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ABSTRACT: Within de noVo purine biosynthesis, the AICAR transformylase and IMP cyclohydrolase
activities of the bifunctional enzyme ATIC convert the intermediate AICAR to the final product of the
pathway, IMP. Identification of the AICAR transformylase active site and a proposed formyl transfer
mechanism have already resulted from analysis of crystal structures of avian ATIC in complex with substrate
and/or inhibitors. Herein, we focus on the IMPCH active site and the cyclohydrolase mechanism through
comparison of crystal structures of XMP inhibitor complexes of human ATIC at 1.9 Å resolution with
the previously determined avian enzyme. This first human ATIC structure was also determined to ascertain
whether any subtle structural differences, compared to the homologous avian enzyme, should be taken
into account for structure-based inhibitor design. These structural comparisons, as well as comparative
analyses with other IMP and XMP binding proteins, have enabled a catalytic mechanism to be formulated.
The primary role of the IMPCH active site appears to be to induce a reconfiguration of the substrate
FAICAR to a less energetically favorable, but more reactive, conformer. Backbone (Arg64 and Lys66) and
side chain interactions (Thr67) in the IMPCH active site reorient the 4-carboxamide from the preferred
conformer that binds to the AICAR Tfase active site to one that promotes intramolecular cyclization.
Other backbone amides (Ile126 and Gly127) create an oxyanion hole that helps orient the formyl group for
nucleophilic attack by the 4-carboxamide amine and then stabilize the anionic intermediate. Several other
residues, including Lys66, Tyr104, Asp125, and Lys137′, provide substrate specificity and likely enhance the
catalytic rate through contributions to acid-base catalysis.

The purine and pyrimidinede noVo synthesis and salvage
pathways are two avenues by which cells produce their DNA
and RNA nucleotide pools (1). Salvage synthesis provides
an economical pathway in which degraded nucleic acids are
reprocessed for cellular use. Despite the cellular cost ofde
noVo synthesis, rapidly dividing cancer cells rely mainly on
new synthesis of nucleotides (2). As a consequence, enzymes
involved in thede noVo production of purines and pyrimi-
dines become potential targets for the development of
anticancer therapeutics. Structure-based drug design provides
a useful tool in the development of specific protein inhibitors
and has been utilized for enzymes within these pathways.

The penultimate and final steps ofde noVo purine
biosynthesis are catalyzed by the bifunctional homodimeric
enzyme aminoimidazole-4-carboxamide ribonucleotide

(AICAR)1 transformylase/inosine 5′-monophosphate (IMP)
cyclohydrolase (ATIC) which is highly conserved in prokary-
otes and eukaryotes (3, 4). AICAR transformylase (AICAR
Tfase) catalyzes the transfer of a formyl group from the
cofactorN10-formyltetrahydrofolate (10-f-THF) to the sub-
strate AICAR to produce the stable intermediate 5-formyl-
AICAR (FAICAR) and the byproduct tetrahydrofolate (THF)
(Figure 1A). FAICAR is subsequently cyclized, in the final
step ofde noVo purine synthesis, to IMP by IMP cyclohy-
drolase (IMPCH) with the loss of a water molecule. The
AICAR Tfase and IMPCH activities reside in different
domains of the same polypeptide chain (ATIC); each domain
can be individually expressed in the laboratory as an
enzymatically active fragment (4).

Two avian ATIC crystal structures have been previously
reported in which primary emphasis was placed on elucida-
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include ATIC in complex with both the AICAR Tfase
substrate AICAR and an IMPCH inhibitor xanthosine 5′-
monophosphate (XMP) (5), and a second complex with an
AICAR Tfase multisubstrate adduct inhibitorâ-DADF which
coalesces the AICAR and folate moieties into one covalently
linked entity (6). The combination of these structural data
with previous mutational analyses has identified key residues
involved in AICAR Tfase substrate binding and catalysis
(4-9).

The proximity of the independent AICAR Tfase and
IMPCH active sites on ATIC appears to be required as the
formyl transfer reaction favors the starting products AICAR
and 10-f-THF (7, 8, 10); the essentially irreversible cycliza-
tion of FAICAR (10) ensures formyl transfer in the forward
direction and, hence, completion of purine biosynthesis. The
bifunctionality of ATIC is conserved fromEscherichia coli
to humans, but the possibility of intermediate tunneling and
channeling has been negated by ATIC structure (11) and
intermediate single-turnover kinetic (10) analyses, respec-
tively. A recently identified new class of monofunctional IMP
cyclohydrolases inMethanococcus jannaschiihas been
identified, and its sequence is not at all homologous to that
of the IMPCH domain of eukaryotic ATIC (12). In Archaea,
FAICAR formation is independent of folate and is synthe-
sized by an ATP-driven process (13), suggesting that the
proximity of IMP cyclohydrolase activity is not required in
this situation. These recent findings further support the notion
that folate-dependent formyl transfer of AICAR Tfase

requires close coupling with the cyclohydrolase activity
within the bifunctional ATIC to ensure IMP production.

Herein, we describe the IMPCH active site and propose a
cyclohydrolase mechanism based on the crystal structure of
apo human ATIC and the previously reported structure of
avian ATIC in complex with AICAR and XMP (5). Human
and avian ATIC are highly homologous in both sequence
(83% identical) and structure. The human ATIC structure
was also determined to reveal whether any slight differences
arise in the active site, or in the binding of ligands, that could
facilitate design of more potent and selective human enzyme
inhibitors, as was the case when human glycinamide ribo-
nucleotide (GAR) transformylase (GAR Tfase) was com-
pared withE. coli GAR Tfase (14, 15).

Two isoforms (a and b) of ATIC have been reported in
yeast (16) and humans (4, 17). ATIC_b is the predominant
form in humans (17) and, consequently, has been used here
for structure determination. For comparison, avian ATIC has
an additional alanine residue at the N-terminus (e.g., avian
His268 is equivalent to human His267).

The IMPCH active site was previously identified in the
initial crystal structure of apo avian ATIC (11) due to the
presence of a bound purine nucleotide ligand acquired during
protein production or purification, which was later identified
as XMP by HPLC analysis (18). XMP is a naturally
occurring intermediate in subsequent processing of purine
nucleotides in which IMP is converted to guanosine 5′-
monophosphate (GMP). XMP is a potential feedback inhibi-
tor of the IMPCH domain (Ki ) 0.12µM) when low levels
of L-glutamine limit conversion of XMP to GMP (19, 20).

In comparison to other cyclohydrolases, the IMPCH
domain of ATIC involves only one catalytic step. On the
other hand, other cyclohydrolase enzymes, such as methyl-
enetetrahydrofolate dehydrogenase-cyclohydrolase (21) and
GTP cyclohydrolases I (22, 23) and II (24, 25), catalyze
multiple transformations via detectable intermediates within
their cyclohydrolase active site. Key binding and catalytic
residues have been elucidated here by comparison of the
human and avian XMP-bound IMPCH active sites with the
apo avian ATIC structure (11) and through analysis of
analogous IMP and XMP binding proteins, including car-
bamoyl phosphate synthetase (CPS) (26, 27) and IMP
dehydrogenase (IMPDH) (28, 29). Identification of unique
interactions of XMP within the human and avian IMPCH
active sites has allowed formulation of the cyclohydrolase
catalytic mechanism that is consistent with and complements
mutagenesis studies of human ATIC (18).

MATERIALS AND METHODS

Protein Expression and Purification.Human ATIC cDNA
was cloned into a pET28a vector (Novagen, Inc.) and
transformed intoE. coli BL21.DE3 cells (Novagen, Inc.) for
overexpression and was a kind gift from G. Peter Beardsley.
TheE. coli transformant was grown in 2YT medium (Gibco
BRL) at 37°C to an OD600 of 0.6. Isopropylâ-D-thiogalac-
topyranoside (IPTG) (Gibco BRL) was added to a final
concentration of 0.4 mM, and the mixture was incubated for
an additional 3 h at 30 °C. Cells were harvested by
centrifugation at 3500g for 15 min at 4°C. Pellets were
subsequently washed with 0.85% NaCl and used immediately
or frozen at-80 °C. Cell pellets (approximately 3 g wet

FIGURE 1: Reaction and crystal structure of ATIC. (A) Formyl
transfer and cyclohydrolase reactions catalyzed by ATIC. The
structure of inhibitor XMP is shown in the black box. (B) Two
rotated views of the crystal structure of the apo human ATIC dimer.
Monomers C and D that compose one of the dimers in the crystal
asymmetric unit are colored rose and blue, respectively. The bound
XMP molecule is depicted in a cpk representation (yellow for
carbon, red for oxygen, blue for nitrogen, and magenta for
phosphate). The N- and C-termini are labeled accordingly.
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weight) were resuspended in 100 mL of ice-cold buffer A
[50 mM sodium phosphate, 300 mM NaCl, and 20 mM
imidazole (pH 8.0)]. Lysozyme was added to the pellets to
a final concentration of 1 mg/mL and sonicated at 4°C.
Insoluble material was removed by centrifugation at 20000g
at 4 °C for 60 min. The resulting supernatant was mixed
with 10 mL of a 1:1 slurry of Ni-NTA Superflow beads
and incubated on a rotator overnight at 4°C. The Ni-NTA
Superflow beads were transferred to a 1 cm× 10 cm column
and washed with 200 mL of buffer A and 100 mL of 99%
buffer A and 1% buffer B [50 mM sodium phosphate, 300
mM NaCl, and 500 mM imidazole (pH 8.0)]. Human ATIC
was eluted using a 1 to 50%buffer B gradient, and fractions
were analyzed by SDS-PAGE. Fractions containing ATIC
were pooled and concentrated using Millipore Ultrafree-15
filters (molecular mass cutoff of 10 kDa). The concentrated
protein sample was loaded onto a 2.6 cm× 90 cm Superdex
200HR column (Amersham Biotech) that was pre-equili-
brated with buffer C [20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 50 mM KCl, 5 mM EDTA, and 5 mM DTT]. Peak
fractions were analyzed by SDS-PAGE, pooled, and
concentrated using Millipore Ultrafree-15 filters to a final
protein concentration of 0.1 mg/mL and stored at 4°C. Prior
to crystallization, human ATIC was concentrated to 10 mg/
mL using Millipore Ultrafree-15 filters.

Crystallization, Data Collection, and Structure Determi-
nation. Crystals of human ATIC (10 mg/mL) were grown
at 22 °C by sitting-drop vapor diffusion by mixing equal
volumes of protein and a reservoir solution of 15-17% PEG
3000, 0.1 M Tris-HCl (pH 7.5-8.0), 5% MPD, 6 mM DTT,
and 0.2 M NaCl. Data were collected to 1.90 Å resolution
on a single, flash-cooled crystal in a cryoprotectant of the
reservoir solution and 10% MPD, and processed with
HKL2000 (30) in monoclinic space groupP21 (a ) 77.52
Å, b ) 93.56 Å, c ) 179.88 Å, andâ ) 91.1°). The
Matthews coefficient (Vm ) 2.5 Å3/Da) (31) suggested four
monomers per asymmetric unit (solvent content of 51%).

The human structure was determined by molecular re-
placement using the apo avian ATIC structure (1G8M) as
the search model with the program AMoRe (32). The rotation
search incorporating data from 10 to 3.5 Å identified four
major peaks withCCs of 10.9-10.4 (first noise peak at 7.1).
The subsequent translation search yielded a finalCC and an
Rcryst of 67.1 and 35.5%, respectively. The four monomers
in the asymmetric unit comprise two biologically relevant
homodimers of ATIC. Data statistics are outlined in Table
1.

Structure Refinement.The human ATIC structure was
refined using the program CNS (33) with four cycles of
conventional positional refinement and simulated annealing
(MLF target). Approximate 2-fold NCS restraints were
applied during initial rounds of refinement and subsequently
released in later rounds. Water molecules were added when
they satisfied the electron density and geometric criteria using
CNS and manual inspection in O (34) and TURBO-FRODO
(35). The final Rcryst andRfree are 21.1 and 24.9%, respec-
tively, with 91.9% of the residues in the most favored region
of the Ramachandran plot (Table 1).

Sc coefficients (36) and buried surface areas for both
human and avian ATIC were calculated with SC (32) and
MS (37) using 1.7 and 1.4 Å probes, respectively. Hydrogen
bonds and van der Waals interactions were identified with

default parameters in CONTACSYM (38). The models were
analyzed with CNS (33), CCP4 (32), PROCHECK (39), and
WHATCHECK (40). Root-mean-square deviation (rmsd)
comparisons and calculations (Table 2) were carried out with
PROFIT (Martin, A. C. R., SciTech Software, Chico, CA).
Figures 1-5 were created with Bobscript (41) and rendered
with Raster3D (42). Coordinates and structure factors for
avian ATIC in complex with AICAR and XMP have been
previously deposited in the Protein Data Bank (43) as entry
1M9N. Coordinates and structure factors for apo human
ATIC have been deposited in the Protein Data Bank as entry
1PKX.

RESULTS

Comparison of HumanVersus AVian ATIC. Full-length
avian ATIC (residues 1-593) and human ATIC (residues
1-592) when overexpressed inE. coli can be purified by
gel filtration as noncovalent dimers. The apo human and
avian AICAR-XMP complex (5) ATIC structures were both
determined via molecular replacement using the native ATIC
structure (1G8M) (11) as the initial search model. The final
Rcryst and Rfree values for the AICAR-XMP-bound avian
ATIC structure were 20.6 and 24.4%, respectively, with
92.4% of the residues in the most favored region of the
Ramachandran plot (5). The structure includes residues
3-592 of both monomers, AICAR and XMP bound within
their respective active sites, two potassium ions, and 513
water molecules. The corresponding finalRcryst and Rfree

values are 21.1 and 24.9%, respectively, for the apo human
ATIC structure with 91.9% of the residues in the most
favored region of the Ramachandran plot. The final human
model contains two dimers (monomers A-D, 2353 residues)
and 977 water molecules within the asymmetric unit.
Monomers A and B comprise one dimer; monomer A

Table 1: Human ATIC Data Processing and Refinement Statistics

data processing
resolution range (Å) (outer shell) 50-1.9 (1.97-1.90)
no. of unique reflections 177173 (9598)
completeness (%) 87.7 (47.8)
redundancy 2.1 (1.8)
Rsym (%)a 5.3 (39.4)
averageI/σ(I) 15.0 (2.1)

refinement
resolution range (Å) 50.0-1.90
no. of reflectionsb (test set) 160871 (8496)
Rcryst (%)c 21.1
Rfree (%)c 24.9
no. of protein atoms/no. of waters 17762/977
CVd coordinate error (Å) 0.30
rmsd for bonds (Å) 0.009
rmsd for angles (deg) 1.39
〈B〉 for subunits A-D (Å2) 33.1, 28.1, 46.5, 26.2
〈B〉 for waters and ligands (Å2) 31.1, 34.8
Ramachandran statistics (%)

most favored 91.9
additionally allowed 7.8
generously allowed 0.2
disallowed 0.0

a Rsym ) 100 × ∑h∑i|I(h)i - 〈I(h)〉|/∑hI(h), where I(h)i is the ith
measurement of reflectionh and 〈I(h)〉 is the average measurement
value.b Reflections with positiveI values were used for refinement.
c Rcryst ) ∑h||Fo| - |Fc||/∑h|Fo|, whereFo andFc are the structure factor
amplitudes from the data and the model, respectively.Rfree is Rcryst with
5.2% of the test set structure factors.d Cross-validated (CV) Luzzati
coordinate errors.
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contains residues 3-592, but with no electron density, and
hence presumed disorder, between residues 483 and 484,
whereas monomer B comprises all residues from residue 4
to 592. Monomers C and D comprise the second dimer;
monomer C is made up of residues 4-592 with disorder at
residues 481 and 482, whereas monomer D contains all
residues from 4 to 592.

The ATIC monomer maintains two activities on a single
polypeptide chain in which the IMP cyclohydrolase and
AICAR transformylase activities reside on residues 1-198
and 199-592, respectively (4). Consistent with their 83%
level of sequence identity, the human and avian ATIC
structures are highly conserved. The topology of the AICAR
Tfase domain of avian ATIC has been previously described

for the native ATIC (PDB entry 1G8M) (11), for ATIC in
complex with AICAR and XMP (1M9N) (5), and for the
â-DADF complex (1O20) (6). The IMPCH domain is
composed of a parallel five-strandedâ-sheet (5-4-1-2-3
strand order) with threeR-helices on one side of the sheet
and seven on the other (Figure 2). The IMPCH domain does
not contain any common mononucleotide or phosphate
binding motifs and does not contain signature fingerprint
sequences, such as GXXGXGK or GXGXXG (X represents
any residue), despite containing a Rossmann-like fold.

After initial refinement, the human apo ATICFo - Fc

electron density maps revealed unambiguous electron density
for a purine nucleotide bound to monomers A and C of the
independent dimers within the asymmetric unit, despite
purification and crystallization in the absence of any purine
nucleotides, whereas no ligands were observed in monomers
B and D. Similarly, monomer A of the apo avian ATIC
structure also contained a bound nucleotide carried through-
out purification and crystallization (11). As this nucleotide
was later identified as XMP through HPLC analysis (18),
the bound ligand in the IMPCH domains of monomers A
and C of the apo human structure was modeled as XMP.

Identification of the IMPCH active sites in the avian
AICAR-XMP-bound ATIC structure was also facilitated by
clearly interpretable initialFo - Fc maps (5). Here, we
describe for the first time a detailed interpretation of the
additional density in both IMPCH active sites that could be
readily modeled as XMP (Figure 3A,B). The XMP nucleo-
tides maintain an approximate 3′-endo sugar pucker
which is more pronounced when monophosphate nucleotides
[AICAR (5) and the multi-substrate adduct inhibitorâ-DADF
(6)] are bound to the AICAR Tfase active site; however,
the electron density for the sugar in one of the XMPs is not
as well defined (Figure 3A) and may represent some minor
fluctuations around the 3′-endo conformation. Slight, but
important, differences arise in the conformation of the two
independent XMP molecules, as electron density in one
IMPCH active site reveals a planar xanthosine purine ring,
while in the opposing active site the C2 carbonyl is bent out
of the plane by approximately 20° (Figure 3A,B). The “bent”
XMP molecule is similar to the conformation of the
endogenous purine ligand found selectively in one IMPCH
active site of the native avian ATIC structure (1G8M) (11).
Superposition of the XMP-bound IMPCH monomers oth-

Table 2: Rmsd Comparisons within and between Human and Avian
ATICs for CorrespondingR Carbons

domain rmsd (Å)

avian ATIC (AICAR and XMP)
monomer A vs monomer B

overall 0.44
IMPCH (4-199) 0.31
AICAR Tfase (200-593) 0.37

human ATIC
monomer A vs monomer B

overall 0.90
IMPCH (4-198) 1.09
AICAR Tfase (199-592) 0.54

monomer C vs monomer D
overall 0.81
IMPCH (4-198) 1.06
AICAR Tfase (199-592) 0.37

human ATIC vs avian ATIC
monomer C vs monomer A

overall 0.61
IMPCH 0.42
AICAR Tfase 0.56

monomer C vs monomer B
overall 0.71
IMPCH 0.46
AICAR Tfase 0.65

monomer D vs monomer A
overall 0.97
IMPCH 1.19
AICAR Tfase 0.66

monomer D vs monomer B
overall 1.06
IMPCH 1.20
AICAR Tfase 0.77

FIGURE 2: Stereoview of the IMP cyclohydrolase domain with bound XMP. IMP cyclohydrolase contains a typical Rossmann fold within
its parallelâ-sheet with a 5-4-1-2-3 strand order. The phosphate is positioned at the N-terminus of helixR2, and the XMP C2 carbonyl
is situated directly above the amino end of helixR8. Helices andâ-sheets are colored blue and rose, respectively. The bound XMP molecule
is depicted in a ball-and-stick representation with atoms colored as in Figure 1B.
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erwise reveals no significant differences in the active site
residues. Similarly, superposition of the human XMP-bound
monomer A onto the avian XMP-bound monomer B resulted
in an rmsd of only 0.46 Å (Figure 4B). However, certain
regions of the XMP-bound IMPCH domains of the avian
AICAR-XMP and apo human structures vary significantly
from the native andâ-DADF complex avian ATIC subunits
in which no endogenous ligands were found or when no
exogenous XMP was added. Unlike the relatively static,
solvent-rich AICAR Tfase active site which forms at the
dimer interface, the IMPCH active site (Figure 4A) is
comprised mainly from residues in one subunit and under-
goes substantial conformational rearrangements when it binds
XMP (Figure 4C), and excludes all but one bound water
molecule (Figure 4A,B).

XMP is almost completely shielded from the bulk solvent
with 95% of its surface buried by IMPCH active site residues.
XMP is firmly anchored in the active site and takes advantage
of dipole moments supplied by the proximity of two
R-helices (Figures 2 and 4A). The XMP phosphate is

positioned at the N-terminus ofR-helix 2, and the C2
exocyclic carbonyl interacts with the amino end ofR-helix
8. Side chain interactions with the phosphate are provided
by Lys14, Ser34, Gly36, Thr37, and Lys66, while the main chain
of Thr37 also supplies a hydrogen bond (Figures 3C and 4A).
Main chain and side chain contacts with Asn102 and Asp125,
respectively, as well as main chain and side chain interactions
with Ser12, anchor the XMP ribose ring oxygens at positions
2 and 3. The ribose ring is further secured by an interaction
between O1 and the side chain of Lys66. The N1 position of
the xanthosine ring contacts only the main chain carbonyl
of Arg64. The exocyclic C2 carbonyl hydrogen bonds to the
main chain amides of Ile126 and Gly127, which are both
situated at the N-terminus ofR-helix 8 (Figures 2, 3C, and
4A). Lys137′ provides the only interaction from the opposing
subunit where it donates an indirect hydrogen bond to the
C2 carbonyl via the only structural water molecule within
the active site.

Previous studies of the monomer and dimer have shown
that human AICAR Tfase activity requires assembly of the

FIGURE 3: Comparison of the conformation of XMP bound to the two IMPCH active sites of the avian ATIC dimer and the associated
hydrogen bonding network within the active site. (A) XMP bound to monomer A. (B) XMP bound to monomer B. The electron density for
XMP is shown as a blue 2Fo - Fc map contoured at 1.0σ. Atoms are depicted in ball-and-stick representation and colored as in Figure 1B.
The C2 carbonyl is labeled. (C) Schematic representation of the hydrogen bonding network and corresponding distances within the active
site when XMP is bound. Differences arise in various subunits due to the bent (avian B) vus planar conformations of the bound XMP
(avian A and human A and C). Hydrogen bond distances in the AICAR-XMP-bound avian ATIC structure are shown in angstroms and
labeled in black (monomer A distances), red (monomer B distances), and blue (equivalent distances in monomers A and B). Corresponding
distances in XMP-bound monomer C of the human apo structure are labeled in green. Lys137′ from the opposite subunit is labeled in pink
and denoted with a prime (′). Side chains are depicted for only those residues that provide direct interactions with XMP.
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dimer, while the IMPCH domain can function as a monomer,
albeit it is 6-fold less active than the naturally occurring
homodimer (44). This observation also supports a role for
Lys137′ in facilitating catalysis and/or in binding of the natural
substrate FAICAR via a long-range electrostatic effect on
N1 mediated through the bound water molecule. N3 of the
purine ring interacts with the side chain hydroxyl group of
Tyr104. Similarly, the carboxyl side chain of Asp125 may
contribute electrostatic effects on N3 of XMP. Asp125 is not
sterically hindered in the binding site and could adopt either
of the two alternative rotamers that would provide closer
interactions with N3. The C6 exocyclic carbonyl has three
potential contacts with the main chain and side chain of Thr67,
as well as an amide backbone interaction with Lys66.

Conformational and Orientational Differences of Bound
XMP. Superposition of the two independent IMPCH active
sites of the avian ATIC dimer with bound AICAR and XMP
reveals differences in the orientation and conformation of
their respective bound XMP molecules that result in, or are

a consequence of, variation of hydrogen bond interactions
with the enzyme (Figure 3C). Slight differences exist in the
ribose ring sugar pucker, in the torsion of the xanthosine
moiety, and in the configuration of the C2 carbonyl (Figure
3A,B). Refinement of the XMP molecules revealed that the
ligand bound to monomer A adopts a more pronounced 3′-
endo sugar pucker that results in differential hydrogen bond
interactions with residues Ser12 and Asn102 within the two
IMPCH active sites (Figure 3C). As the electron density for
the ribose 3′-hydroxyl was lacking in monomer A, compared
to monomer B, the XMP ribose bound to monomer A was
weighted toward geometry rather than data in the structure
refinement, resulting in a preference for the energetically
favored 3′-endo pucker. Second, as a consequence of the
torsional variation of the xanthosine moiety relative to the
ribose ring between the two bound XMP molecules, slight
differences arise in the hydrogen bond distances between
XMP and residues Tyr104, Asp125, and Gly127 (Figure 3C).
However, the major difference between these bound XMP

FIGURE 4: Apo human IMPCH active site with bound XMP, and comparisons of XMP bound and unbound human IMPCH active sites. (A)
Stereoview of the residues that make up the IMPCH active site. XMP, active site residues, and the water molecule are represented as balls
and sticks with atoms colored as in Figure 1B. XMP is surrounded by its correspondingFo - Fc electron density omit map contoured at
2.0σ. (B) Stereoview of the superposition of XMP-bound human (monomer C) and avian (monomer B) structures. XMP, active site residues,
and labels for the apo human structure are represented as in panel A, while the AICAR-XMP-bound avian structure has its XMP and
active site residues colored green. Only small deviations are seen in some of the active site residues. (C) Stereoview of the conformational
changes in the active site that occur upon ligand interaction. The CR traces for the XMP-bound monomer C and unliganded monomer D
(colored gray) are shown. XMP, active site residues, and labels for the XMP-bound structure are as in panel A. The unliganded active site
residues of monomer D are colored in cyan (side chains). Note the conformational changes in Lys66 and Tyr104 (labeled in blue).
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molecules is the conformation of the C2 carbonyl, which is
bent out of the plane of the purine ring by approximately
20° in monomer A (Figure 3A,B). As a consequence, the
hydrogen bond distance from the C2 carbonyl to the only
active site water deviates by 0.8 Å in the two independent
avian IMPCH active sites.

However, the XMP molecules selectively bound to mono-
mers A and C (but not to monomers B and D) of the apo
human structure reveal the purine rings and the C2 carbonyl
are in plane. Thus, the bent endogenous nucleotide ligand
bound to monomer A of the AICAR-XMP-bound avian
structure either was not displaced, despite the presence of a
10-fold molar excess of XMP prior to crystallization, or
indeed constitutes a different XMP conformation compared
to the human or second avian IMPCH binding sites. The
former situation could be explained if (1) the bound ligand
in the crystal is not XMP, as identified by HPLC analysis
(18), and either has a higher affinity than XMP or is
conformationally trapped in the binding site and does not
exchange or (2) a real difference exists in binding of XMP
to avian and human ATIC in which XMP and IMPCH both
subtly alter their conformation in avian ATIC by induced
fit so that the affinity for the second site is reduced and not
occupied even in the presence of relatively higher concentra-
tions of added XMP. However, the electron density for the
bent ligand is well resolved, and its interpretation is consistent
with a xanthosine moiety, although minor substitutions in
the ring cannot obviously be differentiated at this resolution
(such as the nitrogen at position 3 of the ring for a carbon
atom). Normally, due to the favorable conjugation with the
aromatic imidazole moiety of xanthosine, N3 would be
expected to be in plane with the imidazole. Nevertheless,
the six-membered xanthosine moiety may not be as rigid as
most aromatic rings as the nitrogen atoms can maintain an
sp3 hybridization with the lone pair of electrons, which would
abolish the planarity of the ring (Figure 1A).

Other protein crystal structures with a bound XMP,
includingMethanobacterium thermoautotrophicumorotidine-
5′-monophosphate decarboxylase (45) (PDB entry 1LOL)
and Toxoplasma gondiihypoxanthine-guanine phosphori-
bosyltransferase (46, 47) (PDB entry 1QK5), as well as the
small molecule crystal structures of anhydrous xanthosine
(48) and xanthosine dihydrate (49), depict a planar purine
ring. Despite similar distances, the bent conformation does
in fact make better interactions between the C2 carbonyl’s
lone pairs of electrons with the N-terminus ofR-helix 8 and
the backbone amides of Ile126 and Gly127. Therefore, the bent
conformation may have a higher affinity when bound first
to one of the two IMPCH binding sites of the dimer in the
avian enzyme.

Various crystal structure determinations have shown that
nucleotides, which have not been added at any stage in
protein expression, can be carried throughout purification
and crystallization, as for GTP cyclohydrolase I which had
a mixture of GTP and ATP bound to the 10 active sites of
the decamer (23). In the ATIC case, selective binding of the
bent XMP molecule to only one of the identical IMPCH
active sites in the apo avian ATIC crystal structure, as well
as the identification of XMP bound to only one of the
IMPCH actives sites within the human dimers, suggests the
possibility of half-the-sites reactivity. Despite conformational
changes upon ligand binding, no clear structural evidence

indicates that induced conformational rearrangements in-
capacitate the opposing IMPCH active site from binding
substrate, as clearly shown in thymidylate synthase (50).
However, many other crystal structures have been determined
for which structural evidence fails to support induced
conformational changes as the main factor in explaining
negative cooperativity, despite strong biochemical evidence.
For example, the crystal structure of dihydropteroate synthase
depicts a ligand bound to only one subunit of the dimer, as
in ATIC, but no significant conformational changes occur
within the binding active site upon interaction, to explain
why the other subunit does not bind ligand (51). Similarly,
tyrosyl-tRNA synthetase is a negatively cooperative protein
(52); in this case, the crystal structure revealed the intermedi-
ate tyrosyl adenylate in both subunits of the dimer (53).
However, in this experiment, the native crystals were soaked
under saturating conditions of tyrosine and 12 mM ATP,
thereby forcing both active sites to bind tyrosyl adenylate.
As avian ATIC was also cocrystallized with a high molar
excess (10-fold) of AICAR and XMP, it appears that this
excess was sufficient to populate the second binding site and,
hence, suggests that first IMPCH site has a higher affinity
and that a higher concentration of ligand is required to fully
occupy the second site. Thus, under physiological conditions,
half-the-sites reactivity may need to be considered for ATIC.

Conformational Changes upon Ligand Binding.Compari-
son of the unbound and bound IMPCH active sites in the
apo human structure, as well as the apo and AICAR-XMP-
bound avian ATIC structures, reveals several conformational
changes upon ligand binding. The most significant movement
is for the loop of residues 103-108, where its primary role
appears to be to flip the side chain of Tyr104 into the active
site and sequester the bound ligand from bulk solvent (Figure
4C). This conformational change, with an rmsd of ap-
proximately 4 Å for main chain CR atoms, results in the
XMP molecule being 95% buried in the active site (using a
1.4 Å probe). Other significant movements include the
N-terminus ofR-helix 2, which is displaced by approximately
3 Å, as measured for main chain CR atoms. Similarly,
rearrangement of side chains occurs for those residues in
R-helix 2 and others that hydrogen bond to the phosphate
and ribose ring, including Ser12, Lys14, Ser34, Thr37, and Lys66

(Figure 4C). The loop region of residues 64-66 has an
approximate displacement of its main chain toward XMP of
3.8 Å upon ligand binding. Lys66 has an extreme side chain
rearrangement as it orients to within 3.4 Å of the hydroxyl
group of Tyr104. In comparison, in the unbound monomer D
of the apo human structure, the distance between these two
groups is approximately 21 Å (Figure 4C). Surprisingly, with
the exception of Tyr104 and Arg64, those residues (including
Lys137′ from the opposite subunit) that interact with the
xanthosine moiety are primarily fixed in conformation after
introduction of the XMP molecule. This observation suggests
these residues are already poised and ready to contribute to
the catalytic transformation once substrate FAICAR has
bound and been enveloped by Tyr104.

ActiVe Site Comparisons with CPS and IMPDH..The
XMP-bound IMPCH domains of both the apo human and
AICAR-XMP-bound avian structures were compared to all
structures within the Protein Data Bank using the program
Dali (54). The two topZ-scores for human and avian were
9.8 and 9.5 for CPS (PDB entry 1C3O) (26, 27) and 8.5 and
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8.3 for methylglyoxal synthase (PDB entry 1B93) (55),
respectively (aZ of <2.0 means structural dissimilarity,
XMP-bound IMPCH monomer B to itself is 37.5). Sequence
alignments revealed conservation of IMPCH active site
residues with CPS in the phosphate binding loop; however,
sequence conservation with methylglyoxal synthase was not
located near the IMPCH active site. CPS is a multidomain
heterodimeric protein in which IMP binds as an effector
molecule to the subdomain of residues Ser937-Lys1073of the
large subunit (27). Sequence alignment of this region with
the human IMPCH domain of ATIC indicates an overall level
of identity of 28% (Figure 5) and reveals significant
similarities in residues that interact with the purine ligand
(27). Superposition of the IMP-binding domain of CPS and
XMP-bound human IMPCH gave an rmsd of 2.5 Å for 112
equivalent CR atoms of the corresponding domains contain-
ing a Rossmann fold. Superimposition of XMP in the IMPCH
active site of ATIC with IMP of the CPS binding domain
reveals a high level of sequence and three-dimensional
conservation of residues that interact with the phosphate
group. Strikingly, the conserved interactions between the two
proteins occur in the same order in their respective sequences
and relatively similar hydrogen bond interactions (Figure 5).
On the other hand, IMPCH active site residues that interact
with the ribose ring and xanthosine moiety are not conserved.
However, one main chain interaction is conserved with the
C6 exocyclic carbonyl of both XMP and IMP by IMPCH
residue Thr68 and by CPS residue Val994, respectively (Figure
5A,B). Thr68 of the IMPCH domain has an additional side
chain interaction with the C6 carbonyl via its hydroxyl group
(Figures 3C and 4A).

IMPDH is involved in the catalysis of IMP to the
intermediate XMP prior to conversion to GMP. Sequence
alignment with the IMPCH domain of human ATIC reveals
no significant homology between the two proteins. Second,
no structural similarities are found with IMPDH (PDB entries
1EEP and 1JR1) which is aâ/R-barrel (28, 29). However,
closer examination of the IMP binding site of IMPDH with
those corresponding residues involved in XMP interaction
in the IMPCH active site reveals some similarity in inter-
actions with the phosphate group. Otherwise, the lack of
three-dimensional similarity or in conservation of hydrogen
bond donors and/or acceptors suggests that the IMPCH and
IMPDH active sites bind FAICAR and IMP, respectively,
in unique ways.

DISCUSSION

The crystal structure of the bifunctional homodimeric apo
human ATIC complexed with endogenous XMP when
compared to the avian ATIC structure in complex with
AICAR Tfase substrate AICAR and IMPCH inhibitor XMP
(5) now provides major insights into the cyclization reaction
performed by the IMPCH active site. These structural results
can then be combined with mutagenesis data (18) to elucidate
potential catalytic mechanisms for IMPCH.

Key Residues of the IMPCH ActiVe Site.Comparison of
the unbound and XMP-bound forms of the IMPCH domain
of both human and avian ATIC, as well as superposition of
the IMPCH active site with proteins similar in structure and
function, allows us to differentiate those residues that are
involved in substrate binding versus those likely to play a

role in the cyclization reaction of FAICAR. Conserved active
site residues correspond to those that provide direct interac-
tion to the bound nucleotide, including those residues
responsible for phosphate positioning in IMPDH and CPS.
Residues to consider in any IMPCH mechanistic proposal
must include the active site water; Tyr104, as it is involved
in a large conformational shift upon ligand interaction; Lys66,
when it orients toward the hydroxyl group of Tyr104; Asp125,
whose pKa could be perturbed on ligand binding and
subsequent active site side chain rearrangements; Lys137′ from
the opposing subunit; the main chain interaction to N1 by
Arg64 and the hydroxyl side chain interaction to the C6
carbonyl by Thr67. Tyr104, Asp125, and Lys137′ have been
shown to be important for catalysis by mutational analysis
(18). However, Ile126 and Gly127 both provide key main chain
interactions (that cannot be probed by mutagenesis) with the
C2 exocyclic carbonyl of xanthosine that may orient the
5-formylamine of FAICAR for nucleophilic attack by the
4-carboxamide. These hydrogen bonds, provided by Ile126

and Gly127, may account for potential preferential binding
of substrate FAICAR and XMP over product IMP which
lacks the C2 carbonyl.

Several enzyme structures have revealed that large con-
formational changes of an active site tyrosine side chain
accompany ligand interaction. Tyr248 of carboxypeptidase A,
and its associated polypeptide loop, enclose the active site
upon ligand binding and sequester the substrate from bulk
solvent. The tyrosine hydroxyl is displaced by approximately
12 Å, enabling a hydrogen bond to form between the tyrosine
side chain and the terminal carboxylate of the substrate (56-
59). Similarly, Tyr291 of the bifunctional enzyme 4-hydroxy-
2-ketovalerate aldolase/acylating acetaldehyde dehydrogenase
is responsible for controlling the access to a tunnel separating
the two activities for the intermediary product (60). Con-
formational flipping of the side chain allows Tyr291 to play
this regulatory role.

The consequences of Tyr104 and Lys66 side chain move-
ments may be 3-fold, as they not only sequester XMP and
orient the phosphate, respectively, but also bring the side
chains of these two groups together such that they fully bury
Asp125 (Figure 4C). The side chain rearrangement brings the
positive charge of the Lys66 amino group into the proximity
of Tyr104 such that it could perturb the pKa of Tyr104 for a
potential role in catalysis. Asp125 is approximately 84%
buried from bulk solvent within the unbound IMPCH active
site and approximately 97% buried in the XMP-bound form
(using a 1.4 Å probe), suggesting that the pKa of Asp125 may
also be perturbed upon ligand binding. Asp125 hydrogen
bonds to the ribose ring O2 hydroxyl group; however, it also
maintains a long-range electrostatic interaction with N3 of
the xanthosine moiety (Figures 3C and 4A). Despite retention
of its side chain conformation upon ligand binding, Asp125

does not appear to be conformationally restricted within the
active site, and the two other possible rotamers could bring
it to within 2.8 Å of N3 without steric hindrance from other
active site residues. Therefore, the potential of pKa perturba-
tion and close interactions with XMP suggest Asp125 may
play a role in FAICAR cyclization. Asp125 and Tyr104 are
then the two candidates most likely to act as catalytic bases
due to their structural juxtaposition to the N3 of the purine
ring and their potential pKa perturbation on ligand binding.
Mutational analysis indicates both residues contribute to
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catalysis as substitution of Tyr104 with an alanine or phenyl-
alanine has little effect on theKm, but reduces thekcat by at

least 1 order of magnitude (kcat ) 8.6 s-1 for the wild type,
0.136 s-1 for the Tyr104Ala mutant, and 0.036 s-1 for the

FIGURE 5: Comparison of the IMP-bound CPS and XMP-bound human apo IMPCH structures. (A) Stereoview of the superposition of the
IMP-binding domain of CPS (PDB entry 1C3O) and the IMPCH active site. Identical IMPCH residues and CPS residues are labeled in
black and blue, respectively, while functionally homologous residues in CPS are labeled in rose. XMP and active site residues of IMPCH
conserved with CPS have yellow carbon atoms, as in Figure 1B. IMP and interacting CPS residues conserved with those of IMPCH have
orange carbon atoms. Interactions unique between XMP and IMPCH are represented by green carbon atoms. Interactions unique to IMP
and CPS are highlighted with purple carbon atoms. (B) Comparative schematic representation of the IMPCH active site and IMP-binding
domain of CPS. Conserved interactions in CPS are labeled in blue. Homologous interactions are labeled in rose. Interactions unique to the
IMPCH are labeled in green. Interactions unique to the CPS structure are labeled in purple. The XMP C2 carbonyl is colored red, and the
double bond between N3 and C2 in IMP is colored cyan. (C) Sequence alignment of the human IMPCH domain (residues 1-198) with
CPS (residues 937-1073) using the GCG program Gap (Genetics Computer Group, Madison, WI). Secondary structure assignments (R
and â) correspond to those of human ATIC. Identical residues are denoted with white letters on a red background, while homologous
residues are denoted with red letters on a white background.
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Tyr104Phe mutant) (18). Similarly, mutation of Asp125 to
alanine reduces thekcat by 2 orders of magnitude with aKm

10-fold greater than the wild-typeKm (Km ) 0.9µM for the
wild type, 9.1µM for the Asp125Ala mutant, and 0.014 s-1

for the Asp125Ala mutant). Nevertheless, the double mutation
consisting of alanine substitution for both Tyr104 and Asp125

still maintains a detectablekcat (18).
Proposed Mechanism.Previous experiments on inhibitor

design of the IMPCH domain and on IMPCH activity
measurements, as well as consideration of the relatively facile
chemical synthesis of hypoxanthine, provide important
guidelines for proposing an IMPCH active site mechanism.
Derivatives of AICAR with bulky substitutions at the
4-carboxamide nitrogen do not bind to the AICAR Tfase
active site, but do inhibit IMPCH (7). These results suggest
that the 4-carboxamide of AICAR adopts a different con-
formation in the AICAR Tfase and IMPCH active sites.
AICAR, in the AICAR Tfase active site of the AICAR-
XMP-bound avian ATIC structure, orients its 4-carboxamide
with the nitrogen in the favored “up” position, where Phe541

can provide a perpendicularπ-hydrogen bond acceptor (5).
Therefore, bulky additions of the 4-carboxamide nitrogen
would result in steric clashes with active site residues.
However, these same 4-substituted AICAR derivatives can
bind to the IMPCH active site and inhibit cyclohydrolase
activity, suggesting that the 4-carboxamide flips to a less
favorable conformer with the oxygen in the up position so
that its nitrogen is now less sterically restricted (7). This
carboxamide reorientation is confirmed by the structural
results presented here and is a consequence of the config-
uration of the IMPCH binding site, which provides a
hydrogen bond donor (Thr67) and main chain hydrogen bond
acceptor (Arg64) to the oxygen and nitrogen of the 4-car-
boxamide, respectively. If the 4-carboxamide were to flip
so that the nitrogen would now be in the up position,
unfavorable van der Waals interactions between the lone
pairs of electrons from the Arg64 main chain carbonyl and
the oxygen of the 4-carboxamide would result. Similarly,
the hydrogens from the Thr67 side chain hydroxyl would
sterically clash with the 4-carboxamide amino group (Figures
3C and 4A). Therefore, the IMPCH active site reorients the
4-carboxamide of FAICAR from its favored conformation
in solution so that its amino nitrogen is correctly poised for
nucleophilic attack on the 5-formyl group. Cyclization of
4-formyl-5-imidazolecarboxamide (FAICA) to hypoxanthine
has been shown to be a facile reaction which can occur
readily under weak alkali solutions, such as 0.05 N potassium
bicarbonate (61). Thus, once the substrate is appropriately
induced into a reactive configuration, the role of other
residues in the IMPCH active site during catalysis would
appear then to provide substrate specificity and to aid in any
acid-base catalysis that would enhance IMP product forma-
tion through water elimination from the proposed intermedi-
ate (Figure 6B).

Thus, the primary role of the IMPCH active site would
then appear to be to correctly orient both the FAICAR
4-carboxamide and the 5-formylamine to promote intra-
molecular nucleophilic attack and subsequent cyclization, and
to aid in elimination of the water molecule from the proposed
transitory reaction intermediate. The IMPCH active site
induces a conformational rearrangement in the substrate from
its favored conformation that binds to the AICAR Tfase

active site to a more disfavored conformation that promotes
intramolecular cyclization. Other enzymes proposed to act
in a similar manner include scytalone dehydratase (62),
glycosidases (63), and serine proteases (64). Upon binding
FAICAR in the appropriate conformation, loops of residues
102-107 and 64-66 conformationally rearrange such that
the side chain of Tyr104 flips into the active site to sequester
the substrate and Asp125 from bulk solvent, and Lys66 then
comes within hydrogen bonding distance of the hydroxyl
group of Tyr104. Reorientation of the 4-carboxamide by Arg64

and Thr67 most likely overcomes the primary barrier to
catalysis (Figure 6A). Similarly, Ile126 and Gly127 position
the 5-formylamine relative to the 4-carboxamide nitrogen
at the appropriate tetrahedral angle for optimal nucleophilic
attack. Both Ile126 and Gly127 are located at the N-terminus
of helix R8 (Figure 4A), which can also aid in polarization
of the formyl group. Once the substrate is rearranged,
intramolecular nucleophilic attack on the 5-formyl group by
the 4-carboxamide nitrogen is facilitated.

Competitive inhibitors of the IMPCH active site prefer
electronegative substituents, such as sulfur, fluorine, or
oxygen in the C2 position of the purine ring (20), suggesting
that the reaction intermediate may have a negative charge
on its C2 carbonyl during ring closure. The positioning of
the C2 carbonyl at the N-terminus of helixR8 would also
assist in stabilizing any negatively charged oxygen within
the transition state. Similarly, the backbone amide inter-
actions between Ile126 and Gly127 and the C2 carbonyl
emulate the oxyanion hole of chymotrypsin-like enzymes
(65-67).

Within the active site, no side chains are in the vicinity to
act as a catalytic base to deprotonate the 4-carboxamide
nitrogen of FAICAR prior to, or concomitant with, ring
closure. The only polar moieties located within the vicinity
of N1 of the purine ring in the XMP-bound IMPCH active
sites are the main chain carbonyl oxygen of Arg64 and the
bound water molecule forming a bridge to Lys137′. The
extremely weak basicity of backbone carbonyl oxygens rules
it out as a potential proton acceptor, and hence, water is most
likely involved in this role.

Dimerization of ATIC promotes IMPCH activity, com-
pared to the monomer which is 6-fold less active (44). A
solid surface representation of the monomer reveals a tunnel
from the outside surface of the active site to the C2 carbonyl
of XMP in the absence of Lys137′ from the neighboring
subunit in the dimer, suggesting the hydroxyl group of the
FAICAR intermediate can exchange protons with bulk
solvent in the monomeric form. However, in the dimer,
ordering of a buried water molecule by Lys137′ would provide
a more optimal situation (Figures 3C and 4A). Lys137′ itself
is completely buried in the dimer interface, suggesting a
propensity for an uncharged amino group. The bound water
molecule, 3.9 Å from the N3 group of XMP, can then remove
the amide proton and transiently transfer it to the Lys137′ side
chain. After ring closure, the C2 carbonyl oxygen of the
transition state must then become protonated. The proton
removed from the attacking 4-carboxamide nitrogen by
Lys137′ via the bound structural water molecule can then be
shuffled back to protonate the C2 carbonyl. The distance
between the water molecule and the C2 carbonyl of XMP is
2.6 Å, which is an optimal distance for proton transfer
(Figures 3C and 4A). Deprotonation of the attacking 4-car-
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boxamide nitrogen and the first protonation of the C2
oxyanion are proposed to involve transient proton shuffling
within the active site (Figure 6A). Subsequent protonation
of the C2 hydroxyl reaction intermediate results in a better
leaving group (water); deprotonation of N3 of the purine ring
for water elimination completes the reaction sequence.

The proximity of the hydroxyl group of Tyr104 to the amino
group of Lys66 in the ligand-bound conformation suggests
the positive charge on the side chain of Lys66 may lower
the pKa of the hydroxyl group of Tyr104 and, hence, stabilize
its deprotonated state. Tyr104 is then poised as a catalytic
base to accept the proton from N3 of the purine ring that
would promote the water elimination leading to the formation
of the purine double bond (Figure 6B1). Alternatively,
deprotonation of the N3 group by Asp125 and subsequent
water elimination could occur if Asp125 assumes a rotamer
that would bring it closer to N3 (Figure 6B2). Two features
of the Asp125 location suggest it could be involved in the
chemistry of cyclization of FAICAR; it is not conforma-
tionally restricted within the active site, and its pKa is most
likely perturbed during the movement of Tyr104. However,
when the basicity of the side chains of Tyr104 and Asp125 is

considered, the deprotonated form of Tyr104 would be a
stronger base than Asp125 (Figure 6B1). The pKa value of
Tyr104 would be decreased from its solution value of 10.5
due to the proximity of a positively charged Lys66. Therefore,
in principle, its pKa value could match the pKa of 7.57
previously calculated for optimal IMPCH activity (19). These
conclusions are supported by the mutagenesis studies in
which mutation of Tyr104 to alanine or phenylalanine greatly
affects thekcat (18).

Conversion of FAICAR to the product IMP would result
in the loss of three potential hydrogen bonds, including main
chain interactions with Ile126 and Gly127, as well as the Lys137′

side chain interaction meditated through the active site water
(Figures 3C and 4A). Loss of these hydrogen bonds would
favor release of IMP from the active site and allow Tyr104

to swing out in the open conformation of the loop of residues
102-107.

Implications of ATIC Bifunctionality.The question of why
a separate IMPCH domain in ATIC is required at all arises,
as the equivalent cyclization of FAICA to hypoxanthosine
readily occurs in a 0.05 N bicarbonate solution to 85%
completion (61). Many sophisticated enzymes, including

FIGURE 6: Proposed mechanism of IMP cyclization. Rearrangement of FAICAR 4-carboxamide occurs upon binding to the IMPCH active
site and promotes intramolecular cyclization of FAICAR to IMP. (A) Ring closure and the first protonation step of the C2 carbonyl. Arg64,
Lys66, and Thr67 are responsible for the 4-carboxamide rearrangement to a disfavored conformation that promotes 4-carboxamide amino
nucleophilic attack on the 5-formyl group. Backbone amides of Ile126 and Gly127 optimally orient the 5-formyl group for nucleophilic attack
and provide an oxyanion hole to stabilize the negatively charged transition state (brackets). Lys137′ may act as an electrophile to help
remove the proton from the attacking 4-carboxamide nitrogen via the bound water molecule. The proposed first protonated intermediate
(right) and second (see below) are likely to be transitory, as they involve only proton shuffling to and from a water molecule. (B1) Potential
pathway for the elimination of water involving active site residues Tyr104 and Lys66. Tyr104 and Lys66 are involved in large conformational
rearrangements upon ligand binding. The positive amino group of Lys66 is poised to stabilize the negatively charged Tyr104 side chain in
the bound form. Tyr104 can then abstract a proton from the N3 position of the purine ring to complete IMP formation after a second
protonation step that allows elimination of a water molecule. (B2) Alternate pathway for the elimination of the water leaving group involving
Asp125. Asp125 may act as a catalytic base and accept a proton from N3 of the intermediate. Both pathways (B1 and B2) could be utilized
in the cyclization reaction and, hence, explain the mutagenesis data (18).

Crystal Structure of the XMP Inhibitor Biochemistry, Vol. 43, No. 5, 20041181



GTP cyclohydrolases I (22, 23) and II (24, 25), as well as
methylenetetrahydrofolate dehydrogenase-cyclohydrolase (21),
catalyze multistep reactions, including a cyclohydrolase
activity, within one active site. Throughout evolutionary
development why did the AICAR Tfase activity not expand
to include the relatively simple cyclohydrolase ring closure
transformation that completes thede noVo purine biosynthesis
pathway? The FAICAR intermediate does appear to dissoci-
ate from the ATIC surface (10), suggesting that the stable
FAICAR intermediate may also be used in another pathway
or used as a cell signaling molecule. However, no evidence
currently supports such hypotheses. The IMPCH domain is
most likely required to facilitate the rearrangement of the
4-carboxamide and help eliminate the water molecule. On
the other hand, the bifunctionality of ATIC may simply be
for regulatory purposes, as inhibition of the IMPCH activity
allows catalysis of the reverse reaction of FAICAR and THF
to regenerate AICAR and 10-f-THF within the AICAR Tfase
domain (7). Several naturally occurring inhibitors of the
IMPCH active site have been identified, including the
feedback inhibitor XMP, suggesting that conversion of
FAICAR to IMP is highly regulated. An oversupply of IMP
could have some deleterious effects within a cell as it is both
an inhibitor and effector molecule of several pathways.
Phosphoribosylpyrophosphate (PRPP) synthetase produces
PRPP, a precursor in purine, pyrimidine, and histidine
biosyntheses, and is inhibited by IMP, AMP, and GMP (68).
Similarly, IMP binds to CPS as an effector molecule in
pyrimidine synthesis (26, 27).

Conclusions.The crystal structures of human and avian
ATIC have led to the identification of the key IMPCH active
site residues that aid in catalysis of the essentially irreversible
cyclization of FAICAR to IMP. A conformational change
in the loop of residues 103-108 allows it to close over the
active site and flip in the side chain of Tyr104 to sequester
XMP from bulk solvent. This conformational change is
coupled with a large conformational shift of the Lys66 side
chain amino group that brings it into the proximity of the
hydroxyl group of Tyr104. However, the induction of a
conformational change in the substrate by the enzyme
appears to be probably the most important contribution of
the IMPCH active site. The structure clearly shows that the
backbone amide and carbonyl of Arg64 and Lys66, respec-
tively, as well as the side chain of Thr67, orient the
carboxamide of FAICAR to promote intramolecular cycliza-
tion. Similarly, backbone amides of Ile126 and Gly127 ap-
propriately orient the 5-formyl group for attack and provide
an oxyanion hole for stabilization of the transition state. The
side chains of Lys137′, Tyr104, and Asp125, as well as a bound
water, facilitate catalysis, but may not be absolutely essential
for this relatively facile cyclization reaction, consistent with
a substantial diminution, but not abolishment, of the catalytic
rate when these residues are mutated (18).
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