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Imidazole glycerol phosphate synthase (IGPs) catalyzes the fifth step in the histidine
biosynthetic pathway located at the branch point to de novo purine biosynthesis. IGPs is
a multienzyme comprising glutaminase and synthase subunits. The glutaminase activ-
ity, which hydrolyzes glutamine to give ammonia, is coupled with substrate binding to
the synthase subunit. The three-dimensional structure of the IGPs from Thermus ther-
mophilus HB8 has been determined at 2.3 A resolution, and compared with the previ-
ously determined structures for the yeast and Thermotoga maritima enzymes. The
structure of each subunit is similar to that of the corresponding domain in the yeast
enzyme or subunit in the T. maritima enzyme. However, the overall structure is signifi-
cantly different from the yeast and T. maritima enzymes, indicating that IGPs may
change the relative orientation between the two subunits and close the glutaminase site
upon glutamine binding. The putative ammonia tunnel, which carries nascent ammonia
from glutaminase to the synthase site, has a closed gate comprising a cyclic salt bridge
formed by four charged residues of the synthase subunit. The side chain of Lys100 in the
cyclic salt bridge might change its side chain direction to form new interactions with
the main chain carbonyl group of glutamine from the synthase subunit and the hydoxyl
group of tyrosine from the glutaminase subunit, resulting in the opening of the gate for
ammonia transfer.

Key words: ammonia tunnel, conformational change, glutamine amidotransferase, imi-
dazole glycerol phosphate synthase, three-dimensional structure, X-ray crystallography.

Glutamine-dependent amidotransferases hydrolyze the
amide bond of glutamine to ammonia and glutamate, and
transfer the nascent ammonia to an acceptor substrate to
give an aminated product (I-3). Imidazole glycerol phos-
phate synthase (IGPs) is a member of a family of class I
glutamine-dependent amidotransferases comprising two
domains: glutaminase domains, which all evolved from the
same ancestor, and synthase domains, which are evolution-
ally unrelated and have different functions in each enzyme.
Recent X-ray studies on class I glutamine-dependent ami-
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dotransferases have shown that the ammonia produced in
the glutaminase subunit is transferred to the synthase sub-
unit through a channel formed inside the protein molecule
(4-9), similar to the molecular tunnel observed in the struc-
ture of tryptophan synthase (10-12). IGPs catalyzes the
hydrolysis of glutamine at the glutaminase subunit, and
the reaction of nascent ammonia with N'-[(5’-phosphoribu-
losyl)formimino]-5-aminoimidazole-4-carboxamide ribonu-
cleotide (PRFAR) to produce imidazole glycerol phosphate
(IGP) and 5-aminoimidazole-4-carboxamido-ribotide (AIC-
AR) at the synthase subunit (Scheme 1) (13).
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Yeast IGPs consists of glutaminase and synthase do-

mains ‘on a singlé polypeptide chain (14). In bacteria, IGPs -
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is a multienzyme that is a product of the hisF and hisH
genes of the histidine operon associated with the histidine
and purine biosynthetic pathways. One subunit encoded by
the hisH gene has the glutaminase activity, and the other
subunit encoded by the hisF gene has the synthase activity.
IGPs shows a strong glutaminase activity with the coupled
glutaminase and synthase reaction in the presence of
PRFAR, although a very weak activity is observed in the
absence of PRFAR (15, 16). This implies that the binding of
PRFAR to the synthase subunit induces a conformational
change in the glutaminase subunit of IGPs to reorganize
the glutamine binding region of the glutaminase subunit.

The X-ray structure of the isolated synthase subunit
from Thermotoga maritima shows that the subunit has a
(B/a)g barrel fold (17). Quite recently, the structures of IGPs
from yeast and T. maritima have been solved (18, 19). The
N-terminal side of the (B/a); barrel of the synthase subunit
(or domain) was shown to face the active site of the glutam-
inase subunit (or domain) of an open o/ structure. Inter-
estingly, the synthase and glutaminase active sites are
connected by a putative tunnel through the (B/a), barrel for
ammonia transfer with a gate formed by four charged resi-
dues at the entrance of the tunnel. On the basis of these
structures, the glutaminase activity coupled with the syn-
thase activity and the transfer of ammonia through the
tunnel were discussed but are still a matter of investiga-
tion.

We have determined the structure of the native IGPs
from Thermus thermophilus HB8 (#IGPs). The structure of
the #1GPs was compared with those of yeast IGPs (yIGPs)
and T. maritima IGPs (tmIGPs), and showed that IGPs
may change from an open to closed conformation upon glu-
tamine binding coupled with the PRFAR binding, providing
a putative mechanism for the entry of ammonia into the
tunnel though the gate. We now report an X-ray crystallo-
graphic study of native #£IGPs at 2.3 A resolution.

MATERIALS AND METHODS

Protein Expression, Purification, and Crystallization—
The Ndel site was built into the plasmid pUC119 at the ini-
tiation codon ATG of the lacZ gene by site-directed mu-
tagenesis. The PCR-cloned structural gene of hisH or hisF
from T. thermophilus HB8 was inserted between the EcoRI
and Ndel restriction sites of the mutated pUC119. Escheri-
chia coli HB101 was transferred with the resultant plas-
mid, pUC119-hisF or pUC119-hisH. Both proteins were
overexpressed in separate cells. The #2IGPS (hisH/hisF) was
purified by a three-step column chromatography procedure
after both cells were mixed in a 1:1 ratio by weight and
homogenized by sonication; first on a DEAE-Toyopearl col-
umn (Tosoh) equilibrated with buffer A (50 mM KH,PO,,
pH 7.0, 5 mM B-mercaptoethanol) and washed with 1 liter
of buffer A, then a Phenyl-Toyopearl column (Tosoh) equili-
brated with buffer B (10 mM KH,PO,, pH 7.0, 20% satu-
rated ammonium sulfate, 5 mM B-mercaptoethanol) and
eluted with a linear gradient from 20 to 0% saturated
ammonium sulfate, and finally on a gigapite column (Sei-
kagaku Kogyo) equilibrated with buffer C (2 mM KH,PO,,
pH 7.0, 5 mM B-mercaptoethanol) and eluted with a linear
gradient of potassium phosphate (2-300 mM).

Crystallization and Data Collection—Crystals of ttIGPS
(hisH/hisF) were obtained by the hanging-drop vapor diffu-
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sion method at 293 K (20). A 3 pl aliquot of protein solution
(5 mg/ml protein, 10 mM Na-HEPES) was mixed with an
equal volume of reservoir solution (4.4 M NaCl, 0.1 M Na-
HEPES, pH 7.5). After two weeks, crystals had grown to
full size (0.3 x 0.3 x 0.2 mm) in the space group P4,2,2 with
unit cell parameters a = b = 82.2, ¢ = 156.2 A. The unit cell
volume is consistent with the presence of one heterodimer
per asymmetric unit corresponding to a specific volume V,
= 2.70 A¥Da and solvent content of 54%. X-ray diffraction
experiments on the crystals showed a diffraction up to 2.3
A resolution at 290 K using a Rigaku RaxisIV++. The data
set for the crystals soaked in 1 mM HgCl, and EMTS was
collected to 3.0 A and 2.9 A at 293 K using a Rigaku Raxis
II c. The native data were processed and scaled using the
program Crystal Clear (Molecular Structure Corporation, a
Rigaku company) and MIR data were processed and scaled
using the programs DENZO and SCALEPACK (21).
Structure Determination and Refinement—The structure
of tt2IGPs was solved by the MIR method using two isomor-
phous data sets. The scaling of all data and map calcula-
tions were performed with the CCP4 program suite (22).
The location of the initial heavy atom sites was determined
by the difference Patterson method, and refined by the pro-
gram SOLVE (23). The resulting MIR map has a mean fig-
ure of merit of 0.53. The map was improved by the process
of solvent flattening with the program RESOLVE (23) to
give a mean figure of merit of 0.70. The model of #IGPs
was gradually built into a 3.0 A map using the program O
(24) and a series of refinements were done with the pro-
gram CNS (25). The resolution was increased to 2.3 A reso-
lution, and several rounds of refinement and manual re-
building reduced R, . and R, to 24.2 and 29.2%, respec-
tively. Water molecules were picked up on the basis of peak

TABLE I. Data collection, MIR, and refinement statistics.

Native HgCl, EMTS*
Diffraction data
Wavelength, A 1.5418 1.5418 1.5418
Resolution, A 2.3 3.0 2.9
Total no. of reflections 88,635 51,723 57,811
Unique no. of reflections 23,969 10,900 12,232
Completeness, % 98.8 (99.9Y 96.2(97.3) 97.4(97.5)
R g (final shell), %* 6.3 (26.1¥ 8.6 (20.9) 7.5 (22.6)
MIR
Ry %° 18.8 13.0
phasing power 1.32 1.19
no. of site 2 1
Refinement
Resolution limits, A 10-2.3
R..% 20.3
R, % 25.6
Deviations
Bond length, A 0.007
Bond angles, deg 14
Mean B factors
main chain atoms, A? 34.66
sidechain atoms, A2 36.01
water atoms, A? 40.90

"R = Zast 2las W Ziw Z; Tanyss where I = observed intensity
and {I) = average intensity for multiple measurements. R, =
S F - F/EIFy, where 'Fp,l and [F,| are the derivative and native
structure-factor amplitudes, respectively. “Phasing power is the
ratio of the root-mean-square (rms) of the heavy atom scattering
amplitude and the lack of closure error. *The values in parentheses
are for the highest resolution shells (2.38-2.30 A) in the native
enzyme. *Ethylmercurithiosalicylic acid, sodium salt.
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height and distance criteria from the difference map. Water
molecules whose thermal factors were above 65 A? (maxi-
mum thermal factor of the main chain) after refinement
were removed from the list. Further model building and
refinement cycles resulted in an R, of 20.3% and R,_, of
25.6%, using 23969 reflections [F, > 20(F)] between 10.0
and 2.3 A resolution (Table I). The maximum thermal fac-
tor of the water molecules was 64.9 A2

Quality of the Structure—The refined model comprises
251 residues for the synthase subunit, 195 residues for the
glutaminase subunit, and 118 water molecules. No inter-
pretable electron density was observed for one N-terminal
residue (Met1s) of the synthase subunit, and two N-termi-
nal (Metlg and Arg2g) and three C-terminal residues
(Glu198g, Vall199g, and Leu200g) of the glutaminase sub-
unit. The average and maximum thermal factors of the
main chain atoms in the synthase and glutaminase sub-
units are 63.5 and 65.6 A2, respectively.

An analysis of the stereochemistry with PROCHECK
(26) showed that all main chain atoms (except for Cys 82 in
the glutaminase subunit) fall within the generously al-
lowed region of the Ramachandran plot with 331 residues
in the most favored region and 36 in the additionally
allowed region. Structure diagrams were drawn using the
programs Molscript (27), Bobscript (28), and Raster3D (29).

RESULTS AND DISCUSSION

Description of the Structure—The overall structure of
ttIGPs is shown in Fig. 1. The #IGPs consists of glutami-
nase and synthase subunits. The glutaminase subunit is
folded into an open o/f structure similar to those of the
glutaminase subunits in class I glutamine-dependent ami-
dotransferases (4-9). The glutaminase subunit predomi-
nantly consists of B-strands, and is characterized by an
open B-sheet of seven strands (blg, b2g, b3g, bdg, b9g, b10g,
and bl1g) that are all parallel except for b10g. One side of
the large B-sheet as the central core is covered by a-helices,
alg and adg, and an antiparallel 3-sheet of two strands
(b7g and b8g), and the other side by a-helices a2g and a2’g,
and a three-stranded B-sheet of b5g, b6g, and b8'g.

The synthase subunit has a typical p/a barrel structure
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comprising eight B-strands and a-helices (Fig. 2) (30). The
formed on the C-terminal side of the barrel, which has long
loops connecting the C-terminus of a B-strand and the N-
terminus of an a-helix. The sidechains of the B-strands
protrude toward the inside of the barrel in four layers. The
first layer located at the N-terminal side of the barrel con-
sists of four charged residues, Arg6, Glu47, Lys100, and
Glu168, that form a cyclic salt bridge to close the bottom of
the barrel. These four residues are completely conserved in
#IGPs, tmIGPs, and yIGPs. The second and third layers
are made up of three bulky hydrophobic residues and one
hydrophilic Ser or Thr. The residues Cysl10s, Gly8ls,
Alal29s, and Ser202s form the fourth layer on the C-termi-
nal side of the barrel, leaving a relatively large space inside
the barrel. In the center of the barrel is a tunnel through
which small molecules such as water or ammonia may go,
although the bottom of the barrel is closed by the cyclic salt
bridge. The N-terminal side of the (B/a); barrel of the syn-
thase subunit makes a subunit interface with the loop
region of the N-terminal side of the central B-sheet and the
two-stranded B-sheet of b7g and .b8g of the glutaminase
subunit (Figs. 1 and 2).

Comparison of the ttIGPs Structure with Those of tmIGPs
and yIGPs—The glutaminase and synthase subuits of
ttIGPs have sequence identities of 35 and 57% with those of
tmIGPs, and 30.5 and 35.1% with the glutaminase and
synthase domains of yIGPs, respectively. The Ca atoms of
the glutaminase subunit in #IGPs can be superimposed
onto the corresponding atoms in tmIGPs and yIGPs within
rms deviations of 0.83 and 0.83 A with maximum displace-
ments of 1.48 and 1.36 A, respectively (Fig. 3) (18, 19). The
corresponding Ca atoms between the synthase subunit in
ttIGPs, and those in ¢mIGPs and yIGPs fit within 0.66 and
0.83 A with maximum displacements of 1.46 and 1.51 A,
respectively (Fig. 3). The synthase and glutaminase sub-
units (domains) of these three IGPs enzymes thus have
very similar folding of the main chain except for the elon-
gated loops of the N-terminal side of the B-barrel in the
synthase domain of yIGPs.

Although the overall structure of each subunit (domain)
is conserved in these enzymes, the relative location of the

Fig. 1. Stereoview of the overall struc-
ture of #IGPs with secondary struc-
ture assignment. The glutaminase sub-
unit is represented by the heavily shaded
ribbon, and the synthase subunit by the
lightly shaded ribbon. a-Helices of the glu-
taminase and synthase subunits are de-
noted as alg-a4g and als-a8s, respec-
tively, and B-sheets as blg-bllg and bls
b8s, respectively. The central cavity is the
glutaminase site formed between the sub-
unit interface. The catalytic triad (Cys83g,
His193g, and Glul93g) for glutamine hy-
drolysis, and Glul24s, which is from the
synthase subunit and recognizes the sub-
strate glutamine, are shown by the ball-
and-stick models.
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Fig. 2. The synthase subunit viewed from a pseudo 8-fold axis.
(a) Stereoview of the synthase subunit. The C-terminal side of the
barrel has a large and long crevice for binding the substrate PRFAR.
The bottom (N-terminal side) of the barrel is dosed by the cyclic salt
bridge formed by Argés, Glud7s, Lys100s, and Glul68s. A two-

synthase subunit (domain) to the glutaminase subunit
(domain) differs from one to another. The superposition of
the synthase subunit of #IGPs on that of yIGPs shows a
significant deviation of the main chain of the glutaminase
gubunits (Fig. 4). The superposition of the synthase sub-
units of tmIGPs and yIGPs displays an even larger devia-
tion of the main chain of the glutaminase subunits. These
deviations are explained by the change in the relative ori-
entation between the synthase and glutaminase subunits
in these enzymes. When compared with the relative orien-
tations observed in #IGPs and tmIGPs, yIGPs changes its
relative orientation to close the glutamine binding pocket
located on the glutaminase side of the subunit interface,
resulting in a larger accessible surface area of 3493 A? in
yIGPs as compared with 2722 A? in #IGPs and 2303 A? in
tmlIGPS.

The Glutaminase Active Site and Open-Closed Conforma-
tional Change—The glutamine binding pocket is formed by
Pro47g-Gly50g, Cys82g, Val83g, GIn86g, Glu94g, Ser143g,
Tyrl44g, His178g, and Glul80g in the glutaminase sub-
unit, and GIn124s in the synthase subunit. These active
site residues are completely conserved among #IGPs,
tmIGPs, and yIGPs. In the case of yIGPs, an inhibitor (aciv-
icin) forms a covalent bond with the catalytic residue

stranded antiparallel B-sheet (b7g and b8g) of the glutaminase sub-
unit i8 located just under Arg6s and Glu47g. (b) CPK model of the
synthase subunit. The ammonia tunnel is shown in the center of the
molecule with the heavily shaded molecular surface.

Fig. 3. Superposition of the glutami-
nase (left) and synthase (right) sub-
units of #IGPs, tmIGPs, yIGPs by least-
squares fitting of Ca-atoms, indicating
that the folding of each subunit (do-
main) is well conserved among these
three 1GPs except for the elongated
loops caused by the insertion of amino
acid residues. The green, yellow, and pink
lines represent ¢#1GPs, tmIGps, and yIGPs,
respectively.

Cys82g and interacts with the neighboring residues (18).
The inhibitor is encapsulated into the active site cavity and
isolated from the solvent region (Fig. 5). On the other hand,
the glutamine binding pockets of #IGPs and ¢tmIGPs in
their free form allow access of solvent molecules to the cat-
alytic residue Cys82g.

The #IGPs and yIGPs were superimposed by least-
squares fitting of the corresponding Ca atoms of B-barrels
in the synthase subunit (Fig. 5). Interestingly, many of the
active site residues of #IGPs show large positional devia-
tions from the corresponding residues in yIGPs. These devi-
ations are correlated with the change in the relative ori-
entation between the glutaminase and synthase subunits
described above. This change induces active site closure
and makes interactions of inhibitor or substrate molecules
with the neighboring residues possible. Presumably, free
yIGPs, which has an open conformation similar to those
observed for #1GPs and tmIGPs, changes its relative orien-
tation between the synthase and glutaminase subunits
upon inhibitor or substrate binding to close the glutamine
binding pocket and sequester it from the solvent (31).

Although #1GPs was cocrystallized with the inhibitor
acivicin, the acivicin was not bound to the enzyme. This is
consistent with the view that IGPs does not show glutami-
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nase activity in the absence of substrate (PRFAR). The coc-
rystallization of yIGPs with the acivicin in the presence of
PRFAR gave a complex crystal with acivicin covalently
bound to the enzyme (I18). The glutaminase activity of
yIGPs coupled with PRFAR binding to the synthase site
induced a conformational change in IGPs to activate the
glutaminase site and bind acivicin. The closed form
observed in the yIGPS complex with acivicin may be differ-
ent in some degree from the true active form of the enzyme,
since the synthase subunit has a structure similar to that
of ttIGPs or tmIGPs, and does not bind PRFAR. However,
the yIGPs complex in which acivicin is encapsulated in the
glutaminase site is in a favorable conformation for Gln124s
of the synthase subunit to interact with the substrate
glutamine and to prevent nascent ammonia from diffusing
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R Fig. 4. Superposition of #IGPs onto

vIGPs by least-square fitting of the

Ca-atoms of B-barrels in the synthase

subunits. The green and pink lines rep-

resent #IGPs and yIGPs, respectively.

- While the B-barrels show good superposi-

f tion between #IGPs and yIGPs, the

7\ main-chain of the glutaminase subunit

i in ylGPs deviates from the correspond-

¥ ing chain in #IGPs with marked shifts

/| around the glutaminase site. C82g is the

catalytic residue in the glutaminase sub-

unit, and Q124s in the synthase subunit

is supposed to interact with the sub-

strate glutamine (q). Q86g, E%4g, and

F144g of yIGPs are located close to the

glutaminase site in comparison with the
corresponding residues in #IGPs.

Fig. 5. Superposition of the
active-site regions between
ttIGPs (green) and yIGPs (pur-
ple) by least-squares fitting of
the Ca atoms of B-barrels in the
synthase subunits. The amino
acid residues of the glutaminasze
site and the inhibitor (acvicin)
bound to yIGPs are shown. The
residues of yIGPS move to close
the active-site cavity and interact
with the inhibitor, while the active
site of #IGPs is in an open confor-
mation.

to the solvent side. Thus, the open-closed conformational
change in IGPs enzymes may play an important role in the
glutaminase activity coupled with the synthase reaction.

Implication for Ammonia Transfer through the Molecular
Tunnel of the Barrel—On the basis of the X-ray structures
of yIGPs and tmIGPs, it was reasonably assumed that the
nascent ammonia produced at the glutaminase activity site
enters the tunnel of the barrel, and reaches the synthase
site to react with PRFAR (I8, 19). The remaining problem
to be solved is the mechanism by which ammonia passes
through the cyclic salt bridge formed by the four charged
residues at the subunit interface.

Out of the four charged residues of the salt bridge, the
side chains of Arg6s, Glud7s, and Aspl68s are covered by
hydrophobic side chains of the B-sheet comprising b7g and
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Fig. 6. The side-chain movement of Lys100s to open the cyclic
salt bridge. (a) K99s (K100s in ttIGPs) is observed to be free from the
cyclic salt bridge and to make a hydrogen bond with N123s (N124s in
ttIGPs) in the isolated synthase subunit of #mIGPs. A water molecule
(W1) interacts with three charged residues of the salt bridge. (b) The

b8g of the glutaminase subunit, resulting in a restriction of
the conformational flexibility of these residues, and the
strengthening of the salt bridges between Arg6s, and
Glud7s and Aspl68s. On the other hand, Lys100s of the
salt bridge is located just above the hydrophilic cavity of
the glutaminase site, and has space to make a conforma-
tional change in its side chain possible. The mobility of the
side chain of Ly100s is supported by the X-ray structure of
tmIGPs in which the salt bridges between Lys100s and
Glul67s are elongated to 4.1 and 4.5 A in two of the three
independent molecules in the asymmetric unit (19). More-
over, Lys100s is neighbored by Tyr139g of the glutaminase
subunit in #IGPs, yIGPs, and tmIGPs with the formation
of a direct hydrogen bond in #IGPs. This interaction has
been pointed out to play an important role in loosening the
salt bridge around Lys100s (18). Lys100s is thus the most
plausible candidate for the door to the ammonia tunnel.
IGPs or isolated synthase subunits have synthase activ-
ity in the presence of ammonium salt (15, 16), suggesting
that the passage of ammonia through the cyclic salt bridge
is not correlated with the glutaminase activity. Ammonium
ions in solution may enter the ammonia tunnel in the same
manner as nascent ammonia from the hydrolysis of gluta-
mine, although the ammonium ion must be deprotonated.
The possible conformational change of Lys100s to open the
cyclic salt bridge is observed in the X-ray structure of the
isolated synthase subunit of #mIGPs (17). The amino group
of Ly100s is disordered into two positions in this synthase
structure (Fig. 6a). One of two disordered amino groups
loses the salt bridge with Glu47s to form a hydrogen bond
with the main chain carbonyl group of Gln124s, indicating
that the side chain of Lys100s may change its direction and
make a small opening to the ammonia tunnel. A water mol-
ecule is located at the center of the salt bridge and interacts
with the charged side-chains of Argbs, Glud47s, and
Glul68s. The local structure around this salt bridge is mod-
eled into the #IGPS complex structure (Fig. 6b). In addition
to Gln123s, Tyrl39g forms a hydrogen bond with Lys100s,
suggesting that residues from both subumts cooperate to
loosen the salt bridge with Lys100s. If the water molecule
that interacts with Arg6s, Glu47s, and Glul68s is replaced
by an ammonia molecule, the model structure seems to
mimic ammonia tunneling. Lys100s might change its side

R. Omi et al.

E1685
R6s f
-2, KlOOs
E47s E47s
% N124s j \Q
Y139g Y139¢g

arrangement of K99s and the water molecule (W1) shown in (a) are
copied into the ¢#IGPs structure giving an ammonia tunneling model.
Hydrogen bond distances between the water molecule and charged
residues are in the range from 2.6 to 3.2 A,

chain conformation toward Gln124s and Tyr139g to make
space for ammonia to enter into the tunnel of the synthase
barrel.
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