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ABSTRACT: Imidazole glycerol phosphate synthase catalyzes formation of the imidazole ring in histidine
biosynthesis. The enzyme is also a glutamine amidotransferase, which produces ammonia in a glutaminase
active site and channels it through a 30-Å internal tunnel to a cyclase active site. Glutaminase activity is
impaired in the resting enzyme, and stimulated by substrate binding in the cyclase active site. The signaling
mechanism was investigated in the crystal structure of a ternary complex in which the glutaminase active
site was inactivated by a glutamine analogue and the unstable cyclase substrate was cryo-trapped in the
active site. The orientation ofN1-(5′-phosphoribulosyl)-formimino-5-aminoimidazole-4-carboxamide
ribonucleotide in the cyclase active site implicates one side of the cyclase domain in signaling to the
glutaminase domain. This side of the cyclase domain contains the interdomain hinge. Two interdomain
hydrogen bonds, which do not exist in more open forms of the enzyme, are proposed as molecular signals.
One hydrogen bond connects the cyclase domain to the substrate analogue in the glutaminase active site.
The second hydrogen bond connects to a peptide that forms an oxyanion hole for stabilization of transient
negative charge during glutamine hydrolysis. Peptide rearrangement induced by a fully closed domain
interface is proposed to activate the glutaminase by unblocking the oxyanion hole. This interpretation is
consistent with biochemical results [Myers, R. S., et al., (2003)Biochemistry 42, 7013-7022, the
accompanying paper in this issue] and with structures of the free enzyme and a binary complex with a
second glutamine analogue.

Imidazole glycerol phosphate synthase (IGPS)1 catalyzes
the fifth step of the nine-step histidine biosynthetic pathway
in microbes, fungi, and plants, forming the imidazole ring
of the histidine precursor imidazole glycerol phosphate
(ImGP; (1-3)). IGPS convertsN1-(5′-phosphoribulosyl)-
formimino-5-aminoimidazole-4-carboxamide ribonucleotide
(PRFAR) to ImGP and 5′-(5-aminoimidazole-4-carboxamide)
ribonucleotide (AICAR) (Figure 1a). AICAR is also an entry
point to the purine biosynthetic pathway.

IGPS catalyzes two tightly coupled reactions in distinct
active sites (1).

In plants and fungi, the two catalytic domains are fused,
while in bacteria the catalytic functions are performed by
separate polypeptides of a heterodimeric protein (HisH for
the glutaminase reaction and HisF for the cyclase reaction).
The overall domain organization was demonstrated in the
crystal structure of intact IGPS from yeast (His7) inactivated
by a covalently bound glutamine analogue (4). An N-terminal
glutamine amidotransferase domain (5) generates the am-
monia nucleophile, which is channeled to the PRFAR active
site. IGPS belongs to the triad family of amidotransferases,
having a conserved Cys-His-Glu catalytic triad in the
glutaminase active site (6). The C-terminal cyclase domain
is a (â/R)8 barrel domain, housing the PRFAR active site at
the top of the barrel (4, 7). Sequence and structural similarity
within the cyclase domain is suggestive of an ancient gene
duplication of half barrels to form the whole barrel (7, 8).

The overall reaction catalyzed by the cyclase domain of
IGPS is intriguing from a mechanistic point of view (9).
ImGP synthesis involves steps of NH3-dependent C-N
ligase, C-N lyase, and C-N cycloligase, the order and
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mechanism of which are not fully established (1, 10, 11). A
knowledge of the binding of substrate PRFAR to the cyclase
active site is essential to understanding the reaction mech-
anism, and also would assist inhibitor design. Binding sites
for the phosphate end groups of PRFAR were inferred from
the positions of phosphate or sulfate ions in crystal structures
of IGPS from yeast and bacteria (4, 7, 12, 13). However,
these structures do not show how IGPS binds the central
atoms of PRFAR, where catalysis occurs. Biochemical
studies together with site-directed mutagenesis shed light on
potentially important residues at the PRFAR active site (11,
14).

Substrate tunneling and cross-talk between remote active
sites are two interesting and familiar aspects of the function
of glutamine amidotransferases (5, 15). These events are now
established with extensive structural and biochemical work
on PRPP amidotransferase (16-18) and on carbamoyl
phosphate synthetase (19-22). In IGPS, a new and distinct
organization of active sites has evolved to ensure efficient
NH3 transfer. The glutaminase active site of IGPS generates
NH3 at the domain interface, close to the bottom of the
cyclase (â/R)8 barrel. A discontinuous tunnel through the
barrel joins the domain interface at the bottom to the PRFAR
active site at the top. The hydrophobic barrel interior is thus
a functional NH3 tunnel, which is a novel use of a (â/R)8

barrel. A “gate” of four charged residues at the bottom of
the barrel appears to control the entry of NH3 to the
hydrophobic tunnel. The hydrophobic tunnel and charge gate
are common features in the structures of intact yeast (4) and
bacterial (13, 23) IGPS and of two bacterial HisF subunits
(7, 12).

Catalysis in the two active sites is tightly coupled, such
that glutaminase activity is negligible in absence of the
cyclase substrate PRFAR. The binding of PRFAR at the top
of the barrel signals the glutaminase domain, and results in
a 4900-fold increase inkcat/Km for glutaminase (14). An
unformed oxyanion hole was postulated as the basis for low
glutaminase activity in the PRFAR-free form of the yeast
enzyme (4). Structures of intact IGPS from yeast and bacteria
(4, 13, 23) and of bacterial HisH (13, 24) reveal somewhat
different conformations for the presumed oxyanion binding
site. Sequence conservation together with surface comple-
mentarity at the domain interface led us to propose a central
role for the docking surfaces in mediating cross-talk between
the cyclase and glutaminase active sites, which are 30 Å apart
(4). However, only a few details have been worked out
concerning the mechanism of signaling upon PRFAR bind-
ing.

Here we describe structures of (i) a complex of the
substrate PRFAR and IGPS covalently modified by the
glutamine analogue acvicin at 2.5 Å, (ii) apo IGPS at 2.4 Å,
and (iii) IGPS inactivated by the glutamine analogue 6-diazo-
5-oxo-L-norleucine (DON) at 2.5 Å. The PRFAR complex
describes the PRFAR active site in detail, providing further
insight into the enzymatic reaction mechanism. Comparison
of the free, acivicin-, and DON-inactivated forms of the
glutaminase active site reveals structural changes relevant
to activation. The PRFAR-bound and -free forms of IGPS
shed light on flexible parts of the molecule with potential
roles in crosstalk between active sites.

MATERIALS AND METHODS

Crystallization. Crystals of a PRFAR complex of IGPS
(“IGPS-PRFAR”) were grown as described previously (4).
This included preincubation with acivicin and PRFAR.
Acivicin inactivated the protein at Cys83. PRFAR, which is
unstable, did not survive crystallization. A crystal was
washed in the crystallization reservoir solution (0.2 M (NH4)2-
SO4 in solution A (22-28% PEG MME 5000, 0.1 M MES
pH 6.5-7.0)), and soaked 15 min in solution A. The crystal
was then soaked 45 min in solution A plus 10 mM PRFAR.
The crystal was cryoprotected by a quick dunk in the latter
solution plus 25% ethylene glycol, and flash-frozen in a cold
N2 stream. Crystals of the free enzyme (“apo-IGPS”) were
grown as described previously, excluding preincubation with
PRFAR and acivicin. Crystals of DON-inactivated IGPS
(“IGPS-DON”) were grown as described previously, except
that the protein was preincubated in a solution containing
protein, PRFAR and DON in a 1:1:5 molar ratio.

Data Collection and Refinement. All data were recorded
at ID19 at the Advanced Photon Source, and processed and
scaled with the HKL2000 package (25) (Table 1). Crystals
for all structures reported here were roughly isomorphous
with those for the 2.1-Å structure of IPGS inactivated by
acivicin (4), which was the starting point for refinement after
deletion of nonprotein atoms. Like the original acivicin
complex, apo IGPS and the IGPS-PRFAR and IGPS-DON
complexes crystallized in orthorhombic space groupP212121

with two molecules in the asymmetric unit. All starting
models were subjected to rigid-body refinement of individual
domains using data to 3-Å spacings. Atomic refinement was
done using successive cycles of a high-temperature, simulated-

FIGURE 1: IGPS reaction chemistry. (a) Overall chemical reaction
of IGPS. Atom numbering for the substrate PRFAR is shown in
this schematic diagram. (b) The “trans-eclipsed” and “cis-extended”
conformers of PRFAR. Both are compatible with the PRFAR
electron density. With the exception of the labeled bonds, the
drawings are schematic and do not represent actual conformations.

7004 Biochemistry, Vol. 42, No. 23, 2003 Chaudhuri et al.



annealing protocol (26) in CNS (27) and manual rebuilding
in O (28). Thermal motion was modeled as two temperature
factors per residue until the final step of the refinement when
individual isotropic temperature factors were refined; an
overall anisotropic temperature factor was used throughout
refinement. As observed in the previously reported structure
(4), all three structures included a Ni2+ complex, and those
lacking PRFAR had either sulfate of pyrophosphate ions in
the cyclase active site. Noncrystallographic symmetry re-
straints were imposed separately on the glutaminase and
cyclase domains, excluding the N-terminal four residues and
coordinated Ni2+. Less well-ordered regions of the proteins
were modeled as closely as possible to the original high-
resolution structure. As in the original structure, a few loops
in each structure were disordered and not modeled. The
IGPS-DON structure includes four residues in theR2-â2
loop of the cyclase domain that were missing in the original
structure. Ligands were modeled in the|Fo| - |Fc| difference
density using substructures from the Cambridge Structure
Database (29) or the PDB (30). The central five atoms of
PRFAR apparently have multiple conformations, which are
similar enough to produce continuous density. Several
models for these atoms were tested in refinement in an effort
to minimize phase bias. Ligand dictionaries were built using
XPLO2D (31). Stereochemical checks performed using
WHATIF (32) were satisfactory. The Ramachandran plot,
computed using PROCHECK (33), includes three disallowed
conformations supported by density and also observed in the
original structure. Refinement statistics for the final models
are in Table 2.

RESULTS

The IGPS complexes described here are similar in overall
structure and domain orientation to the previously reported

structure (4), Figure 2a. CR atoms superimpose with RMSDs
of 0.5 Å or less. Yeast IGPS is a monomer with a
glutaminase domain similar to the bacterial HisH subunit
and a cyclase domain similar to the bacterial HisF subunit.
We refer to secondary structural elements by sequential
numbering for each domain, with a prefix of “h” or “f” for
the glutaminase and cyclase domains, respectively. Secondary
structures in the (â/R)8 barrel cyclase domain are numbered
according to the familiar barrel architecture (â1, R1, â2, R2,
etc.,â8, R8). Two additional helices at the top of the barrel
are referred to asR4′ and R8′ because of their positions
betweenâ4 andR4, andâ8 andR8, respectively.

PRFAR Complex and Cyclase ActiVe Site.The structure
of IGPS in complex with PRFAR provides the first view of
substrate binding in the cyclase active site. PRFAR binds to
a long, narrow cleft extending across the top of the cyclase
(â/R)8 barrel domain, with the terminal phosphate groups at
the N-termini of helical insertionsR4′ andR8′ on opposite
sides of the barrel. Each phosphate group forms four
hydrogen bonds with protein groups, predominantly back-
bone NHs of conserved glycines, as well as a few water-
bridged hydrogen bonds. These interactions are similar to
those seen in the sulfate and phosphate complexes of the
fungal and bacterial enzymes (4, 7, 12, 13).

The end-to-end orientation of the extended PRFAR
molecule was defined unambiguously by the electron density
(Figure 3). The AICAR end of PRFAR binds to theR4′ side
of the active site, and the glycerol phosphate end of PRFAR
to the R8′ side. The binding orientation is relevant to
catalysis, and also to the mechanism of interdomain signaling,
which can be induced more strongly by the product ImGP
than by the product AICAR (14). Electron density is very
clear for the glycerol phosphate and the hydroxyl positions
are well determined. The glycerol phosphate group interacts

Table 1: Crystallographic Dataa

IGPS-PRFAR apo IGPS IGPS-DON

space group P212121 P212121 P212121

unit cell dimensions (Å) 98.8, 111.5, 117.2 97.0, 112.0, 114.8 98.5, 112.0, 115.3
data range (Å) 100-2.5 (2.59-2.5) 50-2.4 (2.49-2.4) 100-2.5 (2.59-2.5)
R-mergeb 0.102 (0.52) 0.106 (0.46) 0.098 (0.33)
average multiplicity 8.9 (8.4) 4.2 (4.0) 6.5 (5.8)
averageI/σI 23.6 (3.5) 11.6 (2.2) 16.7 (3.0)
unique reflections 45678 47205 45173
completeness (%) 100 (100) 92.9 (93.5) 99.8 (99.8)

a Numbers in parentheses correspond to the highest resolution shell.b Rmerge) ΣhΣi|Ih,i - 〈Ih〉|/ΣhΣi|Ih,i|.

Table 2: Refinement Summary

IGPS-PRFAR apo IGPS IGPS-DON

no. of reflections used (F > 0) 45460 46100 44777
dmin (Å) 2.5 2.4 2.5
no. of non-hydrogen atoms 8532 8575 8575
bound substrate/inhibitor PRFAR, acivicin DON
Rfactor

a 0.223 0.228 0.228
Rfree

a 0.246 0.255 0.260
RMSD bond length (Å)b 0.008 0.007 0.006
RMSD bond angle (°)b 1.37 1.35 1.26
average B (Å2) all atomsc 33.2 37.8 37.7
average B (Å2) proteinc 32.5 37.7 37.6
average B ligand (Å2)c 41.1 42.7
RMSD B-bonded (Å2)c 1.5 1.6 1.5
estimated coordinate error (σA based) (Å)b 0.31 0.28 0.31

a Rfactor)Σ|Fobs|| - |Fcalc||/Σ|Fobs|. Rfree) Rfactor for a subset of reflections not included in the refinement.FobsandFcalc are observed and calculated
structure factors.b Calculated in CNS (27). c Calculated in MOLEMAN (41).
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with the main-chain amides of Gly524 (fR8′), Ala523 (fR8′),
Gly475 (fâ6-R6), and Gly501 (fâ7-R7) (Figure 4). The
glycerol hydroxyl groups form direct or water-bridged
hydrogen bonds with the side chains of conserved residues
Asp245 (fâ1), Lys258(fâ1-R1), Asp474 (fâ6-R6), and
Ser500 (fâ7-R7). The AICAR end of PRFAR likewise has
clear electron density. The AICAR phosphate interacts with
Thr365, Gly332, and Gly364. The ribose hydroxyl groups
form hydrogen bonds with the side chains of Ser402 and
conserved Asp404 (fâ5).

The aminoimidazole carboxamide group at the AICAR end
of PRFAR is sandwiched between the fâ2-fR2 and fâ5-
fR5 loops of the enzyme (Figure 2). Conserved residues
Ile299 and Gly442 on these loops move 1 Å closer together

upon PRFAR binding and are in van der Waals contact with
the carboxamide. The aminoimidazole ring and its carbox-
amide substituent are coplanar, and form no hydrogen bonds
with the protein in this crystal structure. Coplanarity results
in an intramolecular hydrogen bond between the carboxamide
and the imidazole N substituent (N6). However, the car-
boxamide N and O atoms cannot be distinguished in electron
density at 2.5-Å resolution, nor can their identities be
established by donor/acceptor requirements due to the lack
of hydrogen bonds to protein atoms. Thus, the intramolecular
H-bond could be between carboxamide CdO and amine NH,
or between carboxamide NH2 and imine N, dependent on
the tautomeric state of the bridging atoms N6, C7, and N8
(Figure 1). The electron density map is not definitive on this

FIGURE 2: Overall fold of IGPS. (a) Comparison of yeast IGPS with and without PRFAR. The molecules are superimposed as line drawings
of IGPS-PRFAR (magenta) and apo-IGPS (green) in this stereo diagram. The different positions for Lys258 are apparent; Lys258, PRFAR,
and acivicin are drawn as ball-and-stick. (b) Comparison of yeast (left) and bacterial IGPS (right). The molecules are rendered as a ribbon
diagram with contrasting colors for the glutaminase (bottom) and cyclase (top) domains. The figure shows the 15° difference in orientation
of the domains in the two structures. Ala 393 and Gln397, shown as ball-and-stick near the domain interface, form hydrogen bonds with
the glutaminase domain of yeast IGPS. These interactions cannot form in the more open conformation in crystals of bacterial IGPS (13).
The oxyanion strand is shown in magenta.
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point, but we find only one chemically reasonable, density-
compatible interpretation. A full PRFAR molecule with
acceptable bond lengths and angles could be built into density
if it had a C7-N8 double bond (coplanarity of N6-C7-
N8-C1′′), but not if it had an N6-C7 double bond
(nonplanarity of C5-N6-C7-N8). We therefore conclude
that the imidazole N substituent (N6) is an amine, not an
imine, and that the intramolecular hydrogen bond is between
carboxamide CdO and amine NH. This result is consistent
with catalytic cleavage of the N6-C7 bond. The enzyme is
expected to bind the substrate in a conformation incompatible
with a double bond at N6-C7.

While electron density is continuous for PRFAR, the
conformation is least clear for the central five atoms, destined
to become part of the imidazole ring (Figure 3). Two
chemically sensible conformers fit the density equally well:

one with atrans double bond at C7-N8 and an eclipsed
conformation at the N8-C1′′ bond (Figure 3a); the other
with a cis double bond at C7-N8 and an extended
conformation at the N8-C1′′ bond (Figure 3b). The central
carbonyl oxygen, which lacks density and also hydrogen
bonds, is in different positions in the “trans-eclipsed” and
“cis-extended” conformers. Of the two conformers, thetrans-
eclipsed with its eclipsed N8-C1′′ bond is more similar to
the product ImGP, in which C7, N8, C1′′, C2′′ and
glutamine-derived N form the imidazole ring. Thetrans-
eclipsed conformer is also consistent with the intramolecular
H-bond described above while thecis-extended conformer
is not.

The largest change to the enzyme structure induced by
PRFAR binding is a reorientation of the partially ordered
fâ1-R1 loop (residues 247-275). The protein backbone

FIGURE 3: PRFAR in the cyclase active site of IGPS. Electron density from a simulated-annealing omit map is contoured in green at three
times the RMS level in these stereo diagrams. Chemical groups implicated in catalysis (Asp245, Lys258, Asp404, Asp474, and waters 407
and 409) are shown with the (a)trans-eclipsed and (b)cis-extended forms of PRFAR, which fit the density equally well. The entrance to
the NH3 tunnel in the (â/R)8 barrel domain is at the lower right corner of these diagrams.
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between residues 256 and 258 moves 5-10 Å toward the
active site, causing the side chain of conserved Lys258 to
point into the active site (Figure 2a), where it is in position
to form favorable electrostatic interactions with conserved
Asp474 (fâ6-R6), with the PRFAR glycerol phosphate (3.6
Å), and with conserved Asp245 (fâ1) through a water
molecule (Figure 4). Remarkably, interaction of Lys258 with
bound substrate in the active site does not induce ordering
of the loop in this crystal structure. Lys258 is the last residue
of the fâ1-R1 loop with electron density. Other active site
loops at the top of the barrel “squeeze” slightly around bound
PRFAR by moving in from the sides of the long, narrow
active site cleft. The structural changes we observe upon
PRFAR binding are limited by the crystal lattice. Prolonged
soaking times and more concentrated PRFAR solutions
destroy the crystals, an observation unique to PRFAR soaks.
Even larger structural changes are expected in solution.

States of the Glutaminase ActiVe Site.The active site of
the glutaminase domain is comprised of the catalytic triad
residues (Cys83-His193-Glu195) typical of the Triad
amidotransferases (5). A recurring feature of Triad amido-
transferases is a five-residue motif (G81-X-C-X-G85)
known as the “nucleophile elbow”, nearly identical to that
first described in the unrelatedR/â hydrolases (34). The
amidotransferase nucleophile elbow is flanked on one side
by a catalytic loop housing the other two components of the
catalytic triad, His193 and Glu195, and on the opposite side
by an “oxyanion” strand, residues 44-51. Residues of the
Cys-His-Glu triad are positioned identically in all IGPS
structures. By analogy to other triad amidotransferases, the
oxyanion strand is thought to provide a suitably positioned
amide group to stabilize the transient oxyanion of the
tetrahedral intermediate during glutamine hydrolysis. How-
ever, unlike other members of the triad family, the oxyanion
hole of IGPS is not formed as expected in IGPS structures
(4, 13, 23, 24). In all these structures, the peptide between

Gly49 and Val50 is oriented with the CdO rather than the
NH pointed into the active site. Thus, the carbonyl oxygen
of Gly49 blocks the expected oxyanion hole.

In addition to the unexpected conformation of the oxyanion
peptide, the structure of acivicin-inactivated Cys83 differed
slightly from chemical expectations, and the extent of
inactivation was incomplete (4). To clarify the situation in
the glutaminase active site, we investigated structures of apo
IGPS, and of IGPS inactivated by the glutamine analogue
DON.

Apo IGPS. In the structure of the apo-enzyme, the
predominant conformation of the oxyanion strand is very
similar to that seen in the acivicin-inactivated enzyme (Figure
5a). However, positive electron density adjacent to Val50
and high temperature factors for the carbonyl oxygen of
Gly49 are consistent with conformational variability in this
region of the structure.

IGPS-DON Binary Complex.The glutamine analogue
DON modified Cys83 in a manner similar to acivicin. The
DON covalent adduct differs from the thioester of glutamate,
the presumed reaction intermediate, by addition of a meth-
ylene function so the adduct is a stable thioether. The
R-amino andR-carboxyl functions of DON were well ordered
and interacted with the same glutamine specificity elements
as the analogous groups of acivicin. However, DON was
poorly ordered at the end bonded to Cys83, and it was not
possible to fix the orientation of the carbonyl oxygen
mimicking the catalytic oxyanion. This result differs from
the DON complex of glutamine PRPP amidotransferase, in
which the adduct was well ordered and the carbonyl oxygen
formed two hydrogen bonds in the oxyanion hole (35). Like
the other IGPS structures, the oxyanion hole of the DON-
inactivated enzyme was blocked by the carbonyl oxygen of
Gly49. Elsewhere, 30 Å away from the site of DON
inactivation, residues 301-304 in the fâ2-R2 loop of the
cyclase domain are ordered in the IGPS-DON complex, but
were disordered in the other yeast IGPS structures.

The IGPS-DON and apo IGPS structures demonstrate that
the unexpected conformation of the oxyanion strand in the
acivicin-inactivated enzyme is not an artifact of acivicin
binding. Two potentially important contacts between the
cyclase and glutaminase domains were identified (Figure 2b).
Gln397(fR4-â5) interacts directly with the substrate
glutamine, as exemplified by both analogues, acivicin and
DON. Gln397 is in an identical conformation in the bound
and free forms of fungal and bacterial IGPS (4, 7, 12, 13,
23). Likewise, other cyclase residues that face the domain
interface are in virtually identical positions in all these
structures. The Gln397 side chain conformation is fixed by
a hydrogen bond between the side chain carbonyl and the
backbone NH. The importance of Gln397 to glutaminase
activity was identified previously in a random mutagenesis
screen for substitutions in HisF that affected glutaminase in
HisH (2). The second important interdomain contact is a
hydrogen between backbone atoms of Ala393 and Asn52.
This contact is a direct link between the cyclase domain and
the oxyanion strand.

DISCUSSION

PRFAR ActiVe Site. IGPS binds PRFAR in a deep cleft
stretching across the top of the (â/R)8 barrel of the cyclase

FIGURE 4: Hydrogen bonding interactions of PRFAR. Hydrogen
bonds are depicted as dashed lines in the schematic diagram. Atomic
nomenclature for PRFAR is indicated.

7008 Biochemistry, Vol. 42, No. 23, 2003 Chaudhuri et al.



domain. Several loops surrounding the active site move
slightly toward PRFAR. However, the conformational changes

induced by substrate binding are incomplete. Additional
protein conformational changes occurred upon extended

FIGURE 5: Comparison of oxyanion stabilization by proteins of the Triad amidotransferase family. In these stereo diagrams, the acivicin
adduct of Cys83 in IGPS and the adjacent oxyanion strand are shown in stick form with atomic coloring (yellow C, red O, blue N, green
S). Cys83 is at the junction of strand hâ3 (arrow) and helix hR2 (helical ribbon). The acivicin adduct of IGPS is superimposed with the
same regions of (a) apo-IGPS (blue C), (b) the glutamate thioester of carbamoyl phosphate synthase (magenta C) (36), and (c)γ-glutamyl
hydrolase (green C) (40). The thioester O forms two hydrogen bonds in the oxyanion hole of carbamoyl phosphate synthase (b), one with
a backbone NH in the oxyanion strand. The orientation of this peptide is stabilized by a hydrogen between the peptide CdO and the Ser
hydroxyl of the preceding residue. In IGPS, the oxyanion hole is unformed because the Gly49-Val50 peptide is oriented with its CdO
blocking the presumed oxyanion hole; the preceding residue, Pro48, is incapable of hydrogen bonding. The IGPS oxyanion strand exhibits
conformational variability (a), but in all cases the oxyanion hole is blocked. The properly formed oxyanion hole ofγ-glutamyl hydrolase
(c) illustrates that a Pro side chain at the position analogous to Pro48 of IGPS does not preclude formation of the oxyanion hole.
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exposure of crystals to PRFAR, but were incompatible with
the crystal lattice and destroyed diffraction. Therefore, we
characterize the observed PRFAR complex as precatalytic.

PRFAR is in an extended conformation with the terminal
phosphate groups bound to previously identified sites on the
enzyme. An important feature of substrate binding is the
specificity of the enzyme for the PRFAR tautomer that is
optimal for cleavage of the N6-C7 bond. The PRFAR
structure with a double bond between C7 and N8 and a single
bond between N6 and C7 is most compatible with the
electron density and also most consistent with the reaction
chemistry.

However, it was not possible to distinguish between
conformers of PRFAR with C7-N8 cis, N8-C1′′ extended
and with C7-N8 trans, N8-C1′′ eclipsed, due to the
diffraction limit of the crystals and/or the presence of multiple
conformers. The productive Michaelis complex likely in-
volves a single conformer of PRFAR. Thetrans-eclipsed
form should be greatly preferred over thecis-extended for
the cyclization step of the reaction and further discussion
will be restricted to this model. How the enzyme differenti-
ates between the unwantedcis and favorabletrans forms is
not obvious in this structure.

The mechanism of PRFAR breakdown to ImGP and
AICAR involves (in unknown order) (i) a C-N bond break
(C7-N6), (ii) a NH3-dependent C-N bond formation (C2′′-
NH3), (iii) a methylene hydrogen abstraction (C1′′) and (iv)
a cyclization step (-C7-N8-C1′′-C2′′-NH3-) to form the
imidazole ring of ImGP. Mutational and kinetic studies of
T. maritimaIGPS demonstrated essential roles for Asp245
and Asp404 (11). These residues are pseudosymmetric
counterparts on the fâ1/R1 and fâ5/R5 loops of the pseu-
dosymmetric (â/R)8 cyclase barrel. The yeast IGPS-PRFAR
complex structure described here shows the strategic posi-
tions of these two residues around the active site (Figure 4).
Asp404 is hydrogen bonded to both hydroxyl groups of the
ribose ring and has a water-bridged (W407) interaction with
N8 of PRFAR. The Asp404-W407 pair may act as a
catalyst. T. maritima IGPS with Asp404 substituted by
glutamate is active, but an asparagine substutition is inactive,
indicating that the Asp404-water pair may be the catalytic
base. Water 407 is also near enough to C1′′ to assist in
methylene-hydrogen abstraction by polarizing the methylene
group via a C1′′H- -:OH2 hydrogen bond.

Asp245 forms a water-bridged hydrogen bond with a
glycerol hydroxyl group of PRFAR. The analogue of Asp245
is essential for activity inT. maritima HisF, and was
proposed to be a catalytic acid (11). The Oδ1 atom of Asp245
is 5.0 Å from C7 and 5.7 Å from C2′′ of PRFAR. To be a
catalyst, Asp245 would need to move closer to the substrate.
Its current position may be a feature of the precatalytic
complex. PRFAR appears to have a looser fit to the Asp245
side of the active site (lined by strands fâ1, fâ2, andâ3)
and a more hand-in-glove fit to the other side (lined by
strands fâ5, fâ6, and fâ7, including Asp404 and Asp474).

The enzyme orients the reactive part of PRFAR toward
the NH3 tunnel for nucleophilic attack (Figures 2b and 3a).
The C2′′ carbonyl of PRFAR sits directly over the tunnel
and thus might be a suitable candidate for attack by NH3.
However, the top of the tunnel is wide enough that attack at
the nearby C7 cannot be ruled out, i.e., the labile C7-N6
bond may break before or coincident with NH3 attack.

The Glutaminase ActiVe Site. The positions of residues in
the catalytic triad and in the glutamine specificity pocket
are identical in the free enzyme and in the acivicin- and
DON-inactivated forms of yeast IGPS. This substantiates the
finding that glutamine can bind IGPS even in the absence
of PRFAR but cannot be hydrolyzed at an appreciable rate
(14). However, the structures presented here lack an oxyanion
hole to stabilize the transient negative charge on the oxygen
atom of the tetrahedral intermediate in glutamine hydrolysis.
An oxyanion hole is expected to consist of the backbone
NHs of Val84 and Val50, by analogy to structures of other
triad amidotransferases in which these groups are oriented
for hydrogen bonding to a single oxygen atom (Figure 5b).
However, the putative oxyanion hole of IGPS is blocked by
the CdO of Gly49, and the NH of Val50 points away from
the active site (Figure 5a). The IGPS structures support a
model in which a blocked oxyanion hole is the primary
impairment to glutaminase activity in absence of a signal
from the cyclase active site. Several lines of evidence support
this model. All of our structures have residual positive
electron density near the critical oxyanion peptide (residues
49-50), indicative of multiple conformers. However, in each
case, the CdO of the Gly49-Val50 peptide points into the
active site. In the acivicin-inactivated enzyme, the isoxazole
ring is not oriented as expected, and no part of the analogue
occupies the putative oxyanion hole (Figure 5a). In the DON-
inactivated enzyme, the thioether connection to Cys83 is
poorly ordered, apparently because the carbonyl group of
the analogue cannot bind in the blocked oxyanion hole. This
is in striking contrast to the structure of DON-inactivated
glutamine PRPP amidotransferase (35), in which the ana-
logue carbonyl forms two excellent hydrogen bonds in the
oxyanion hole. It is also in contrast to the structure of the
glutamate thioester of carbamoyl phosphate synthetase (36),
in which the oxygen of the glutamate thioester occupies the
expected oxyanion hole (Figure 5b). Formation of the
oxyanion hole may be an activating step for IGPS from all
biological sources because the highly conserved, glycine-
rich sequence of the oxyanion strand (Pro48-Gly-Xaa-
Gly51) appears amenable to peptide reorientation. Indeed, in
the structures of bacterial HisH and the bacterial HisH-HisF
heterodimer, the analogous CdO also blocks the putative
oxyanion hole (13, 23, 24). Similar proposals have been made
for cysteine proteases (37).

In Search of the Signaling Elements. An important result
of this study is the orientation of PRFAR in the cyclase active
site and the implications of this finding for signaling between
the cyclase and glutaminase active sites. Of the two reaction
products, ImGP stimulates glutaminase activity in the remote
active site to a greater extent than does AICAR (14). Thus,
interactions and conformational changes at the glycerol
phosphate end of PRFAR merit special attention. These
interactions involve residues in strand fâ1, in helix fR8′, and
in loops fâ6-R6, fâ7-R7, fâ8-R8, and fâ1-R1. Asp474
(fâ6-R6) and Lys258 (fâ1-R1) form a salt link (Figure 4),
which does not exist in structures lacking PRFAR. Lys258
is implicated in signaling because a serine substitution (K19S
in T. maritimaHisF) reduces the rate of glutamine-dependent
catalysis 270-fold but does not affect the NH3-dependent
reaction (11). How might changes in these loops be transmit-
ted to the glutaminase active site, which is docked at the
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bottom of the (â/R)8 barrel? No direct conformational
changes to structures at the bottom of the barrel are apparent
in the PRFAR complex of IGPS.

Comparison of the structures of yeast IGPS and the
bacterial intact enzyme are suggestive of a model for
signaling and activation. The heterodimeric HisF-HisH
bacterial enzyme fromThermotoga maritima(13) has a more
open interface between catalytic modules than does the yeast
enzyme (Figure 2b). The structural difference is a hinge of
15° between catalytic modules; theThermus thermophilus
intact enzyme has an intermediate hinge position (23).
Opening of the interdomain hinge eliminates direct contact
between the cyclase domain and the oxyanion strand. In the
yeast enzyme, the oxyanion strand in the glutaminase domain
is linked to the cyclase domain by a hydrogen bond from
the backbone NH of Asn52 to the backbone CdO of Ala393
(Figure 2b). The analogous atoms in the more open bacterial
structure are more than 8 Å apart. A second contact of the
cyclase domain to the glutaminase active site is the hydrogen
bond between invariant Gln397 and the glutamine substrate
analogue (Figure 2b). This contact is also impossible in the
hinge-open structures. We hypothesize that completion of
the conformational signal induced by PRFAR binding further
closes the catalytic modules, reorganizes the oxyanion strand,
and forms the oxyanion hole by flipping the peptide between
residues 49 and 50. Furthermore, the hinge, which includes
the fusion peptide between glutaminase and cyclase domains,
is on the same side of the cyclase barrel as the glycerol
phosphate moiety, the stronger “signaling” end of PRFAR.

Every glutamine amidotransferase must incapacitate its
glutaminase domain until an activation signal is received
from the remote catalytic domain. It appears that the
amidotransferases employ a variety of mechanisms to ac-
complish this regulation. Among the triad amidotransferases
of known structure, IGPS is unique in having a blocked
oxyanion hole. The relevant NH groups in GMP synthetase
(6), carbamoyl phosphate synthetase (36), and anthranilate
synthase (38, 39) are pointed directly into the active site.
The same is true of the nonamidotransferase homologue
γ-glutamyl hydrolase (40) (Figure 5c). The kinetic constants
of basal glutaminase compared to PRFAR-stimulated glutam-
inase (a significantly reducedkcat and an unaffectedKm) (40)
are consistent with a blocked oxyanion hole in absence of
PRFAR.

All of the structural (4, 13, 23) and biochemical (2, 11,
14) data support a signaling mechanism in which PRFAR
binding induces movement of an interdomain hinge that is
linked to the glycerol phosphate end of PRFAR. The
structures revealed no clues of how PRFAR binding is
communicated to the hinge region. Hinge movement alters
key signaling contacts at the domain interface. Two such
contacts have been identified between Gln397 and the
glutamine substrate and between Ala393 and the oxyanion
strand. The most important result of hinge movement is
predicted to be unblocking of the glutaminase oxyanion hole
via a “push” on the oxyanion strand from the cyclase domain.
According to this model, the peptide between Gly49 and
Val50 flips to remove the CdO from the active site and to
move the NH into a position where it can stabilize the
catalytic oxyanion. It remains to visualize this more active
form of the glutaminase active site.
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