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ABSTRACT: The bifunctional enzyme aminoimidazole carboxamide ribonucleotide transformylase/inosine
monophosphate cyclohydrolase (ATIC) is responsible for catalysis of the last two stepsdia tieo

purine pathway. Using recently determined crystal structures of ATIC as a guide, four candidate residues,
Lys66, Tyrl04, Aspl25, and Lys137, were identified for site-directed mutagenesis to study the
cyclohydrolase activity of this bifunctional enzyme. Steady-state kinetic experiments on these mutants
have shown that none of these residues are absolutely required for catalytic activity; however, they strongly
influence the efficiency of the reaction. Since the FAICAR binding site is made up mostly of backbone
interactions with highly conserved residues, we postulate that these conserved interactions orient FAICAR
in the active site to favor the intramolecular ring closure reaction and that this reaction may be catalyzed
by an orbital steering mechanism. Furthermore, it was shown that Lys137 is responsible for the increase

in cyclohydrolase activity for dimeric ATIC, which was reported previously by our laboratory. From the
experiments presented here, a catalytic mechanism for the cyclohydrolase activity is postulated.

The 10 steps of thde nao purine biosynthetic pathway
are the primary means for providing a supply of purine
nucleotides during cell growth and replication in all non-
parasitic organisms2( 3). The dependence of actively

aminoimidazole-4-carboxamide ribonucleotide (FAICAR).
The final step of the pathway, catalyzed by the inosine
monophosphate cyclohydrolase (IMPCHase) activity, in-
volves the formation of inosin€-8nonophosphate (IMP) via

dividing cells on purines has made this pathway an appfealingthe ring closure reaction of FAICAR and the loss of a water
target for the development of cancer chemotherapeutics. Inmolecule. This ring closure reaction completes the formation
all organisms studied to date, except for one known example of the purine ring system.

in Methanococcus jannaschi), the last two steps of this
pathway are catalyzed by a single bifunctional protein known
as aminoimidazole carboxamide ribonucleotide trans-
formylase/inosine monophosphate cyclohydrolase (ATIC)
(Figure 1). The penultimate step, catalyzed by the 5-ami-
noimidazole-4-carboxamide ribonucleotide transformylase
(AICAR TFase) activity, involves a one-carbon transfer from
the reduced folate substrateRjeN' -formyltetrahydrofolate
(10-f-FH,) to the exocyclic amino group of 5-aminoimida-
zole-4-carboxamide ribonucleotide (AICAR) to form 5-formyl-
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Prior to the availability of any structural information about
ATIC, an IMPCHase catalytic mechanism was proposed by
Szabadost al. (5) which involved catalysis by cysteine,

. histidine, and an unknown basic residue. Recently, two

crystal structures of avian ATIC have been report@drj

in addition to a structure of human ATICLY The apo
structure of avian ATIC was determined to 1.75 A resolution
(7); the avian ATIC structure complexed with AICAR and
XMP was determined to 1.93 A resolutioB) (and the native
structure of human ATIC was determined to 1.9 A resolution
(1). Both native structures had a purine nucleotide bound in
the presumptive IMPCHase active site which was carried
along through the purificationl( 7). This purine found in
the apo avian structure was identified as xanthosihke 5
monophosphate (XMP) by our laboratory (described below).
All of these structures are dimers formed from two identical
monomer subunits of ATIC. Our previous studies of the
oligomeric state of human ATIC have demonstrated that
ATIC exists in a monometrdimer equilibrium in solution.
These studies have also shown that the dimeric form is
required for AICAR TFase activity, while both the mono-
meric and dimeric forms possess IMPCHase activity, with
the dimeric form being more active than the monomeric form
(8). Figure 2 shows the putative IMPCHase active site and
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FIGURE 2: (A) Interactions of FAICAR within the IMPCHase active

catalyzing the IMPCHase reaction and used these results to
postulate a catalytic mechanism for this activity. The
conclusions and mechanism presented in this paper agree
with those derived from an independent, detailed structure
analysis of the IMPCHase active site of both avian and
human ATIC Q).

MATERIALS AND METHODS

Materials.All reagents were obtained from Sigma-Aldrich,
American Bioanalytical, VWR, or Fisher. FAICAR was
prepared according to previously published procedu®es (
10).

Construction of Site-Directed Mutantdll mutagenesis
of human ATIC was performed using the QuikChange
procedure (Stratagene, Inc.) using pETATICS) &s the
initial DNA template for all single mutants. Complementary
primer sets (Table 1) were used to make the K66A, Y104A,
Y104F, D125A, D125E, D125N, K137A, and K137R
mutants. The double mutants Y104A/D125A and Y104F/
D125A were constructed using the Y104A and Y104F primer
sets and the D125A clone as the initial DNA template. The
sequence of these mutant clones was verified by automated

site. The distances are given in angstroms. Conserved backbonéequencing at the HHMI Biopolymer/W. M. Keck Founda-
interactions are labeled in green; conserved side chain interactionstion Biotechnology Resource Laboratory at Yale University.

are labeled in blue, and semiconserved interactions are labeled in - protein Expression and Purificatiooth wild-type and

red. (B) Ribbon diagram showing the IMPCHase active site
constructed from the published avian crystal structure. Residues

mutant proteins were purified according to previously

are numbered on the basis of the human sequence. The monomerBUblished procedures).

are colored green and orange.

Identification of the Bound Purine in the Apaian ATIC
Structure. Avian selenomethionine ATIC (provided by I.

predicted interactions with its natural substrate, FAICAR, Wilson) was analyzed using HPLC to separate the bound
based upon the 1.75 A resolution structure. On the basis ofnucleotide from the protein. ATIC along with XMP and GMP
this structural information, the previously proposed mech- standards was separated on a Mono-Q anion exchange
anism B) must now be regarded as untenable since the aminocolumn (Amersham Biosciences, Inc.) using a linear gradient
acid residues that are implicated are not present near thefrom 0 to 200 MM TEAB (pH 8.0). Mass spectrometry was
IMPCHase active site. In the active site region, there are then carried out on the unknown peak from the ATIC run
numerous potential interactions between FAICAR and the using a Finnigan LCQ Deca instrument in the negative ion
peptide backbone and two potentially important side chain mode. Standards of XMP and GMP were also run as controls.

interactions, involving Tyrl04 and Aspl25. It is also

IMPCHase Actiity Assay.Steady-state activity assays to

hypothesized that Lys66 may be an important residue for determine th&y, andk.,vales for each of the mutants were
catalysis despite the fact it is predicted to be located more performed for a range of FAICAR concentrations. IMPCHase
than 5.5 A from the amide and formyl groups on FAICAR, activity was followed by monitoring the formation of IMP
where the cyclization reaction occurs. However, Lys66 is at Axgon a Perkin-Elmer UV/Vis Lambda2 spectrophotom-

within 3.5 A of the hydroxyl group on Tyr104. Lastly, an

eter with PECSS data acquisition software based on a

additional interaction arises from Lys137, located on the previously reported metho®); All reaction mixtures were
other monomer of ATIC, by way of a water molecule 500uL in volume, and all reactions were performed in 100
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Table 1: PCR Primers Used in Mutagenésis

mutant primers (5— 3)

K66A GAAATGTTGGGGGGACGTGTGCGACTTTGCATCCTGCAGTCCATG
CATGGACTGCAGGATGCAAAGTCGCCACACGTCCCCCCAACATTTC

Y104A GAGTTGTCGCCTGCAATCTGCGCCCTTTGTAAAGACAGTGGC
GCCACTGTCTTTACAAAGGCACGCGAGATTGCAGGCGACAACTC

Y104F GAGTTGTCGCCTGCAATCTCTT CCCTTTGTAAAGACAGTGGC
GCCACTGTCTTTACAAAGGGAAA GAGATTGCAGGCGACAACTC

D125A GCTGTGGAGCAAATIGCGATTGGTGGAGTAACCTTAC
GTAAGGTTACTCCACCAATCGCAATTTGCTCCACAGC

D125E GCTGTGGAGCAAATTGAAATTGGTGGAGTAACCTTAC
GTAAGGTTACTCCACCAATTTCAATTTGCTCCACAGC

D125N GCTGTGGAGCAAATIGATATTGGTGGAGTAACCTTAC
GTAAGGTTACTCCACCAATATCAATTTGCTCCACAGC

K137A CTGAGAGCTGCAGCGCAAACCACGCTCGAGTG
CACTCGAGCGTGGTTGCGGCTGCAGCTCTCAG

K137R CTTACTGAGAGCTGCAGCCGTAACCACGCTCGAGTGACAG

CTGTCACTCGAGCGTGGTRCGGGCTGCAGCTCTCAGTAAG
@ The mutations incorporated into the cDNA are bold and underlined.

mM Tris-HCI (pH 7.5) h a 1 cmpath length quartz cuvette  minimized using their implementation of N. L. Allinger’s
at room temperature (RT). Each assay was initiated with the MM2 force field (11, 12).

addition of ATIC (final concentration of typically 16700 Calculation of Partial Charges around Amide Nitrogens.
nM) by rapid mixing of the cuvette. Stock protein concentra- siryctures of FAICAR, acetamide, and acrylamide were
tions were determined using Pierce Coomassie Plus proteingrawn as described above using ChemDraw Standard. These
assay reagent with bovine serum albumin as a standard. Th§yere then used as inputs for AM1 molecular orbital calcula-
data that were gathered were analyzed using the plotting andjgng (13). Charges were calculated using the CM1 approach
nonlinear regression curve-fitting program Kaleidagraph 3.5 35 described by Storet al. (14). These calculations were

(Synergy Software) by plotting FAICAR concentration carried out for us by W. Jorgensen (Department of Chem-
versus velocity. The data were fit to the Michaelldenten istry, Yale University).

equation to determinky andvmax The values fok., were
determined by dividing the value afn. by the enzyme  RESULTS
concentration used in the assay.

Sobent Isotope Effect on IMPCHas@. pH(D) range of There was some ambiguity with regard to the identity of
7.0-9.0 was used to compare the steady-state rate of wild-the unknown ligand bound in the apo avian structure first
type ATIC with that of the Y104A mutant in #0 and DO published 7). The electron density narrowed the number of
solutions. All reactions were assayed in 20 mM Tris-bis possible candidates to two molecules, XMP and GMP, but
propane buffer made with double-distilled water or with 99% could not distinguish between them. HPLC analysis on avian
deuterium oxide. The pH was adjusted with concentrated HCI ATIC revealed an unknown peak at 31.4 min, corresponding
or NaOH. The pD was calculated by adding 0.4 to the to the retention time of the XMP standard, while the GMP
reading from the pH meter to correct for the glass electrode standard had a retention time of 19.7 min. To further verify
solvent isotope artifact. The ionic strength at each pH(D) that the bound nucleotide seen in the avian ATIC structure
was kept constant at 100 mM using KCI. All assays were was indeed XMP, the unknown peak from HPLC was further
performed at RT under saturating concentrations of FAICAR. studied using mass spectrometry. Both the XMP standard
The differences in the steady-state rate pOthnd DO over and unknown sample had molecular ion masses of 363.2
the entire pH(D) range were used to calculate the overall amu. From these two experiments and the fact that only GMP
percent change in rate caused by the solvent isotope effector XMP can be unambiguously modeled into the electron

Enzyme Concentration Dependence Assays for K137A anddensity of the unknown nucleotide in the apo avian structure,
K137R.Enzyme stock solutions ranging from 0.25 t@ /@ we believe the identity of the unknown nucleotide to be
for the K137A and K137R mutants and ranging from 0.1 to XMP.

2.4 uM for wild-type ATIC were made to study the effect  Sjte-directed mutagenesis was carried out on the IM-
of enzyme concentration on the IMPCHase enzyme activity. PCHase domain of human ATIC to determine the roles that
The assays were performed as previously descrit®d ( residues Lys66, Tyr104, and Asp125 play in the IMPCHase
except the enzyme stocks were allowed to warm to RT for reaction? Mutants K66A, Y104A, Y104F, D125A, D125E,

~4 h, and assays were performed at RT. D125N, Y104A/D125A, and Y104F/D125A were con-
Prediction of the Three-Dimensional Structure of FAICAR. structed, and their effects on the steady-state kinetics were
FAICAR was drawn using the chemical structure program
ChemDraw Standard, version 6 (Cambridge Software, Inc.), 3 :
and then converted to a three-dimensional structure using . INe experiments presented here were performed on human ATIC
- . . using the 1.75 A avian crystal structure as a guide. The avian structure
Chem3D Professional, version 5.0 (Cambridge Software, ang human structure are structurally conserved, and possess an rmsd

Inc.). This three-dimensional structure was then energy between their XMP-bound monomers of only 0.46 3. (
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Table 2: Steady-State Results for ATIC Mutdnts 10 o o ° °
Kn@M) k(s keolKn(M~*s7) . °© © S Jorsex
wt 09+01 8.6+ 0.2 1x 107 ©
K66A 115+ 7 0.062+ 0.001 5x 1(?
Y104A 3.0+ 0.3 0.136+ 0.002 5x 10
Y104F 3.6+ 0.2 0.036+ 0.001 1x 10
D125A 9.1+ 0.2 0.014+ 0.001 2x 10° 11
D125E 5.2+ 0.5 0.147+ 0.001 3x 10¢
D125N 2.7+ 0.1 0.603+ 0.004 2x 10°
K137A 31.0+0.9 0.276+ 0.003 9x 10° "
K137R 2.7+0.1 0.507+ 0.004 2x 10¢° g
Y104A/D125A ND ~0.001 - =
Y104F/D125A NDI¥ ~0.0008 -
aThe Kn, keas and catalytic efficiency values for all site-directed 0.1 [ ] u u " .
mutants are summarized above. The errors were calculated from the N1%
errors from fitting the raw data to the MichaetiMenten equation.
Thekea values for the double mutants were estimated by an IMPCHase 0 O O
activity assay using a saturating concentration of FAICARot O o
determined.
determined. The results of these experiments are presented 0.1 i ; ; ; } |
6.5 7 7.5 8 85 9 9.5

in Table 2 along with the values determined for wild-type
ATIC. PH(D)

Compared to wild-type ATIC, both of the Tyrl04 mutants FIGURE 3: Solvent isotope effect on wild-type ATIG®(andO)
had very little effect on th&y of FAICAR, suggesting that and Y104A @ andO). The filled shapes represent data gathered
this residue plays only a minor role in substrate binding. The in 10, and the empty shapes represent data gatheredn D
keat Values for these mutants, however, suggest that thisnearly 60-fold decrease in tlig,; may also be explained by
residue contributes significantly to catalysis. The Y104F the same argument. If FAICAR is not in its optimal position
mutant has &, value that is 2 orders of magnitude lower for catalysis, the catalytic efficiency would be reduced. The
than that of wild-type ATIC. Surprisingly, the Y104A mutant D125N mutant almost fully restores ti&, value and also
was more active than the Y104F mutant withkg value further rescues thé&, value. Since the side chain of the
that was only 1 order of magnitude lower than that of wild- D125N mutant can act only as a hydrogen bond donor or
type ATIC. This “rescue” by the Y104A mutant suggests acceptor, this strongly suggests that Asp125 does not function
that in the absence of the bulky phenol or phenyl group, as a general acid or base in the catalysis.
water from bulk solvent can interact with FAICAR and Interestingly, the Tyrl04 and Aspl125 mutants still pos-
participate in the reaction. To test this hypothesis, the solventsessed detectable IMPCHase activity. For this reason, double
isotope effect on the IMPCHase steady-state rate wasmutants Y104A/D125A and Y104F/D125A were constructed
compared for wild-type ATIC and the Y104A mutant (Figure and assayed. The activities of both these double mutants were
3). The vmax rate for the IMPCHase assays carried out in too low to determineK, values, but thek.,; values were
D,0O for wild-type ATIC was reduced 2# 6% compared measurable (estimated to be 0.001fsr the Y104A/D125A
to the rate obtained in 4, while for Y104A, it was reduced  mutant and 0.00087$ for the Y104F/D125A mutant). Since
71 + 1% compared to the rate obtained inGH This the uncatalyzed conversion of FAICAR to IMP cannot be
difference indicates participation of solvent water in detected in the reaction mixture in the absence of enzyme
IMPCHase catalysis for the Y104A mutant and suggests thatusing the spectrophotometric assay, any absorbance change
water can replace the function of the hydroxyl from Tyr104, observed using this method results from the catalyzed
although less efficiently. reaction. The fact that even these double mutants still possess

The other residue in the proximity of FAICAR implicated detectable IMPCHase activity clearly indicates that these
in IMPCHase catalysis is Asp125. The D125A mutant had residues alone are not sufficient to explain all of the catalytic
a Kp value that was 10 times greater than that of the wild effects of the IMPCHase site. The premise is that it is a
type, suggesting that this residue contributes to substratecombination of Tyr104 and Asp125 along with the numerous
binding. Figure 2 supports this result, predicting that Asp125 backbone interactions with FAICAR that are essential for
interacts with the 2 and 3-hydroxyls on the ribose ring of  efficient IMPCHase activity. A detailed structural look at
FAICAR. There is also a reduction in tHe, value of 2 these interactions is provided in Wolaetlal. (1).
orders of magnitude for the D125A mutant, suggesting that  The crystal structure of dimeric avian ATIC suggests that
this side chain plays a significant catalytic role in the Lys137, from the opposite monomer chain, interacts with
IMPCHase reaction. The D125E conservative mutant par- FAICAR through a water-mediated conta@.(It has been
tially rescues theKy and ko values. TheKy is not fully shown in our laboratory that although the dimeric form of
restored, presumably because of steric clashes with the ribosé&TIC is more active in catalyzing the IMPCHase reaction,
hydroxyl groups caused by the extra length and volume the monomeric form also possesses IMPCHase actigjty (
associated with the addition of a methylene group on the Therefore, this residue cannot be essential for catalysis of
substituted side chain. The protein might itself adjust to the IMPCHase reaction. The role of Lys137 was tested
accommodate the extra volume, or the conformation of through mutagenesis and enzyme concentration dependence
FAICAR itself may be perturbed; in either case, the FAICAR assays. The K137A mutant shows a large change iKthe
may not bind in its optimum conformation or position. The for FAICAR, with a value~30-fold greater than that of the
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of the instability of ATIC at 25°C in the analytical
- ultracentrifuge during the extended time required to complete
0A0...I...l...l...l...l .
' ' 1 the experiment. Also, attempts to gather accurate concentra-
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] _ ) to the low activity of these mutants at this temperature. From
'(:'Suziél ng%%m-i v rs]geer(]:it][iz(i:tla(.)(?tiSift;,vg?tf%pr%-ch.a(.jégl}esgcAtiOn these studies and the mutagenesis results, Lys137 is believed
shown at full scale (A) and at a decreased scale (B) to better showt0 be the origin of the increase in IMPCHase activity upon
the K137A and K137R mutants. ATIC dimerization. Its effect on the overall efficiency of

the reaction is marked.

wild type. This suggests that Lys137 does, in fact, contribute  The three-dimensional structure of FAICAR itself needs
to the binding of FAICAR. There is also a 30-fold decrease to be considered in postulating a mechanism for the IM-
in the ko for the IMPCHase reaction, implying that this PCHase activity. Using the Chem3D MM2 force field
residue also may have a catalytic role when the protein is in function, the structure of FAICAR was energy minimized
its dimeric form. The conservative K137R mutation is able using the “catalytically ready” form of FAICAR (i.e., with
to rescue thé&, value but still displays a large decrease in the carboxamide properly oriented for nucleophilic attack)
the keat value. This mutation appears to be able to restore as the initial input. Furthermore, this orientation of the
the proper binding of FAICAR but is not able to significantly carboxamide mimics how FAICAR is predicted to bind the
contribute to catalysis of the IMPCHase reaction. IMPCHase active site based upon analysis of the active site

Concentration dependence assays of wild-type ATIC, in the XMP-bound ATIC structuresl). The energy-
K137A, and K137R were carried out to determine if these minimized structure from these calculations is shown in
mutants still possess increased activity in the dimeric form Figure 5. Despite the expectation that all atoms in the
of the enzyme. As Figure 4 shows, only wild-type ATIC substituted imidazole moiety of FAICAR should be coplanar
shows a dramatic increase in specific activity with an increase because of the $fybridization of the carbon and nitrogen
in enzyme concentration. The two mutants displayed only a orbitals, our calculations predict that the amide and forma-
minimal concentration dependence. Unfortunately, the en- mide group of FAICAR will deviate from the plane of the
zyme concentrations used for these concentration dependencienidazole ring of FAICAR by 40.5and 10.3, respectively.
experiments could not be correlated with the predicted The results of molecular orbital and charge calculations are
fraction of ATIC dimer present since these data were displayed in panels A and B of Figure 6. These calculations
gathered at RT and the monomelimer dissociation con-  indicated that the partial charge around the 4-carboxamide
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nitrogen of FAICAR is likely to be somewhat smaller than the active site 7). When the aromatic ring is absent in the
the partial charges around the amide nitrogens of the modelY104A mutant, FAICAR becomes accessible to water from

compounds, acetamide and acrylamide. bulk solvent, which might replace the function of the
hydroxyl normally present on Tyrl04. The solvent isotope
DISCUSSION effect studies (Figure 3) support this hypothesis in that there

The availability of high-resolution structures of ATIC has 1S @n only 27% reduction in the rate of wild-type ATIC
suggested aspects of the IMPCHase catalytic mechanism of€tween the IMPCHase reaction carried out j®Hnd DO,
for study. Observations made from these structures pointWh'le there is a 71% rate reduction for the Y104A mutant.
toward two amino acid residues, Tyr104 and Asp125, as Despite possessing a charged side chain, Asp125 does not
likely candidates for participation in catalyzing the appear to function in the IMPCHase reaction as a general
IMPCHase reaction since these residues are the only aminoacid and/or base. This is suggested by the observation that
acids with the potential to act as catalytic residues which the D125N mutant displays an improvig:when compared
are in the proximity of the amide and formyl groups on tO that of the D125A mutant. The side chain of asparagine
FAICAR where the cyclization reaction occurs (Figure 2). is notionized under physiologic conditions and can act only
Results from steady-state kinetic experiments on site-directedas a hydrogen bond donor and/or acceptor. This implies that
mutants of these two residues suggest that Tyrl04 andAspl25 does not play a proton transfer role in the mecha-
Asp125 are important for the efficiency of the IMPCHase nhism. A more likely possibility is that Asp125 is responsible
reaction but not absolutely required for catalysis. This is quite for positioning FACIAR in the binding site. Itis also possible
clearly demonstrated by the observation that double mutantsthat the negatively charged side chain could be responsible
of these residues still possess measurable IMPCHase activityfor stabilizing a partial positive charge generated in the
The importance of the hydroxyl group on the phenol ring of transition state of the reaction. All of the other predicted
Tyr104 is demonstrated by the Y104F mutation which protein-substrate interactions in the region of the ring
resulted h a 2 order of magnitude reduction kg, when closure reaction on FAICAR in the IMPCHase active site
compared to that of wild-type ATIC. Surprisingly, the Y104A appear to be with the peptide backbone of ATIC, and are
mutant, in which the bulky phenolic ring is not present, therefore cannot be tested by mutagenesis.
demonstrates greater IMPCHase activity than the Y104F Located further away from the ring closure reaction, Lys66
mutant. This aromatic ring is reported to bury FAICAR in was shown to be an important residue for both catalysis and
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substrate binding. The 100-fold increasekin can easily Perhaps the simplest way in which the amide nitrogen of
be attributed to the loss of a positively charged side chain FAICAR might become more nucleophilic is through depro-
for binding the negatively charged phosphate of FAICAR. tonation. The K, values of model compounds acetamide
However, the 100-fold reduction ik.s: cannot be credited and benzamide are 15.1 and 13, respectivéB). (These
to the side chain of Lys66 participating directly in the ring values might suggest that deprotonation of the FAICAR
closure reaction since this side chain is too far away to amide nitrogen would only occur in the presence of a strong
interact with amide or formyl groups on FAICAR. This effect base. No such base is apparent in the IMPCHase active site
can be attributed to improper positioning of FAICAR inthe of ATIC. However, the [, values of FAICAR have
active site or to perturbation of the active site due to the previously been reported g, = 5.81+ 0.03 and a3 =
loss of a positive charge. More likely, the reductiorkigis 9.414+ 0.04). The value of I§;, was assigned to the second
due to the loss of a basic side chain whose purpose is notionization state of the 'Sphosphate group, andKp; was
only to bind FAICAR but also to interact and orient the assigned to the dissociation of the proton at C-2 on the
hydroxyl group on Tyr104. As mentioned above, the side imidazole ring of FAICAR B). 'H NMR spectra of AICAR
chain of Lys66 is within 3.5 A of the hydroxyl group on  and IMP determined in water at pH 7 and 12 using a water
Tyrl04, whose hydroxyl was shown to be important for syppression scheme showed clearly that neither the C-2
catalysis. Proper orientation of the hydroxyl group for proton proton of AICAR nor the analogous C-8 proton of IMP
abstraction during catalysis would be necessary for ef- gissociates in these related molecules (data not shown). It is
ficiency. Furthermore, the proximity of a highly basic, therefore more plausible thakpg; should be assigned to
positively charged side chain to the hydroxyl of tyrosine gjssociation of the proton of the amide nitrogen of FAICAR.
vyould favor proton abstraction for generation and st_abiliza- As mentioned above, the electron withdrawing properties of
tion of a negatively charged oxyanion on Tyr104. Since an tye jmidazole ring system would favor deprotonation of the
increasing pH would make the proton on the Tyrl04 smige nitrogen and result in a lower than expectéghalue.
_hydroxyl more Iabllg, itis expecteq that activity would also g K value is more permissive for deprotonation of the
increase as a function of pH. Th|_s' trend was .shown to be gmide nitrogen at physiological pH, thus allowing for
true in wild-type ATIC ©). In addition, unpublished pre-  n,cjeqphilic attack on the formyl carbon. In addition, the
liminary data from our laboratory on the effect of pH on the ;s ation that FAICAR is converted spontaneously to IMP
activity of the K66A mutant support this in that as the pHis high pH provides further evidence to support amide
increased, the activity of this mutant increases exponentially. deprotonation as an element of the cyclization reaction and
Likely IMPCHase mechanisms involve a nucleophilic g -onsistent with previously reported resu. (

attack of the amide nitrogen on the formyl carbon of is olausible th ) e of th ,
FAICAR. However, amide nitrogens are normally relatively |t IS plausible that a major role of the IMPCHase active
site is primarily to orient the substrate in the binding pocket

poor nucleophiles due to resonance delocalization of elec-

trons. This resonance stabilization of amides causes the lond? @ configuration which favors the intramolecular ring
pair of electrons on the nitrogen to be shared with the closure reaction. Consistent with this notion is the observation

adjacent carbonyl group, thus sequestering them from that all of the.pred_icted interacti_ons of.FAICAR apd thg
participating in a nucleophilic attack. One means by which MPCHase active site shown in Figure 2 involve amino acid
the nucleophilicity of the amide nitrogen might be enhanced residues which have been conserved throughout evolution,
is through amideimidol tautomerization (Figure 6A).  €xcept for two semlc_;onserved interactions W|th_ the ribose
Ordinarily, the amide forms of such tautomers are strongly hydroxyls as determined from the sequence alignments of
favored; however, the imidol form may be favored through Various eukaryotic and prokaryotic ATICs (data not shown).
formation of a conjugated system and/or intramolecular Positioning of the substrate by the enzyme may be an
hydrogen bonding, each of which is possible in the case of €xample of an orbital steering mechanism. Koshlab@) (
FAICAR. Itis also possible that interactions with the enzyme Proposed this type of mechanism in which he postulated that
catalytic site might further stabilize the imidol tautomer of the precise angular arrangement of reactants and the “steer-
FAICAR. Nevertheless, energy calculations on these two ing” of the reactants during the reaction are important for
tautomers predict that the imidol form of FAICAR would the catalytic power of enzymes. On the basis of the idea
be much less stable than the amide form. that an attacking nucleophile must approach from above or
FAICAR possesses a conjugated electronic arrangementelow the plane of a carbonyl at an angle of approximately
which might free the lone pair of electrons of the amide 109 (17, 18) and that the electrons from the nucleophile
nitrogen and thus enhance its nucleophilicity. The extent to must be added to the empty orbital (17, 19), successful
which canonical resonance forms of FAICAR contribute to attack requires that FAICAR not be planar as the ring closure
its overall electronic structure would be an important reaction occurs. Energy minimization calculations on
determinant of the nucleophilicity of the amide nitrogen of FAICAR predict this to be the case (Figure 5) in that the
FAICAR. To explore this possibility, we carried out molec- imidazole ring of FAICAR is planar but both the amide and
ular orbital calculations to estimate the partial charge around formyl portions of FAICAR lie outside the imidazole plane.
this amide nitrogen. The results of these calculations, Thus, even prior to binding to the enzyme IMPCHase site,
depicted in Figure 6B, strongly suggest that enhanced partialFAICAR may be partially oriented to favor intramolecular
charge around the FAICAR amide nitrogen is unlikely, as cyclization. The angle between the amide nitrogen and
the calculated values are actually less than those calculatedcarbonyl carbon is not at the predicted optimum angle for
for the model compounds, acetamide and acrylamide. Thesenucleophilic attack. Further orientation by the IMPCHase
results are consistent with the usual view of the imidazole active site might be required to achieve the proper angle.
ring system as electron-withdrawing. The positioning of the reacting groups of FAICAR in the
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Ficure 7: Proposed mechanism for the IMP cyclohydrolase reaction of ATIC. Lys137 is located on the other monomer of the protein and
thus only present in the dimeric form of the enzyme.

proper orientation for nucleophilic attack would then be the FAICAR 4-carboxamide nitrogen on the carbonyl carbon
expected to enhance the reaction rate. of the adjacent 5-formamido group to close the purine ring.

The mutagenesis and kinetic studies on Lys137 SuggestThiS reaction has a number of factors which tend to favor it
that this residue is responsible for the increase in enzymatickinetically. It is an intramolecular process, thus favored
activity seen in the dimeric form of the protein observed in entropically @0); it forms a relatively strain-free six-
previous studies8). The side chain of Lys137 is too far membered ring; and this ring can readily aromatize. After
away to directly interact with FAICAR, but it could exert the initial proton abstraction, the rest of the mechanism
its influence through bridging water molecules, which were involves mostly proton transfers. The proton transfer steps
resolved in the crystal structur@)( Lys137 is important for in this mechanism should not be treated as a detailed path
optimal binding of FAICAR as seen by the change in the from substrate to product since there are many ways proton
Ky for the K137A mutant. Surprisingly, the conservative shuffling can occur to form IMP from FAICAR. During the
K137R mutant was not able to restore the enzyme concentra-course of this chemical reaction, one proton from Tyr104
tion dependence seen in the IMPCHase activity and was onlyand another from bulk solvent are donated to FAICAR,
able to restore th&y for FAICAR. This suggests that the forming a leaving group of water on the formyl carbon. The
K137R mutant was able to restore the binding affinity for Tyr104 hydroxylis regenerated by the removal of the amine
FAICAR but is unable to keep the IMPCHase domain in its Proton from the IMP intermediate. No matter what the
more active conformation. This is probably a result of the SpPecific path(s) of the reaction, the data presented here and
water interactions between this side chain and FAICAR being in Wolandet al. (1) strongly suggest that it is the orientation
disrupted or coordinated differently in this mutant and the and binding of FAICAR in the IMPCHase active site, not
wild-type lysine. Without the catalytic water molecule(s) the catalytic potential of the side chains, that are most
proper|y coordinated to a residue that can act as a generaimportant for the efficient conversion of FAICAR to IMP.
acid and base, the reaction rate would be slowed compared
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