2754 Biochemistry2001,40, 27542765

The Role for an Invariant Aspartic Acid in Hypoxanthine
Phosphoribosyltransferases Is Examined Using Saturation Mutagenesis, Functional
Analysis, and X-ray Crystallography

Bhutorn Canyuk;® Pamela J. Foci&? and Ann E. Eakin#/!

Laboratory of Molecular Parasitology & Drug Design, Gsion of Medicinal Chemistry and Natural Products,
School of Pharmacy, and Department of Biochemistry and Biophysics, School of Medicinexsityiof North Carolina,
Chapel Hill, North Carolina 27599-7360

Receied May 25, 2000; Résed Manuscript Recegéd January 9, 2001

ABSTRACT. The role of an invariant aspartic acid (Asp137) in hypoxanthine phosphoribosyltransferases
(HPRTs) was examined by site-directed and saturation mutagenesis, functional analysis, and X-ray
crystallography using the HPRT froifrypanosoma cruziAlanine substitution (D137A) resulted in a
30-fold decrease .5, suggesting that Asp137 participates in catalysis. Saturation mutagenesis was used
to generate a library of mutant HPRTs with random substitutions at position 137, and active enzymes
were identified by complementation of a bacterial purine auxotroph. Functional analyses of the mutants,
including determination of steady-state kinetic parameters and pH-rate dependence, indicate that glutamic
acid or glutamine can replace the wild-type aspartate. However, the catalytic efficiency arndtpH

profile for the structural isosteric mutant, D137N, were similar to the D137A mutant. Crystal structures
of four of the mutant enzymes were determined in ternary complex with substrate ligands. Structures of
the D137E and D137Q mutants reveal potential hydrogen bonds, utilizing several bound water molecules
in addition to protein atoms, that position these side chains within hydrogen bond distance of the bound
purine analogue, similar in position to the aspartate in the wild-type structure. The crystal structure of the
D137N mutant demonstrates that the Asn137 side chain does not form interactions with the purine substrate
but instead forms novel interactions that cause the side chain to adopt a nonfunctional rotamer. The results
from these structural and functional analyses demonstrate that HPRTs do not require a general base at
position 137 for catalysis. Instead, hydrogen bonding sufficiently stabilizes the developing partial positive
charge at the N7-atom of the purine substrate in the transition-state to promote catalysis.

Hypoxanthine phosphoribosyltransferase (HPREC pyrophosphate (PRPP) to a 6-oxopurine base (either hypox-
2.4.2.8.) is a key enzyme in the salvage pathway for the anthine or guanine, and in some species xanthine) to form
synthesis of purine nucleotides. HPRT catalyzes the transferpyrophosphate (PPi) and the corresponding purine nucleotide
of a phosphoribosyl group from 5-phosphes-ribosyl-1- [either inosine monophosphate (IMP), guanosine monophos-
phate (GMP), or xanthosine monophosphate (XMP)] (Scheme
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Scheme 1. The HPRT-Catalyzed Reaction solvent, providing an approximate view of the active site
0 o during substrate binding. In the other subunit of the dimer,
¥ —o-g—_o—ﬁ-o o_ 5 O—II?I—O- Mg loop Il is in a closed conformation creating a fully formed
H)N\zs RO 4 &- \ 0- —— active site in which the bound ligands are secluded from the
RSN N HO  OH aqueous milieu. This closed conformation of the active site
approximates the catalytically competent enzyraebstrates
R = H for Hypoxanthine PRPP complex just prior to catalysis. The structures of the mutants
';Zg'}'grmx;rﬁﬁ;”;”e at position 137 support the functional assays and help to
o clarify the effects of the mutations on HPRT activity. The
results reported here indicate that HPRTs do not require a
HN)‘E['\B o general base at position 137 for catalysis, but instead
R/k\N N o 8 o B o hydrogen bonding with the N7 of the purine base is sufficient
d d-  + PPi for stabilization of the transition state.
HO OH MATERIALS AND METHODS
R = HiorIMP Materials Restriction enzymes and T4 DNA ligase were
R=NH ; for GMP purchased from New England Biolabs (Beverly, MA) and
R=0forXMP Boehringer Mannheim (Indianapolis, INA\TaqDNA poly-

. ) N . merase and nucleotides were purchased from United States

Aspartic acid at position 137 (Asp137, according to the Bjochemicals (Cleveland, OH). Sequenase DNA Sequencing
numbering for the human enzyme) is an invariant residue kits and Thermo Sequenase radiolabeled terminator cycle
among 6-oxopurine phosphoribosyltransferases, including sequencing kits were obtained from Amersham Life Science
HPRTs and XPRTs. The position of Asp137 in the active (Arlington Heights, IL). Oligonucleotide primers were
sites of these enzymes, as shown by their crystal structuresgynthesized by Gibco BRL Life Technologies (Gaithersberg,
suggests that the acidic side chain performs a common func-\p). [o-35S]dATP and [84C]hypoxanthine were purchased
tion in the enzyme-catalyzed reactiofis-(L7). Asp137 was  from Dupont Merck Pharmaceutical Co. (Boston, MA). Al
originally proposed to function as a general base to depro- pther common chemicals and reagents, including GMP on
tonate purine substrates via N7 in the forward reaction, based4% beaded agarose, were obtained from S|gma (St LOUiS,
on the human crystal structure with bound product, GMP Q).

(6). Xu and Grubmeyerl@) further concluded that Asp137  gacterial Strains and Plasmid€scherichia colistrain
functlon§ as a general base based on biochemical analysigH5y competent cells were purchased from Gibco BRL Life
of the wild-type and D137N mutant of the human HPRT. Technologies (Gaithersburg, MD). Thec A strain of E.

In the present study, we examine the potential role of coli S@606 ara, Apro-gpt-lag thi, hpt, recd (22) was
Asp137 by both functional and structural analyses of various provided by Duncan Cochran (University of Queensland,
mutants at position 137. The functional contribution of the Australia).E. coli strain S@6094ra, Apro-gpt-lag thi, hpt,
carboxylate side chain of Asp137 was initially assessed by pup, pur H, J, strA) (22) was provided by Per Nygaard
site-specific alanine substitution. Kinetic analysis of the (University of Copenhagen, Denmark). The pBAce expres-
D137A mutant suggests that the carboxylate side chain ofsion plasmid 23) was used to produce HPRT i&. coli
Aspl37 participates in the chemical step of catalysis. To strains as previously describe2¥.
provide further insight into the chemical requirements for Specific Site-Directed Mutagenesilanine substitution
the side chain at position 137, we used saturation site-directedat Asp137 (D137A) was performed by the PCR overlap
mutagenesis to create multiple substitutions at position 137 extension method26). The sequence of the four oligonucle-
(19, 20). Saturation mutagenesis generates a library of mutantotide primers were primer 1 @lanking, sense sequence)
enzymes in which the target residue is replaced by each of5-TGTGGTGGCCTCGAAATTCTGTCA-3 primer 2 (over-
the 20 amino acids plus a stop codon. Furthermore, alap, sense sequenc€)GGATATCGTTGCCACCGCCCT-
functional assay was devised to rapidly select for catalytically CAC-3; primer 3 (overlap, antisense sequenceGFG-
active HPRTs from the random library using complemen- GCAACGATATCCTCCACAATCAAC-3; primer 4 (3-
tation of a bacterial purine auxotropi2l). Steady-state  flanking, antisense sequenc&&TTTTCCCAGTCACGAC-
kinetics parameters and pHiate dependence were deter- GTTGA-3. The underlined letters include mismatches for
mined for selected mutants to assess the effects of thethe introduction of silent mutation to create &coRV
substitutions on enzyme function. recognition site (GATATC), as well as the alanine substitu-

Crystal structures of four of these mutants were determinedtion (GCC). TheEcoRVrecognition site was introduced to
to investigate in detail the structural consequences causedacilitate the construction of the saturation mutagenesis
by substitutions at residue 137. For these structures, theplasmids (described below). The 336-bp PCR-amplified
enzymes were crystallized in ternary substrates complex with mutagenic cassette was purified and subcloned into the HPRT
a purine analogue, 7-hydroxy[4¢Beyrazolopyrimidine (HPP),  expression plasmid2@) to replace the WT sequence.
and magnesium-complexed PRPP, similar to a previous Plasmids were sequenced by the dideoxy chain termination
structure of the WT trypanosomal HPRT1j. This strategy method to confirm the mutations and verify the entire
results in a crystal form that yields structures of the functional sequence of the PCR-amplified region.
dimer with two independent views of substrates bound HPRT  Saturation Site-Directed MutagenesiEhe primers used
active site. In one subunit, a flexible loop (loop II) is in an for the construction of saturation mutagenic fragments by
open conformation with bound ligands accessible to bulk PCR were primer 5 (Sflanking, sense sequence)-5
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GGAGGATATCGTTNNSACCGCCCTCACGC-3 and desalting column (Pharmacia Biotech). Elution of the re-
primer 4 (3-flanking, antisense sequence, as above). Frag- combinant HPRT in Bis Tris—Mg buffer (20 mM Bis-Tris,
ments with the random mixture of codons were PCR- pH 7.0, 6 mM MgC}) was monitored by absorption at 280
amplified, purified, digested withEcoRV and Pstl and nm. For crystallization, the purified HPRT was concentrated
subcloned into similarly prepared D137A expression plas- using a Centriprep-10 concentrator (Amicon, Beverly, MA).
mids. The ligation mixtures were transformed into MAX- Enzyme concentrations were determined by the Bradford
efficiency DH5 competent cells and plated on nutrient method using IgG as the protein standard (Protein Assay Kkit,
(NZCYM) (26) agar containing ampicillin (10@g/mL), Bio-Rad, Hercules, CA).
adenine (15«g/mL), and guanosine (30g/mL) (21). The Enzyme AssaySpecific activities for the forward reaction
plasmid library encoding mutant HPRTs was obtained by (IMP synthesis) were determined by radiochemical assay
flooding the colonies on the plate with liquid NZCYM using 'C-hypoxanthine (2Q:M), unlabeled hypoxanthine
containing ampicillin (10@:g/mL), adenine (1xg/mL), and (80 uM), and PRPP (1 mM) as previously describéx, (
guanosine (3@g/mL). This media was collected and cultured 29, 30). Kinetic parameters for the forward reaction were
to amplify the pool of plasmids under nonselective condi- determined using a spectrophotometric method previously
tions, and the plasmid library was purified from the cells by described 30, 31). All measurements were carried out in
standard technique26). 100 mM Tris-HCI, pH 7.5, and 12 mM Mgglat 37 °C.
Functional Complementation Screeninghe plasmid Initial velocities were determined at varying substrate
library was transformed int&. coli strain S@60922) using concentrations in the presence of excess fixed substrate (5
the CaC} method 26). Three equal aliquots of the trans- x Ky). TheKy, andk., values were determined by nonlinear
formed cells were then plated on three different solid media regression analysis using the kcat software, version 1.5
systems: (i) nutrient (NZCYM) agar supplemented with (BioMetallic, Inc, Princeton, NJ).
adenine (15ug/mL) and guanosine (3Qug/mL) as a The pH-Activity RelationshipsThe initial velocities for
nonselective control, (ii) low phosphate semidefined media the forward reaction at various pH values were measured
(21) agar supplemented with hypoxanthine (#B1) and using the spectrophotometric methdgD,(31) at 400uM
guanine (66:M), or (iii) low phosphate semidefined media PRPP and hypoxanthine at three different concentrations
agar supplemented with guanine (182). The plates, which (100, 300, and 40@M) to confirm that saturating conditions
also contained ampicillin (10@g/mL) and streptomycin (25  for hypoxanthine had been achieved. The velocity measure-
ug/mL), were incubated at 37C for 16 h. ments were constant for the WT, D137E, D137N, and
DNA Sequencing?lasmids were sequenced directly from D137A mutants at the various buffer conditions for each
bacterial colonies using a modified method of that described hypoxanthine concentration, and thus the values plotted at
previously @7, 28). Single colonies were selected from the 400uM hypoxanthine yield appareft,s for the plots. At
functional assay plates, streaked on nonselective mediapH values above 7.0, the velocities for the D137Q mutant
(NZCYM) agar, and grown for 16 h at 3T to amplify the increased with increasing hypoxanthine, indicating that the
bacteria. The amplified colonies were resuspended il12  substrate was no longer saturating even atidd0However,
of TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA, pH the limit of solubility for hypoxanthine in the assays was
8.0) containing Proteinase K (5y/mL). The suspension  400uM; thus, the rates presented for D137Q at pH values
was incubated at 58C for 15 min followed by 80°C for 15 above 7.0 are no longer reflective kf:. The rates plotted
min. The samples were chilled on ice before microcentri- for the D137G and D137V mutants were determined at 200
fuging for 5 min. The supernatants (1) were collected  uM hypoxanthine. Buffers (at 100 mM) were chosen to test
and used directly as templates for DNA sequencing using the following pH ranges: acetate, pH-8; MOPS, pH 6-8;
the [o-*3P]-labeled ddNTP terminator kit from Amersham MES, pH 6.17.1; Tris, pH 79; CHES, pH 8.3-9.3; and
(Arlington Heights, IL). CAPSO, pH 9.6. Sodium chloride was added to the reaction
Characterization of the Functional Screening Systém solutions to maintain constant ionic strength at 0.112 M.
characterize the stringency of the functional selection assay, Crystallization Hanging drop vapor diffusion was em-
plasmids with DNA encoding WT and mutant HPRTs ployed in the cocrystallization of recombinant HPRTs with
(D137E, D137Q, D137N, D137C, D137A, D137V, and substrate ligands (PRPP and HPP). Each pretigand
D137L) were individually transformed int&. coli S@609 solution contained purified mutant HPRT in Bigris—Mg
and plated on the three media systems described above. Theuffer (20 mM Bis-Tris, pH 7.0, 6 mM MgC)), 10 mM
plates were incubated at 3T, and the growth of each PRPP, and 10 mM HPP. Stock solutions (100 mM) of the
transformant was visually assessed for a 90-h period, toligands were first prepared with PRPP in Bis-Tris-Mg buffer
correlate HPRT activity with the growth rate of comple- and the HPP in DMSO. These stock solutions were added
mented SP609 bacteria. to the protein/buffer solution in the predicted order of
Expression and Purification of Recombinant Wild-Type substrate binding; thus, the PRPP stock solution (1/10
and Mutant HPRTsFor recombinant protein production, volume) was incubated with the enzyme briefly before adding
expression plasmids were transformed iBtocoli S@606 the HPP stock solution (1/10 volume). The precipitant
(22). The transformants were cultured in low-phosphate solutions were composed of $20% PEG 6000, 0.1 M
induction media with modifications (1Bg/mL of adenine sodium acetate buffer (pH 44.0), and 0.2 M ammonium
and 30ug/mL of guanosine instead of 2@/mL of adenine acetate. Each hanging drop was composed qil2of
and guanine), and recombinant enzymes were purified by protein—ligand solution plus 2L of precipitant solution.
affinity chromatography using GMP-agarose as previously Trays were incubated at°£ and monoclinic crystals formed
describedZ4). GMP was removed from the purified mutant within one week. Although ternary complex crystals for each
HPRTs by size-exclusion chromatography using a fast of the mutants appeared over a small range of pH, protein,
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and PEG concentrations, those _u_sed for the determmat'onTable 1: Sequences of Codons at Position 137 from Bacterial
of the crystal structures are specified below. The stated pHScolonies Identified in the Functional Selection Assay

result from a 1:1 ratio of proteinligand solution to precipi- codoi NZCYM H+G G codon  NZCYM HLG G
tating solution. The pH, protein, and PEG concentrations for

the mutant crystal structures were D137A (4.@g8:L, and $gg ((é; i g g ggg ((g)) % 8 8
20%), D137N (5.0, th///tL, and 15.5%), D137Q (5.0, 6 GAC (D) 1 8 3 TCC(S) 2 0 0
ugluL, and 17%), and D137E (5.0, /g/uL, and 18.5%). GAG (E) 1 6 1 TCG(S) 1 0 o0
Measurement and Processing of Diffraction Da®&ingle GGC (G) 2 0 0 ACC(M) 1 0 0
crystals were transferred to cryoprotectant solutions, which %?g ((8) f 8 8 é$8 ((\I)) 21 8 8
were prepared by addition of 15% PEG 400 to the precipitat- aac (N) 1 0 0 TGG (W) 1 0 o0
ing solution from which the crystals were grown. The crystals CAG (Q) 0 1 0 TAG (stop) 2 0O o
2 15 4 total 13 0 0

were mounted in nylon loops and either placed directly into total 1
the cryostream, or flash-cooled and stored in liquid nitrogen  2The letters in the parentheses refer to the one letter symbols for
prior to data collection. All datasets were measured in a the amino acids encoded by the corresponding genetic codons. NZCYM
single sweep of between 120 and 200 degrees with OSCi”atiOﬂreferS to nonselective nutrient med_la s_uppleme_nted with adenine _and
. uanosine. H+ G or G refers to semidefined media supplemented with
a_ngles of between 0.75 and 1_'5 deQre_eS’ de_pendlng on th%oth hypoxanthine and guanine or only guanine, respectively. The
circumstances of each experiment. Diffraction data were numpers in the table represent the frequency of the identified codons
processed with the HKL packag82). Several percent of  from the direct sequencing of the bacterial clones.
the structure factors from each dataset§%6) were set aside
for calculation of free R-factors3@). Since only minor decreased enzyme activity to only 1% that of WT activity,
variations in the unit cell dimensions were observed among suggesting that the Asp137 carboxylate side chain partici-
the four mutant datasets and that for the original wild-type pates in catalysis. To further examine the functional role of
structure {1), we approached all structure determinations Asp137, the structural and functional consequences of
in the same way, using as the initial phasing model, a replacing the aspartate side chain with other functional groups
modified wild-type ternary complex dimer in which ligands, were evaluated to obtain a complete structure/function
residue 137 and water molecules were deleted in eachrelationship for this invariant residue. To avoid the bias
subunit. The protein model was placed into each dataset byinherent in creating specific, selected mutations of the residue
sequential one and two rigid body refinement with increasing of interest, a more random approach using site-specific
resolution limits (15 to 6 A, 15 to 45 A, 15 to 3.5 A saturation mutagenesisd, 20) was used to generate a library
resolution) using XPLOR 34). This was followed by of mutant HPRTs at position 137. Saturation mutagenesis
simulated annealing, positional and temperature factor refine-was performed, according to a modified PCR-mutagenesis
ment, incorporating data fro 6 A to an intermediate  technique 87), using a mixture of mutagenic oligonucleotide
resolution limit for each individual dataset (generally between primers. This primer mixture contained a 32-fold degenerate
2.2and 2.0 A). For each structure, the initial electron density NNS sequence (whemd = a mixture of A+ C+ G + T
maps (¥, — Fc andF, — F¢) permitted positioning of the  and S = a mixture of C+ G), yielding codons for all 20
ligands (PRPP complexed with two hydrated magnesium ionsamino acids plus the amber stop codon at the mutagenic site.
and HPP) into each active site of the asymmetric dimer. The The PCR-amplified gene fragment was subsequently ligated
models were manually adjusted using the progran8§). ( back into the expression vector to create a library of plasmids
Additional water molecules were added whéfe — F. encoding HPRT genes with random mutations at position
electron density peaks greater than 3 standard deviations o0fL37.
the map were found and where at least one suitable hydrogen A functional assay was introduced, using a bacterial purine
bond partner was present. Several additional rounds ofauxotroph, for the selection of clones expressing catalytically
positional and temperature factor refinement and inspectionactive HPRTs. The S@609 strain Bf coli is deficient in
of electron density maps were adequate to make all necessargnzymes required for the de novo biosynthetic and salvage
changes in each mutant model. The high resolution limit for pathways for purine nucleotideg3), such that it requires
each dataset was determined empirically by gradual additioncomplementation by a recombinant HPRT for growth on
of data to the refinements. Although the merging R-factors minimal media supplemented with hypoxanthine and/or
for data in the highest resolution bins were near 40% for guanine 21). S@609 cells transformed with the library of
the D137A, D137E, and D137Q mutants, the data were plasmids obtained from saturation mutagenesis were plated
included in the refinement if doing so improved the free on selective media systems containing either hypoxanthine
R-factor and the maps. Omit maps were used to verify the and guanine, or guanine alone, as well as on nonselective
positions of the ligands, and residues and water moleculesnutrient media. The results of the functional selection of
of interest in the final models. Figures 2, 3, and 5 were bacteria transformed with the Asp137 saturation library are
prepared with SETOR3E). The atomic coordinates and shown in Table 1. Clones expressing D137E, D137Q, and
structure factors of the mutant enzymes have been depositedVT enzymes were identified from sequencing 15 colonies
in the Protein Data Bank, with the following accession from plates supplemented with hypoxanthine and guanine.
codes: 1113 (D137A), 1114 (D137E), 1I0L (D137N), and Only WT and the D137E mutant were among the four clones
1101 (D137Q). that appeared on plates with guanine alone. To assess the
diversity of codons at position 137 in the library, 25 clones
RESULTS AND DISCUSSION of S@609 bacteria transformed with the saturation plasmid
Saturation Mutagenesis and Functional Selection in library were picked from the nonselective media and
Bacteria Alanine substitution at Asp137 (D137A) markedly sequenced, resulting in the identification of 17 different
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Table 2: Correlation between Specific Activity for IMP Formation by SDS-PAGE analySIS and four_ld to be consistent with
and Growth Rates on Nonselective and Selective Media of Bacteria the observed activities and relative growth rates for the
Complemented by Wild-Type or Mutant HPRTs mutants (data not shown). Bacterial complementation systems
sAR NZCYM H+G G formerly used to select for active mutant enzymes have

@7P 17 (37) (90) (17) (37) (90) suffered from the disadvantage of l_Jsing strong, indupible

T o117 4% it 4+ ar s oo promoters to drive the overexpression of the recombinant

DI37E  18L 063 44 44 44+ 4t 44 4+ o+ enzyme 19, 20). As a result, the high levels of the

D137Q 624038 ++ ++ 4+ ++ — 4+ ++ recombinant enzyme enabled mutants with very low activity
D137N 1.1+005 ++ — ++ ++ — — + to rescue the auxotrophic bacteria, resulting in a low
p1grCc 1.1+001 ++ - + ++ - - 4+ stringency selection system. Tim10A expression system
D137A 0.38+001 4+ - o - + involves complementation of S@609 cells by recombinant
D137V 0.1940.05 ++ + + .
D137L 005+ 0.00 +4+ — — + — — 4 enzyme produced at low levels by the leaky promotor in the

3 SA indicates specific activity expressediasol min~* mg. ® The presence of phosphate. Overexpression of HPRT does npt
numbers in parentheses represent the incubation time (in hours) beford?CCUr until the phosphate has been depleted from the media
bacterial colonies were visually assessed on the plates incubated at 3{after >30 h growth at 37C). Thus, the bacterial comple-
°C. NZCYM refers to nonselective nutrient media supplemented with mentation system described here provides a stringent func-
adenine and guanosine. # G or G refers to semidefined media  tignal assay with which preliminary structuréunction

supplemented with hypoxanthine and guanine or guanine alone, . . e . . .
respectively. The-+, +, or — classifies the bacterial growth as visible relationships for specific side chains can be rapidly assessed

(small to large) colonies, extremely tiny colonies or no visible colonies, PY seguencing plasmids f".om a re'?-tiVE"y mOdGSt numberl of
respectively. colonies grown on selective media. Desired mutants with

lower activities can then be recovered from nonselective
codons encoding 12 amino acids and an amber codon (Tablenedia plates or created individually.
1). Statistically, a truly random set of 32 codons would be  Overexpression and Purification of Recombinant Enzymes
predicted to yield 17.6 different codons from sequencing 25 Induction of the bacteriaphoA promoter by growth of
clones 88). Although only 13 of the possible 20 amino acids cultures for 36-48 h in conditions of phosphate starvation
were confirmed by random sequencing, these results indicateresults in high yields of soluble, enzymatically active
that the combinatorial library likely contained codons for recombinant enzymes in S@606 bacter23)( For these
all 20 amino acids. studies, recombinant HPRTs were purified to near homoge-
The stringency of the bacterial functional assay system neity by affinity chromatography using GMP-agaro2é)(
was assessed further by comparing the growth rates of theAll of the various mutant enzymes bound to the GMP
individual clones in S@609 complemented by the WT and column, indicating that the mutations did not cause serious
mutant HPRTSs, with the relative specific activities of the structural perturbations in the enzymes. These methods
purified enzymes, ranging from 60% (D137E) to 0.2% provided large quantities of purified enzymes for both kinetic
(D137L), as shown in Table 2. As a positive control, cells analysis and structure determination.
transformed with all mutants and WT plasmids exhibited  Steady-State Kinetic StudigSteady-state kinetic param-
comparable growth rates on nonselective nutrient media. Ineters for the WT and several mutant HPRTs are shown in
contrast, S@609 bacteria complemented with the catalytically Table 3. The growth rates of complemented S@609 bacteria
active mutant HPRTs grew at different rates on minimal (Table 2) correlate well with thes values of mutant
media, and these rates correlate well with the activities of enzymes (Table 3), demonstrating that the functional assay
the purified enzymes (Table 2). Mutant HPRTs with-20  provides a useful tool for rapidly assessing the activities of
100% of the WT activity resulted in visible bacterial colonies mutants in structurefunction studies of amino acid residues
after 17 h on selective media supplemented with hypoxan- in the HPRT-catalyzed reaction. Comparison of the kinetic
thine and guanine, and those with 848% activity required parameters for the mutant and WT HPRTS provides an
37—-90 h to yield visible colonies on this media. The growth indication of the functional consequence of the side chain
rates also were consistent with the activities of purified substitution on substrate binding (reflected by the apparent
enzymes when selective liquid media was used to quantitateKy,), on catalysis and product release (reflecteddfy and
growth rates by measuring optical density (results not on overall catalytic efficiency kf{Kn). Pre-steady-state
shown). Guanine was far less efficient than hypoxanthine kinetics and ligand binding analyses of the human HPRT
in supporting the growth of HPRT complemented S@609 demonstrated that the rate-limiting step for the enzyme-
cells when it was the sole purine source in minimal media catalyzed reaction was product releg&elg). Thus, although
(21). Therefore, the media supplemented with guanine alone similar detailed kinetic studies have not been completed for
provides higher stringency for the selection of highly active other HPRTS, it is likely that these observations will be
mutant HPRTSs than does the media containing both hypox- similar for all HPRTs. Because the chemical step is not rate
anthine and guanine (Table 2). limiting for these enzymes, the observiked; from steady-
The phoApromoter in pBAce regulates the expression of state kinetics does not reflect solely the rate for the chemistry
recombinant enzyme that is required for the growth of S@609 of the reaction but instead is influenced by the rate of product
bacteria in selective media. This promoter is leak§)(and release.
during early stages of growth before depletion of phosphate Truncation of the Asp137 side chain to alanine resulted
in the media, the leaky expression is sufficient to initiate in a 30-fold reduction in catalytic efficiency, arising almost
the growth of S@609 complemented by mutant HPRTs with entirely from a reduction irk.s. Surprisingly, the isosteric
moderate to high activity. Expression of the recombinant replacement in the D137N mutant was more deleterious,
HPRTSs in S@609 cells was monitored over time-{45 h) causing a 40-fold reduction ik../Kmn as compared to WT.
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Table 3: Kinetic Parameters for the Forward Reaction Catalyzed by the Wild-Type and Mutant HPRTs

hypoxanthine (pH 7.3) hypoxanthine (pH 9.8) PRPP (pH 7.5)

kcat Km kca{Km kcat Km kca{Km kcal Km kca{Km

s (uM) (stuM™) (s (M) (stuM™) (s (M) (stuM™)
WT 18 8.6+ 1.5 2.1 19 28t 3.2 0.69 22 35 2.9 0.61
D137E 10 14+ 2.0 0.70 12 27 3.8 0.46 6.7 6.241.1 1.0
D137Q 3.2 15+ 1.2 0.22 4.7 140 0.03 4.1 2120 0.20
D137N 1.6 31+4.1 0.05 41 39+ 5.8 0.01 25 1H-1.4 0.24
D137A 0.60 8.3:1.9 0.07 21 2& 4.1 0.08 0.50 1.6:0.10 0.31

2 Hypoxanthine exists primarily as the neutral form at pH ?.Hypoxanthine exists primarily as the monoanion form at pH 9lémited
solubility of hypoxanthine prevented the measurement at saturating concentrat@8qM). Therefore, kinetic parameters for the D137Q mutant
at pH 9.6 were estimated from double reciprocal plots of the velocity data.

This large reduction in activity was not caused by the g

chemical nature of the carboxamide side chain because the 20 o Qo A 7
longer carboxamide of D137Q resulted in catalytic efficiency o
that was only 10-fold below that for WT. The D137E mutant 15 | -

was most similar to WT with only a 3-fold reduction kg./

Km. Although the isosteric aspartate to asparagine replace- o 24

ment resulted in a dramatic reduction in enzyme activity, 0 o }

the activities of the isosteric glutamate and glutamine mutants 9 4

were surprisingly similar (within 3-fold). 5 L A N
The Kp's for hypoxanthine for most of the mutants were A & A

within 2-fold of WT, while the D137N mutant displayed the A& ® . . . ,

greatest effect with &, 4-fold higher than WT. When the 4 5 5 7 8 9 10

pH of the assay buffer was raised to 9.6, a dramatic increase pH

in the Ky, for hypoxanthine was observed for the D137Q

mutant, while the other mutants hig’s similar to WT. In 6

addition, notably elevateldais were observed for the D137N b ' ' ' v ¢ u

and D137A mutants at pH 9.6 relative to pH 7.5. In contrast 5 | -

to the activities observed with varying hypoxanthine con- =

centrations, the catalytic efficiencies of the mutants with 4 F O -

varying PRPP concentrations were all within 3-fold of WT, v

primarily due to decreases in th€,'s for PRPP of the S r X

mutants relative to WT that compensate for their lokgls. > L ¥ i
pH—Activity StudiesThe effect of pH on activity for WT O Dx x

and mutant enzymes (D137E, D137Q, D137N, D137G, 1} X 4+

D137V, and D137A) enable direct comparisons of the ionic o R ¥ 5 ¥¥+

states of the side chains and the chemical requirement at o L L

this position for effective enzyme catalysis. The dependence 4 5 6 p; 8 o 10

of the reaction rate on pH (ptrate profile) was measured _ _
at saturating concentrations of substrates. Therefore, with theFIGURE 1: The pH-keo profiles for the forward reaction catalyzed

; ; by WT and mutant HPRTSs. In panel a are shown the profiles for
exception of the D137Q mutant at higher pH values the wild-type ©), D137E @), and D1370 &) mutant enzymes.

(discussed below), the profiles reflect the effect of pH on |, panel b are shown the profiles for the D137©)(D137N (),

the appareni., for the WT and mutant enzymes. The pH D137A (v), and D137V ¢) mutant HPRTS.

keat profiles of mutants and the WT enzyme are shown in

Figure 1. The pH-kea profile of the WT enzyme displayed The D137Q mutant exhibited only a slight response of
a sigmoidal curve, increasing from pH 4 to 8, then plateauing k.o to pH as compared to the D137E and WT enzymes
at higher pH values (Figure 1, panel a). These observations(Figure 1, panel a). Th&;, for D137Q increases slightly
closely resemble the pHk. profile previously described between pH 4 and pH 7.0 but fails to increase further above
for the WT human HPRT 1@8). In contrast, the pHKkcat pH 7. For this mutant, at pH values above 7, the concentra-
profile for the D137A mutant lacks the pH-dependence in tion of hypoxanthine required to achieve saturation exceeded
the acidic limb (Figure 1, panel b) which is observed with the solubility limit of 400uM in the assay. Thus, the rates
the WT enzyme. This result indicates that the ionized for the D137Q mutant at higher pH values no longer
carboxylate moiety of Asp137 is the active form required represent th&,for the enzyme. Steady-state kinetic analysis
for catalysis. Interestingly, a marked increase in rate at pH demonstrated that th&,, for hypoxanthine is markedly
values higher than 8 with the D137A mutant was observed increased at pH 9.6 (Table 3). This dramatic changkn
and is discussed below. The D137E mutant enzyme displayedat pH 9.6 was not observed for the other mutant enzymes
a pH—ke4 profile similar to the WT enzyme (Figure 1, panel nor for WT. lonization of the GIn137 side chain is unlikely
a), further indicating that the ionized carboxylate of Glu137 (the K, of formamide is 17.2)40, 41). Thus, the increase

is the active form in catalysis. in the rate of the D137Q between pH 4 and pH 7.0 does not
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reflect the ionization of the side chain but alternatively could T,pc 4: Crystallographic Summary
reflect the involvement of water molecules in the positioning

and function of the glutamine side chain. Dl37';ﬁ _Dl?E’ZE p137N D137Q
. . _ t t
Mutants with relatively low activities (D137G, D137N,  gpace group P2, ' raszlf nbaa P2, P2,
and D137V) shared similar pHate profiles with the D137A  a(A) 39.4 39.5 39.6 39.4
mutant (Figure 1, panel b). These profiles lack the pH b(®) égzdz égle;g ég'°’1-5 3317-3
dependence over the range of pH-45 and displayed C(deg 04.1 04.2 03.9 04.2

) ) . )
increasing reaction rates at pH values above 8. Although theresolrange (8)  30.61.84 40.0-1.92 20.6-1.72 30.6-2.06
side chain of asparagine has the same functional group aghigh-res bin) (1.891.84) (1.96-1.92) (1.76-1.72) (2.1+2.06)

glutamine, the D137N mutant has very low activity and ﬁg:ﬂgﬁa{sfé%(’) (23209 o078 aA30s 2198
yields a pH-kq,: profile similar to that for D137A (Figure (93.7) (89.5) (99.5) (56.2)
1, panel b), strongly suggesting that, unlike GIn137, the side Ry’ 0.056 0.065 0.061 0.068
chain of Asn137 does not participate in catalysis. A similar <lfoll)> (1%-4700) 8-3;377) §2-2372) ig-gll)
pH profile was reported for the D137N mutant of the human 2.9) 3.2) 3.2) 2.6)
HPRT (18). Although D137A, D137G, D137N, and D137V  redundancy 2.3 3.9 4.8 5
enzymes are relatively inactive, the shared increase in ratessourcé NSLSx 12B SSRL7#1 APS5IDB  UNCryst
for these mutants at pH values above 8 is intriguing. None Refinement
of these mutants possess an ionizable side chain at positiorese! range (4) 62-921-84 2-211-92 60-(;;%72 669_2%'9())6
137. The similarity of the pHrate profiles for these mutant Ec"fy‘;c 8:122 0177 0210 0168
enzymes suggest that they share a common mechanism, whil@rotein atoms 2995 3028 2991 3028
the differences in the chemical nature of the amino acid ligand atoms 81 78 78 78
substitutions indicate that the observed increase in rate ma asg’rzgteagf?;imr (;;78 230 158 199
reflect the ionization of the substrate rather than the enzyme.  protein 20.2 20.6 257 20.2
Substrate lonizationThe reported K, values for PRPP ligands open  24.6 815 256 29.6
are 5.9 and 6.74Q). Previous kineticg1, 43) and structural (closed (15.6) (14.4) (22.6) (14.7)

(11) studies showed that a coordination complex of PRPP  active site)

and two magnesium ions is the substrate for the reactionrng'}’rirr‘; farget e 36.0 38.0 332
catalyzed by HPRTSs. This complex is estimated to ha<g p bond Igth (&)  0.011 0.010 0.011 0.011
values closer to 4 and 4.44—46). Therefore, the observed bond ang (deg) 1.57 1.58 1.64 1.62
increase in the catalytic rates of these mutants atpB aCompleteness is the fraction of theoretically possible reflections

probably does not reflect change in the reactivity of PRPP observed at least onceRym = ¥ [Ii —IV3 |;, wherel; is the intensity
upon ionization. On the other hand, hypoxanthine has threeOf the ith observation andilis the mean intensity of the reflection.

. i ; ® Reyst= Y |Fo — Fcl/Y |Fol. Rree @ 5—8% subset of the reflections from
PKa values: 2.3, 8.4, and 12.4, which reflect the existence each dataset were used for this calculattidSLS, National Synchro-

of monocation, monoar?ion., a_nd_dianion forms, respeCtively tron Light Source; SSRL, Stanford Synchrotron Radiation Laboratory;
(47). Neutral hypoxanthine is ionized to the monoanion form APS, Advanced Photon Source, 5IDB is a beamline of the Dupont-
at pH > 8.4, roughly paralleling the observed increases in Northwestern-Dow collaborative access team (DND-CAT) at Argonne
activities for the mutants with low activities. These results National Lab; UNCryst, University of North Carolina at Chapel Hill.
are consistent with increasing nucleophilicity of the mono-

anion form of hypoxanthine. Steady-state kinetic studies at crystal structure of the D137A mutant was superimposable

pH 9.6 (Table 3) indicated that the monoanion form of (0.29 A rmsd on @ positons) with the WT enzymel{).
hypoxanthine can bind the HPRTs and be used as a substrat§y, other side chains occupied the void left by the alanine

confirming a previous report which suggested that the HPRT o qfitution at position 137. The only significant differences
utilized the ionized hypoxanthine at alkaline pH8[. between the two structures were the lack of the aspartic acid
Relative to pH 7.5, at pH 9.6 there are only slight increases gjge chain and shifts in positions for some of the crystal-
in the K values for hypoxanthine with the WT and most of  |4raphic water molecules (Figure 2). For the other three
the mutant enzymes (Table 3). In contrast, the D137Q m“tammutants, the rmsd’s with the WT structure on. Gositions
displayed a large decrease in the overall catalytic efficiency \yere 0.16 A for D137E, 0.17 A for D137Q, and 0.28 A for
(keaKrm) at the higher pH value due almost entirely to a 10- 337N, respectively. The structures of the mutant enzymes
fold increase in the&k, for hypoxanthine (Table 3). provide detailed views of the interactions between substrate
Crystal Structures of D137 MutantSrystal structures of  ligands and the side chains at position 137 and help to clarify
four of the mutants (A, E, Q, and N) were determined and the interpretation of the functional analyses with the mutant
refined at moderately high resolution (1.72 to 2.06 A) (Table HPRTSs.
4). The crystallization strategy previously used for the WT  Correlation of Functional and Structural Obseations
enzyme (1), using as ligands the substrate PRPP and aThe availability of steady-state kinetic analyses, )
hypoxanthine analogue HPP, was again used here to captur@rofiles, and crystal structures for the four mutant enzymes
structures of the ternary substrates complexes of the mutantand WT provide a unique opportunity for detailed structure/
proteins. With the WT and mutant enzymes, this crystal form function analysis of the role of Asp137 in catalysis by
results in a dimeric structure that reveals two independentHPRTSs. The results of the functional studies were validated
views of the substrates-bound active site, with the long and/or clarified using the molecular details revealed in the
flexible loop (loop II) of one subunit in an open conformation crystal structures, as discussed for each mutant enzyme
and in the other subunit in a closed conformation. The overall below.
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Loop Il

Ficure 2: The structures of the open active sites of the D137A mutant and WT HPRTSs. Panels a and b are stereoviews of the active sites
in the open subunits of the D137A mutant and WT HPRT, respectively. The main chain of the flexible loop (loop 1l) is displayed as a green
ribbon. Atoms are shown in standard colors, with octahedrally coordinated magnesium ions shown in cyan, their coordinaing waters and
other crystallographic waters illustrated by red spheres. Dotted lines represent interatomic dista@cAsThe|F, — F¢| omit electron

density maps of bound ligands are contoured at-3.0

The D137A MutantDeletion of the carboxylate side chain conformation (Figure 2, panel a). The temperature factors
at position 137 by alanine substitution (D137A) reduced the of protein atoms surrounding the 5-phosphate in the open
keat by 30-fold (Table 3), suggesting that Asp137 participates subunit of D137A are uniform and range from 10 to 15 A
in catalysis. Although th&,, for hypoxanthine was largely  while the temperature factors for the 5-phosphate group itself
unaffected, there was a 22-fold decrease inkhdor PRPP  are 26-25 A2 higher, ranging from 35 to 45 Aindicating
in the D137A mutant. This reduction in th&, for PRPP is its increased mobility. Three additional well-ordered water
consistent with studies of a D137A mutant of HPRT from molecules are accommodated in the space below the
Toxoplasma gondi{15). The absence of a proximal charge 5-phosphate group of PRPP in the D137A structure and have
repulsion between the carboxylate side chain of Asp137 andtemperature factors of 24 A2, By contrast, density for
the 5-phosphate group of PRPP in the active site could the 5-phosphate group of PRPP defines a single position in
contribute to the large decrease in g for PRPP. In the  the WT active site, well anchored by a series of hydrogen
mutant enzyme, PRPP apparently binds with high affinity bonds primarily to the main chain of loop IILY). In the
but in a conformation that is nonproductive for catalysis; WT enzyme, the carboxylate of Aspl37 may repel the
whereas, in the wild-type enzyme, the charge repulsion 5-phosphate moiety such that it is stable only when posi-
between the Asp137 and the 5-phosphate weakens bindingioned deep inside the loop Il binding pocket, remote from
interactions but results in enzymsubstrate interactions that  the aspartate at 137. This proposed repulsion is consistent
are more productive for catalysis. This hypothesis is sup- with the observed decrease K, for PRPP in the D137A
ported by the crystal structure of the D137A mutant enzyme mutant in which the repulsion would be absent. The
(Figure 2). electrostatic repulsion exerted by Asp137 might be weakened

Electron density for the 5-phosphate of PRPP in the open as the carboxylate side chain and the 5-phosphate of PRPP
subunit of the D137A enzyme is not well-defined and form hydrogen bonds with the hydroxyl group of Tyr104 as
suggests that the phosphate moiety is not well-anchored inthe flexible loop Il closes over the active site just prior to
its binding loop (loop 1ll) and may assume more than one the catalytic step. These interactions are observed in crystal
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a
b
Cc
%‘r R170
d N184

Loop Il '

Ficure 3: Structures of the open and closed active sites in various mutant forms of the trypanosomal HPRT. Active sites of open and
closed subunits are shown on the left and right, respectively. Panel a shows the WT stdjtiared panels b, ¢, and d show the structures

of the D137E, D137Q, and D137N mutants, respectively. Dotted lines represent interatomic distauicAsAtom colors are as described

in Figure 2.

structures of the closed subunits of the wild-type and mutant active form. In the open subunit of the crystal structure of
enzymes (Figure 3). the D137E mutant, the Glul137 side chain forms a hydrogen
The D137E MutaniThe D137E mutant enzyme displayed bond with the side chain of Asn184 (2.9 A from Asn184
a pH—kq4 profile similar to the WT enzyme (Figure 1, panel ND2 to Glu137 OE2). This interaction stabilizes the longer
a), indicating that the ionized side chain of Glul37 is the glutamate side chain in a position more remote from the
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bound purine analogue than is observed for the aspartate side ok Q137
chain in the open active site of the WT structure (Figure 3, H H

panels a and b). This increased distance could weaken the "@{; H
potential repulsive interaction between the carboxylate side S0 N=Huud
chain of Glu137 and the 5-phosphate of PRPP and could D193 Ho HMH Q /H H o H
account for the reduce, for PRPP exhibited by the D137E g’ g O—h Ay NO+

mutant as compared to that for WT (Table 3). Therefore, O ‘MG 1, L\N | g

attenuation of enzymesubstrate destabilization in the O'o, S o """"" O, 5 \ 1~o 2.
ground-state could in part contribute to the lower catalytic H-Q oiﬁ—olﬁ—p'qpo‘t
efficiency of the D137E mutant. Furthermore, the additional . 0., O oH \oH
methylene group of the Glul37 side chain results in the Mg \\\\\\\\
carboxylate moiety being more exposed to bulk solvent than Heg™ 2

with Asp137, allowing water molecules to participate in the H H,O‘H

side chain positioning. In the closed subunit (Figure 3, panel _ _ i
b), the Glu137 side chain is restrained by a unique network Ficure4: Schematic representation of the polarized resonance form

f h L . bri h of the GIn137 side chain showing hydrogen bond interactions in
of hydrogen bonds. These novel interactions bring the yhe proposed transition-state. Broken lines represent hydrogen bond

carboxylate side chain into direct contact with HPP, forming interactions. Dashed lines indicate metal coordination interactions.
a 2.9 A hydrogen bond (Glu137 OE1 to HPP N7). Thus, the
modified microenvironment of the Glu137 side chain could efficiency of a fully ionized negative charge achievable by
affect its electrostatic force field and consequently reduce a carboxylate side chain. This observation indicates that a
its catalytic efficiency as compared to the WT enzyme. general base at position 137 is not required in the HPRT-
The D137Q MutantThe D137Q mutant exhibited a unique catalyzed reaction, as previously suggesfe3). (nstead, the
pH—rate profile with activity increasing slightly from pH 4 D137Q mutation demonstrates that stabilization of the
to 7 then leveling off at pH values above 7. The lack of a transition-state by hydrogen bonding is sufficient for cataly-
continued increase in activity at higher pH values is likely sis, albeit with 10-fold lower catalytic efficiency.
due to a marked increase of tig for the monoanion form The D137N MutantAlthough the side chain of Asn137
of hypoxanthine at pH 9.6 (Table 3). Comparison of open has the same functional group as GIn137, the D137N mutant
subunits in structures of the WT, the D137E, and the D137Q has very low activity and yields a similar pHate profile
enzymes (Figure 3, panels-a) reveals that the carboxylate as D137A and other mutants with low activity (Figure 1,
side chains are more distant from the N7 position of the panel b). In fact, the overall catalytic efficiency of D137N
purine analogue (3:64.0 A) as compared to the glutamine with hypoxanthine is lower than that for D137A (40- versus
side chain (3.4 A). Thus, the repulsive interactions with the 30-fold less than wild-type, respectively). These results
monanion form of hypoxanthine would be predicted to be strongly suggest that the side chain of Asn137 does not
severe in the D137Q mutant enzyme, resulting in the participate in catalysis. An explanation is provided by the
increase, at pH 9.6. The distance between GIn137 OE1 crystal structure of the D137N mutant. In this structure, the
and HPP N7 shortens nearly 0.7 A upon loop Il closure to carboxamide side chain of Asn137 assumes a distinct rotamer
favor a strong hydrogen bond between the side chain of from that of GIn137 (Figure 3, panels ¢ and d). The short
GIn137 and HPP (3.4 A in the open subunit to 2.7 A in the distance between the carboxamide side chain and the
closed subunit) (Figure 3, panel ¢). Similar to its structural 5-phosphate of PRPP in the open subunit of the D137N
isostere Glul37, the side chain of GIn137 is more exposedmutant reveals that this rotamer participates in a strong
to the bulk solvent and thus permits water molecules to hydrogen bond between the Asn ND2 and PRPP O3P (2.75
participate in side chain positioning. These water molecules A). This attractive interaction alters the position and interac-
and the GIn137 side chain are well ordered and at full tions available to the 5-phosphate of PRPP in the open
occupancy, with average B-factors of 26.0 and 290 A subunit of D137N mutant, as compared to the WT enzyme

respectively. (Figure 5). In the open active site, the asparagine side chain
Partial charges on the carboxamide moiety of the GIn137 is further stabilized in this conformation by a hydrogen bond
side chain could be induced by polarizatigt®{52). Not formed between an active site water molecule which is also

only could the hydrogen bond network provided by the water bound to Asn184. Therefore, the Asn137 side chain is locked
molecules help correctly position the GIn137 side chain for in a nonfunctional rotamer (Figure 3, panel d). In addition,
participation in catalysis, but also these interactions could a shift in the position the 5-phosphate of PRPP causes a steric
accentuate the polarization of the carboxamide moiety. clash with the purine substrate (2.6 A between HPP N8 and
Stabilization of the polarized resonance form of the car- PRPP O3P) and likely contributes to the large increase in
boxamide functional groufb@) in an appropriate orientation  the Ky, for hypoxanthine observed for this mutant.

to interact with the purine substrate could further enhance In the closed subunit, the distance between the Asn137
the efficiency of the GIn137 side chain in stabilizing the ND2 and HPP N7 is about 3.9 A, consistent with a failure
proposed transition-state by forming a particularly strong to form a hydrogen bond between the asparagine side chain
hydrogen bond (Figure 4). The./Km for the D137Q mutant  and the bound HPP. These results clarify the difference in
is approximately 3-fold lower than the D137E mutant. This functional consequences between D137N and D137Q mu-
difference in activity may reflect the lower efficiency of a tants. The asparagine substitution does not represent a simple
polarized, partial negative charge of the carboxamide sideisosteric replacement of a carboxamide moiety for the
chain in stabilizing the developing partial positive charge carboxylic acid moiety of aspartate. Instead, the D137N
on purine N7 in the transition-state, as compared to the crystal structure reveals unanticipated novel interactions that
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Ficure 5: Comparison of open subunits of the D137N mutant and WT HPRTSs. Stereoview|&ftheF.| omit maps for the bound PRPP

and HPP in the D137N mutant are shown in cyan contoured at 8\&rlayed on the superimposed D137N and WT crystal structures.
Hydrogen bonds between the 5-phosphate of PRPP with the enzyme are shown in red (for D137N) and green (for WT) dotted lines. Atom
colors are as described in Figure 2.

prevent the shorter carboxamide of asparagine from interact- ConclusionsThe studies presented here reveal the power
ing with the purine ligand in a manner similar to either the of saturation mutagenesis and stringent functional selection
aspartate of WT or the glutamine mutant. In contrast, to quickly produce and assess the activity of mutant HPRTs
comparisons of the glutamine (D137Q) with the gluatamate to illucidate the functional role of Aspl37 in enzyme-
(D137E) mutant does provide a valid test of the replacement catalyzed reactions. The methodology enabled generation of
of a carboxamide for a carboxylate functional group at 137. a random library of mutants in a single experiment and
The catalytic efficiency of D137Q is only 3-fold lower than avoided bias often introduced by more limited site-directed
that for D137E and their structures are very similar, thus mutational analysis. The results of biochemical and structural
showing that a carboxamide side chain is capable of analyses of mutant and WT HPRTs indicate that a general
participating in catalysis. base at position 137 is not absolutely required for activity,
Results from previous studies with a D137N mutant of but a strong hydrogen bond with the N7 of the purine
the human HPRT 18) suggested that Aspl37 acts as a substrate provides sufficient transition-state stabilization to
general base, as previously proposed from structural @ata (  permit relatively efficient catalysis. This new information
The positions of the invariant Asp137 and bound ligands about the predicted chemical nature of the transition-state is
are conserved among several crystal structures of 6-oxopurin@mportant for a more complete understanding of the enzyme
phosphoribosyltransferases despite a wide diversity of pH mechanism, as well as for guiding the structure-based design
values and precipitants used in the crystal growth conditions of inhibitors of the HPRTs from parasites.
(6, 8, 11-16). Therefore, the asparagine substitution in the
human HPRT (D137N) would be expected to cause similar ACKNOWLEDGMENT
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