form the active site of the
Rerystal (%) 212 212 enzyme. .The dimer mte_rface defines a nor)c_rystallographm
Riree (%) 26.5 26.2 2-fold axis. The C-terminus of each subunit is made up of
no. of reflections 41256 40775 two helices and a loop that extend across the surface of the
rms deviations from bonds 0.008 A, 1.4 0.009 A, 1.5 other subunit in the dimer (Figure 2B).
and angles : : _ — _ The topology of rabbit PGI is similar to that originally
Z?EVD“?:“‘ — Wi, wherel; is the intensity of an '”d"_"d‘fa%;sﬂea'o” reported for pig PGI but differs in several respects. Most
an Is the average intensity over symmetry equivale tal — H 7 A P . .
[IFol — [Fell/IFs), whereF, and F. are the observed and calculated 5|gn|f|cgntly, th_e large domain of rabbit PGI contains a mixed
structure factor amplitudes, respectivéyee is the equivalent oRuyst p-sheet; the pig enzyme structure was reported to have an
but it is calculated for a randomly chosen set of reflections that were all-parallel sheetX6). The differences are easily explained
omitted from the refinement proces®, = X||Fen + Fe| — Fu(calc)/ by the lack of sequence information for pig PGI at the time
Z|Fen £ Fel. Phasing powes= { Z|Ful?/[|Fer(obs) — |Fer(calc)]2} 2 that structure was determined, which made it impossible to

The model was then refined using the CNS prograg).(  Verify the fold or refine the structure. - , o
All data between 30 and 2.5 A resolution were used in the AS €xpected, the overall fold of rabbit PGl is very similar
refinement with a bulk solvent correction applied. The IO the recent structure of PGI fro. stearothermophilus
“wat_pick” feature of CNS was used to select water (17). The most significant differences between the mam-

molecules on the basis of omit maps with coefficieifts— malian and bacterial PGI are located in the large domain.
F.|, together with criteria based on geometry and refiBed The mammalian PGI contains an additional 36 residues at

factors. Waters without a reasonable H-bonding environmentthe N-terminus that form an initiak-helix followed by a
or with aB factor of >60 A2 were removed. Several rounds 100P and an additiongi-strand. In addition, a hook feature

of water generation and removal were repeated with inter- that may be involved in some of the mammalian protein’s
mittent rounds of positional and individuBl factor refine- extracellular functions has a different location and conforma-

ment. The inhibitop-gluconate 6-phosphate was built into tionin the two proteins. The bacterial hqok is a loop without
each of the two active sites in the PGl molecule. The @ny helix or strands, but the mammalian hook feature has

geometry was assessed and corrected using the ccp4lefined secondary structure with a hetiturn—helix _motif.
program PROCHECK24). Geometrically unfavorable re- Panels D a_nd E of Flgurg 2 compare thg subunit structure
gions of the model were adjusted so that the two monomers®f mammalian and bacterial PGI, respectively. The relative
in the asymmetric unit had similar backbone geometry. The Positions of the mammalian N-terminal extension and the
entire structure was checked with a composite simulated altered h_ook region are shown on the surface of one subunit.
annealing omit map29). One final round of refinementwas 1 hese differences in the structures do not appear to be the
performed with noncrystallographic restraints set at a low result (_)f |nh_|b|tor binding beca_use they are not located near
force constant. The model was determined to be completethe active site. Further comparison of the two stru.ctures does
when all further attempts of refinement failed to reduce the N0t reveal other conformational changes that might be due

Rree (28). The finalR factor is 21.2% for all data from 30 to to inhibitor binding. Superposition of the bacterial structure,
2.5 A resolution with arRyee of 26.5% (Table 1). which lacks a bound inhibitor, and the rabbit PGI structure,

which contains a bound inhibitor in the active site, reveals
no significant amino acid shifts in and around the active site
RESULTS AND DISCUSSION and no significant changes in interdomain or intersubunit
interfaces.
The crystal structure of rabbit skeletal muscle PGl witha  While the bacterial and rabbit PGI structures share a
bound competitive inhibitor of the isomerase activity, glu- similar overall fold, this fold differs from that of other
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Ficure 1: PGI sequence alignment. The rabbit PGI sequence from this work is aligned with representative sequerdessiphila
(Swissprot accession number P520383cherichia coli(P11537), yeast (P12709), plants (P49105), Bndtearothermophilug?13376).

Residues that interact directly with the inhibitor are in red boxes. Residues that are the same as in the rabbit enzyme are in blue boxes. This

figure was prepared using the program ALSCRIBU)(

proteins reported thus far. When the rabbit PGI fold was bound to the side chain hydroxyl group of Thr217. The
compared to structures in the Protein Data Bank using thephosphate group also interacts with two backbone amide
Dali program package3@), the program identified many groups, from residues 210 and 211. Together, these residues
proteins that contain domains witk/3-folds. The highest  surround the phosphate group, forming a small pocket with
scoring protein was glucosamine-6-phosphate synthase (1mogtonsiderable binding energy. Lys210 is another residue that
which, like PGI, contains twoa/$-sandwich domains.  supplies some positive charge to the phosphate binding site.

However, neither glucosamine 6-phosphate nor the otifer In addition, these residues are clustered near the N-terminus
domains identified by the Dali program have the same of two a-helices that are within the small domain of the PGl
secondary structure topology as PGI. monomer. The partial positive charge at the N-terminus of

Active Site Electron density corresponding to a bound the a-helices helps to balance the negative charge of the
gluconate 6-phosphate molecule is found in each of the two phosphate group. These interactions and partial charges
identical substrate binding pockets (Figure 3A). These explain the enzyme’s specificity for phosphorylated sugars,
pockets are located between the tw3-sandwich domains  and why unphosphorylated sugars are not competitive
of one subunit and at the interface between the two subunits.inhibitors. The phosphate binding site of PGI bears a striking
Many secondary structural elements come together to formresemblance to that of triosephosphate isomerase, in which
the substrate binding pockets, and each pocket consists obackbone amides, side chain hydroxyls, and a lysine amino
residues from both subunits of the dimer and from both group are all involved34).
domains of a subunit. In the crystal structure, there are several The mechanism for the isomerization reaction has been
residues that interact with the bound gluconate 6-phosphateproposed to involve general acid/base catalysis with proton
inhibitor and are probably involved in binding the substrate transfer via an enediol intermediat& 85). pH profiles for
and promoting catalysis (Figure 3B). An alignment of the reaction suggest involvement of groups wiky, palues
representative PGl sequences from mammals, plants, fliesof 6.7 and 9.4, implicating a nonprotonated histidine and a
bacteria, and yeast illustrates the absolute conservation ofprotonated lysine side chain as candidates for general acid/
all the active site residues mentioned below (Figure 1). base residues3). As proposed by Rose and co-worke2}, (

Side chain hydroxyl groups from Ser159, Ser209, Thr211, in the first step of the reaction, the cyclic form of glucose
and Thr214 form hydrogen bonds with the phosphate group 6-phosphate binds to the enzyme active site, and a proton is
of the inhibitor. An additional hydrogen bond is made transferred from the enzyme to the ring oxygen of the
between the phosphate group and a water molecule that issubstrate. Protonation of the ring oxygen is accompanied by
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Ficure 2: (A) A dimer of PGI, the active form of the enzyme, is shown as a ribbon diagram. One subunit is drawn in blue, and the other
is in red. The active sites can be located with ball-and-stick models of the gluconate 6-phosphate inhibitor (green). This figure, as well as
Figures 2C, 3A,B, 4, and 5A, was made using the programs MOLSCRIBTROVSCRIPT (E. Peisach and D. Peisach, Brandeis University,
personal communication), and POVRAY (http://www.povray.org). (B) Three views of a space filling model of the dimer. One subunit is
shown in red, and the other is in blue. A large cleft is located at the top of the model, and another cleft becomes visible when the protein
is turned by 90. This figure was prepared with the program GRASR)((C) A ribbon diagram of a single subunit of PGI. Each of the

two domains has a centrgksheet (blue) surrounded hy-helices (red). The C-terminal residues form an extended region that wraps
around the other subunit in the dimer. The N-terminus is located at the end of one of the helices near the bottom of the figure, in the large
domain. The 6-phosphogluconate inhibitor is shown as a green ball-and-stick model. (D and E) Comparison of rabbit BD) and
stearothermophilugE) enzyme structures. Aa-carbon trace of one subunit of each enzyme is shown. The hook region, the N-terminal
extension in the rabbit enzyme, and the C-terminal residues for each subunit are shown in red. Three additional loops that are much longer
in the rabbit enzyme than in the bacterial enzyme are shown in green. These figures, as well as-pBnais-Bure 5, were made using

the program MOLSCRIPT3(Q).
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Ficure 3: Isomerase active site. (A) Part of an electron density map surrounding the gluconate 6-phosphate inhibitor and residues H388
and E216 is shown. The composite annealing electron density map was calculated with coefficights-of.| and shown with a &

contour level 29). (B) Ball-and-stick model of the active site. The gluconate 6-phosphate inhibitor is shown (green) relative to essential
residues of the active site (gray). Most of the residues are from one subunit. His388 is a residue that is from the other subunit of the dimer.
Hydrogen bond interactions are represented by dashed lines (this view is rotatedla8@e to panel A). (C) Catalytic mechanism of PGI.

His388 and Glu216 make up a catalytic diad to abstract the proton off C-2 of the ring-opened form of glucose 6-phosphate. Lys518 acts
as the general acid catalyst to complete the formation of the enediol intermediate. The enediol is reprotonated by the catalytic diad, and
Lys518 acts as a general base catalyst to form the ring-opened form of fructose 6-phosphate.

an electron shift, opening the ring. The C-2 proton of the to the intermediate on C-1. This second proton transfer is
substrate is now relatively acidic because it i® a carbonyl accompanied by electron shifts that result in the loss of a
group. An enzymic base abstracts the C-2 proton, and a pairproton from the oxygen at C-2 and the gain of a proton by
of electrons shift to form a double bond between C-1 and the oxygen at C-1 of the substrate, resulting in the formation
C-2, yielding thecis-enediol intermediate (Figure 3C). The of the open chain form of fructose 6-phosphate. The final
results of solvent exchange experiments indicated that thestep involves transfer of a pair of electrons from the incipient
same proton that was removed from C-2 is now added backring oxygen to C-2. Upon formation of this bond, the ketose
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oxygen accepts a proton from the solvent, to complete the
ring-closed form of fructose 6-phosphate.

Affinity labeling and chemical modification studies have
also predicted the involvement of a histidir3®) and a lysine
(37) residue in the reaction, as well as suggested the
importance of a glutamat&®) and an arginine39) residue.
This structure of PGI with a bound inhibitor is consistent
with these predictions. A catalytic diad defined by His388
and Glu216 could provide the predicted histidine side chain
for abstracting the C-2 proton of glucose 6-phosphate, while
the amino group of Lys518 could act as a general base
catalyst to protonate the carbonyl and complete the formation
of the putative enediol intermediate (Figure 3B).

The glucose 6-phosphate substrate is likely to bind so that
C-1 and C-2 are positioned closer to His388 and Lys518
than is seen for the inhibitor in the crystal structure. The
6-phosphogluconate inhibitor differs from the glucose 6-phos-

phate substrate because the inhibitor has a charged carboxy-

late group at C-1. The inhibitor interacts with Arg272 in the
crystal structure, but the glucose 6-phosphate substrate coul

Biochemistry, Vol. 39, No. 5, 200061

IGURE 4: Conserved residues. Arcarbon trace of the phospho-
lucose isomerase structure is shown in black. Residues that are

bind in a different conformation so that C-1 and C-2 are on conserved in all known PGl sequences are shown as red ball-and-

the other side of Val514 (Figure 3B). Also, since the crystals
were grown at pH 6.5, the NE2 atom of His388 is likely
protonated and found to be hydrogen bonding with a
carboxylate oxygen of Glu216. However, in the productive
mode at pH 7, the NE2 atom of His388 would be unproto-
nated and is predicted to rotate toward C-2 of the substrate,
as shown in the mechanism in Figure 3C.

The details of this mechanism show both similarities with
and important differences from the mechanisms of triose-
phosphate isomerase and xylose isomerd8g Both PGI

and xylose isomerase catalyze sugar ring opening, but in the

case of xylose isomerase, a possible candidate for the ring
opening acid is a water molecule bound to a magnesium ion
in the active site41). No metal ion is found in our structure

despite the presence of 250 mM magnesium ion. The
triosephosphate isomerase active site contains a histidine an

a lysine, but the histidine is used to protonate the oxygens

of the substrates4@), a role here proposed for Lys518 in
PGI. The catalytic base in triosephosphate isomerase is
glutamate (Glul65) with an elevate® in PGI, use of a
histidine in a catalytic diad would provide a group with a
similar basicity. Arg272 in PGl may serve a function similar
to that of Lys12 in triosephosphate isomerad@);(it sets
the overall electrostatic potential at the substrate to be
positive and provides stabilization for the negative charges
that develop on the enediolate-like transition states.

A thorough analysis of the precise positioning of residues
and bound substrate in the PGI active site is not warranted
at present mainly due to chemical differences between the

stick models. The bound gluconate 6-phosphate inhibitors are shown
in green, to indicate the location of the two active sites.

tions of this sequence predicte@aheet for the N-terminal
portion and aru-helix for the C-terminal sectiord@). The
crystal structure of rabbit PGl has/astrand of residues
403—-409 anda-helices of residues 419136 and 446-450,
confirming the earlier prediction. However, the crystal
structure of the HIV gpl20 glycoproteird4) does not
support the conclusion of structural homology with PGI or
neuroleukin within this region. The aligned stretch of amino
acids in the gp120 protein (residues 238B2) has entirely

p-strand structure, with no-helix present.

Consevation of the Actie Site Phosphoglucose isomerase
is nearly ubiquitous in evolution, and sequences are available
from more than 60 sources. An alignment of several PGI
equences showing representatives from mammals, plants,
acteria, flies, and yeast is shown in Figure 1. AImost 10%
of the sequence, 47 residues, is conserved. The conserved

Fesidues cluster around each active site (Figure 4). As is true

for many enzymes, they include the residues that interact
directly with the inhibitor, and others that form several layers
that help to shape the active site pocket. A few are involved
in holding the catalytic residues in place. During the billion
or so years since these different organisms diverged, this
region was preserved, so from the structure, we have an idea
of many of the residues that are important in the isomerase
function of this protein.

At this time, it is not clear which regions of PGI are
important for binding to receptors that may be involved in

inhibitor gluconate 6-phosphate and the substrate glucosejts “moonlighting” functions as AMF, DMM, and NL.
6-phosphate, the enediol intermediate, or the fructose 6-phosHowever, Figure 4 can be evaluated in another way; during

phate product. It is expected that with a true substrate bound,
the C-2 position will be closer to NE2 of His388 than is
seen in the structure with bound inhibitor.

Gp120 HomologyA portion of PGl was reported to be
homologous to a portion of the gp120 env protein of HIV-1
(43). The sequence alignment is suggestive of homology
between neuroleukin (residues 40847) and HIV-1 (resi-
dues 238-282), with a stretch of 45 amino acids that are
31% identical and 73% similar. Secondary structure predic-

a billion years of evolution, a cluster of about 40 residues
remained the same, but at the same time, most other residues
changed. As is the case with most proteins, many of the
residues that diverged are located on the protein’s surface.
In this large dimeric protein of more than 1000 amino acids,
there are whole helices made up of nonconserved residues.
It is quite possible that one of these regions, perhaps a hook
or a cleft, could have gained an additional binding function.
As long as that new function did not interfere with the
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ARG272

INHIBITOR

LOOP508-511 GLN511

ARG416*

Ficure 5: (A) Locations of amino acid substitutions that can cause nonspherocytic hemolytic anemia are indicated by ball-and-stick models
of the wild type residue (black) superposed oncanarbon trace of the PGI dimer (red and blue). (B) The substitution of Ser277 with
leucine, Gly158 with serine, or Arg272 with histidine can also cause nonspherocytic hemolytic anemia. Ser277 normally makes a hydrogen
bond to the backbone carbonyl of residue 274, which helps form a tight loop near the bound inhibitor. Arg272 forms hydrogen bonds to
the side chains of Ser358 and GIn511 and to the backbone carbonyls of residues 508 and 510. These interactions between the loop containing
residue 272, the loop containing residues-5681, and the helix containing residue 358 are probably important in forming the shape of

the active site. In addition, Gly158 is located at the end of helix 6. The gluconate 6-phosphate inhibitor (green) binds close to the end of
this helix. Substitution of Gly158 with a larger residue would result in steric hindrance of substrate binding. (C) The substitution of Glu494
with lysine results in the loss of hydrogen bonds to the side chains of Arg103 and Trp276. These hydrogen bonds are probably important
in stabilizing the interactions between these three regions of one subunit. (D) The substitution of residue Thr223 with methionine results
in the loss of a hydrogen bond between Thr223 and Arg416, which is from the other subunit in the dimer.

original function of the protein, it might have benefited the specifically how this key glycolytic enzyme may have gained
organism and its offspring and been retained during evolu- a second function as a growth factor.

tion. This is one possible way to explain how a protein can  Other examples of moonlighting proteins have been
moonlight, or have two apparently unrelated functions, and described in the literature (reviewed in #H). For example,
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thymidylate phosphorylase is another intracellular enzyme the carboxyl groups of residues 508 and 510. These interac-
that is also an extracellular cytokind@). For some such  tions connect two loops and a helix and help form the shape
proteins, there is not a clear connection between their of the active site. As mentioned above, Arg272 might also
different functions, but it may be a matter of a ubiquitous be important for establishing the proper electrostatic environ-
protein being recruited for a new function as, for instance, a ment of the active site. In some nonspherocytic hemolytic
new organ evolves. For example, this seems to have beeranemia patients, Arg272 is changed to a histidine. (3) Gly158
the origin of some of the crystallins that form the lens of is located at the end of helix 6. The substrate binds closely
the eye (reviewed in red7). against the end of this helix. Substitutions of Gly158 would

In the case of PGI, Watanabe and co-workers have result in the addition of a bulkier residue at the end of helix
identified a glycosylated transmembrane protein as a receptoi6, which would be likely to interfere with substrate binding.
for at least some of the cytokine functiond4]. The NHA can also be caused by amino acid substitutions at
N-termini, hook shapes, and other surface loops that vary positions outside the active site, including substitutions of
between the rabbit and bacterial PGI structures make theseG|u494 and Thr223. Glu494 forms two hydrogen bonds
features attractive candidates for regions of the protein that(Figure 5C). The first is to the side chain of Trp276, which
might bind a receptor. However, in light of the results of s located in a loop connecting helix 11 to strand 7. The
Sun and co-workersl) who found that the bacterial protein  second is to Arg103, which is located in a loop between
retains at least some of the cytokine function of the helix 5 and strand 3. Together, these interactions help
mammalian protein, at least part of the receptor binding is stabilize the subunit fold. The substitution of Glu494 with a
probably due to structurally homologous regions. In addition, lysine, found in anemia patients, results in the loss of these
since binding of gluconate 6-phosphate to autocrine motility two hydrogen bonds and could lead to problems in folding
factor inhibits cell motility (L0), it appears the sugar binding and/or a decrease in stability.

site is an essential component of binding to at least one  The side chain of Thr223 forms a hydrogen bond with

receptor; however, itis not clear if this interaction completely the side chain of Arg416 from the other subunit in the dimer
determines the specificity or binding affinity. One likely (Figure 5D). In some nonspherocytic hemolytic anemia
scenario is that the conserved PGI active site binds to apatients, Thr223 is replaced by a methionine, which would
carbohydrate moiety of the receptor, and additional regions yegyt in the loss of the hydrogen bond as well as possible

of PGI form protein-protein interactions with the receptor.  steric hindrance, preventing correct packing between the

to its receptor, there is no direct evidence for this hypothesis. serine in mammals, yeast, and bacteria.
Nonspherocytic Hemolytic Anemidonspherocytic hemo-

lytic anemia (NHA) is a rare, autosomal recessive disease

that occurs in a variety of ethnic groups. It is caused by a

SummaryThe crystal structure of rabbit PGI with bound
gluconate 6-phosphate inhibitor reported here is the first

; - . : refined structure of a mammalian phosphoglucose isomerase.
decrease in the activity of triosephosphate isomerase, pyru-

Ki GL O f the ch ictic f fih It also provides the first view of the active site with a
vate kinase, or PGI. One of the characteristic features o t. esspeciﬁcally bound substrate analogue. This structure leads

disease is fragile red blood cell membranes, resulting in y, yhe jdentification of several residues that appear to be
jaundice and anemia@§—51). The less severe forms of the o ant for substrate specificity and catalysis. The structure
disease can be treated by blood transfusions and splenectomyg o sistent with the results of previously reported studies
More severe forms can also result in neurological, cardiac, of the activity of the enzyme, with the locations of conserved
and additional problems that can lead to death by age 5. jye site residues, and also with the phenotypes of several
Gene sequencing has identified 26 amino acid Substitutionsy o141y occurring amino acid substitutions. While it is not

in human PGI that can result_in NHASZ_SG)‘ The . yet clear how this protein might bind to a cell surface
sequences of the human and rabbit proteins are 93% identicaligcenior, the PGI fold has several unusual features, including

so the rabbit structure can be used to elucidate the possiblg, e clefts and hooks in addition to the active site, that could
roles individual residues have in the wild type protein and pa sites for receptor binding.

how substitutions can affect activity, folding, and/or stability.
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