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Abstract

Site-directed mutagenesis was used to replace Lys68 of the human hypoxanthine phosphoribosyltran§feRisase

with alanine to exploit this less reactive form of the enzyme to gain additional insights into the structure activity
relationship of HGPRTase. Although this substitution resulted in only a minjoma- to threefoldincrease in thé,,
values for binding pyrophosphate or phosphoribosylpyrophosphate, the catalytic efficigggiés,) of the forward

and reverse reactions were more severely red(&e 30-fold), and the mutant enzyme showed positive cooperativity

in binding of @-p-5-phosphoribosyl-1-pyrophosphdfeRPB and nucleotide. The K68A form of the human HGPRTase
was cocrystallized with 7-hydroxy,3-d] pyrazolo pyrimidingl HPP and Mg PRPP, and the refined structure reported.
The PRPP molecule built into théF, — Fc) dcaic] €lectron density shows atomic interactions between the Mg PRPP and
enzyme residues in the pyrophosphate binding domain as well as in a long flexibladsajues Leul01 to Gly111

that closes over the active site. Loop closure reveals the functional roles for the conserved SY dipeptide of the loop as
well as the molecular basis for one form of gouty arthii8403R. In addition, the closed loop conformation provides
structural information relevant to the mechanism of catalysis in human HGPRTase.

Keywords: birth defects; inhibitor design; PRPP; PRTase; purine analog; rapid quench experiments; steady-state
kinetic studies

Hypoxanthine phosphoribosyltransferdssPRTase; EC 2.4.2.8; pyrophosphatéPRPB and a purine baséhypoxanthine or gua-

hypoxanthine pyrophosphate phosphoribosyltransfériasa pu-  nine) to form a purine nucleotidgnosine monophosphatéMP)

rine salvage enzyme that catalyzes the reversible transfer afr guanosine monophosphd@MP)]. HGPRTase has been exten-

the 5-phosphoribosyl group betweenn-5-phosphoribosyl-1-  sively investigated because defects within the human enzyme are

associated with genetically inherited gouty arthritis and Lesch—

Reprint requests to: G.K. Balendiran, Department of Biochemistry andNyhan syndroméLesch & N.y_han, 1964; Seegmnler etal., 1967,

Biophysics, Texas A&M University, College Station, Texas 77843-2128; Kelley et al., 1969. In addition, many parasites have lost the

e-mail: balendra@reddrum.tamu.edu. ability to synthesize purines de novo and are forced to rely upon
jpfesent address: University of Puerto Rico, Cayey, Puerto Rico 00736salvage pathways for the purines needed in cellular metabolism
Present address: Department of Biochemistry, Albert Einstein Colleg(iBerens et al., 1995therefore, enzymes in these pathways have

of Medicine, Bronx, New York 10461. - .
AbbreviationsA, adenine; C, cytosine; dNTP, deoxynucleotide triphos- been proposed as potential targets for drugs in the chemotherapeu-

phate; DTT, dithiothreitol; G, guanine; GMP, guanositarionophosphate;  tic treatment of a number of diseases caused by pardesick,
HGPRTase, hypoxanthine phosphoribosyltransferase; HPP, 7-hyldr@xy ~ 1981).

d] pyrazolo pyrimidine; Hx, hypoxanthine; IMP, inosineonophosphate; For those HGPRTases that have been studied kinetically, the

ncs, noncrystallographic symmetry; OPRTase, orotate phosphoribosyltrans- . ; . g
ferase; PCR, polymerase chain reaction; PPi, inorganic pyrophosphat?nzyme catalyzed reaction has been shown to proceed via a func

PRPP,a-p-5-phosphoribosyl-1-pyrophosphate; SDS, sodium dodecyl sultionally ordered sequential bi-bi mechanism in which PRPP binds
fate; T, thymine; U, uracil. first to the enzyme followed by a purine bagéiacomello &
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Salerno, 1978; Yuan et al., 1992; Xu et al., 1997; Munagala et al.between HPP and Mg PRPP in the active site of human HGPRTase
1998. Release of products is also functionally ordered with in-and the role of the long flexible loop predicted to close over the
organic pyrophosphatdPij leaving first, followed by the nucle- active site during the reactiofEads et al., 1994

oside monophosphate. Kinetic studies showed that PRPP and

nucleoside monophosphates bind competitively to the apo form of . .

the enzyme. In contrast, only minimal values for taehave been ~ Results and discussion

determined for the weak binding of purine bases or PPi to the free

form of HGPRTase, although it was shown that these two subCocrystallization of HPP and Mg PRPP

strates bind cooperatively to form a dead end complex with thevith the human HGPRTase

enzyme(Xu et al., 1997. . ] The nonreactive hypoxanthine analog, HPP, formerly has been
The solution of the three-dimensional structure for the humarghown to bind competitivelfwith an apparent; of 31.5 +

HGPRTaséEads et al., 1994ermitted us to deduce the structural g g M) to the active site of the human HGPRT&&akin et al.

and biochemical roles of amino acids in the enzyme catalyzeq997). The K68A form of the human enzyme was crystallized in
reaction as well as to interpret the molecular basis for a number of,o presence of both HPP and Mg PRPP. The resulting structure
naturally occurring mutations that are associated with several dgzealed the presence of the ligands HPP and Mg RRRE. 1, 2

bilitating conditions. An unresolved question has been the identity, he active sites of both the moleculesibunits A and Bof the
of enzyme residues that form interactions with the PPi moiety ofyimer.

PRPP or with PPi itself. These residues may donate a proton to a
leaving PPi in the forward direction, although the moderately basic
pKa (9.1) of that group(Dawson et al., 1986suggests that enzy- Overall structure

o b e Ctls o he KGOA HGPRTase HPP PREP complex were i
P Y Y phosp y morphous with crystals of the human HGPRTase GMP complex
u_sed to determine the HGPRTase structure. There was a dimer of

Yhe enzyme in the asymmetric unit with the RMS difference for the

phate in the human HGPRTa¢Eads et al., 1994; Scapin et al., . ) ) i
1994). In OPRTase, mutagenesis of Lys73 to alanine resulted in ga atoms of 1.3 A between the subunits A and B, including res

50-fold decrease ik.o; and 100-fold decrease in catalytic effi- g?jj dl;r?;lt(r)\i tﬁeiilglt 1Ilogfpth%:‘leeﬂg:;;(i:(t:wfo?geolfo ?ﬁjgﬂ;y’ié
ciency (Ozturk et al., 1995 ' '

Recent crystal structures of the HGPRTas@rghanosoma cruzi consisting of 120 residues out of 217, resembles a dinucleotide
(Focia et al., 1998a, 1998provide new evidence for the possible
role for Lys68. In the trypanosomal enzyme, Lys68 interacts with
pyrophosphate atoms of PRR&s originally proposed by Eads
et al., 1994, but via hydrogen bonds involving main-chain rather
than side-chain atoms. Also, the NZ-amine of Lys68 in the try-
panosomal enzyme interacts with residues belonging to the oppos
ing subunit of the dimer, possibly providing a mechanism for
allosteric interactions between subunits. At the time the presen
study was initiated, the K68A mutant form of the human enzyme
was created as part of a strategy to solve the structure of the hume
enzyme in a closed conformation with substrates bound. Sub
sequent analyses of the kinetic properties of the K68A mutant
indicated that the activity was too high for this strategy to succeed
However, the kinetics described herein provide the first evidence
in HGPRTase for positive cooperativity between subunits in the
binding of substrates. The structure of the K68A mutant form of
human enzyme does not allow detailed interpretations for inter-
actions involving the side-chain atoms of Lys68, but the structural
basis for the observed cooperativity can be interpreted in the con ™
text of the proposed role for the homologous residue in a relatec®®
HGPRTasd Focia et al., 1998a, 1998b

A structure with the substrates of the forward reaction bound
would be useful for understanding structure—function relationships
of the human HGPRTase and for designing selective inhibitors
targeted to the HGPRTase of pathogens. Strategies for achievin
such a structure involved using a nonreactive substrate analog in
the crystallization trials antr an enzyme incapable of completing Fig. 1. Structure of human HGPRTase Mg PRPP HPP complex, where
the enzyme catalyzed chemistry. Thus, the less reactive K68A forrhiPP, PRPP, and the side-chain atom of residue Ala68 are shown in ball-
of the human HGPRTase was crystallized in the presence of M%nd-stick representation. The dimers that forms the asymmetric unit with

. oth the molecules in the closed loop conformation are referred to as
PRPP, and a hypoxanthine analpghydroxy [4,3-d| pyrazolo subunit A(cyan and B (brown). The flexible loop in the closed confor-

pyrimidine (7-deaza-8-aza-hypoxanthine, HRF'he X-ray struc-  mation is shown in greenish yellow. Program Molscript was used to create
ture generated from these crystals reveals the atomic interactionse figure(Kraulis, 1991.
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teratomic distance<3.2 A used for the selectipf HPP and GMP

in the active site of the human HGPRTase. In this regard, hydrogen
bonds are observed between the N7 and N8 of the purine analog
HPP and the side-chain atoms of Lys165 and Asp137, respectively
(Fig. 3). These hydrogen bonds were not observed when GMP was
bound to the active site of the enzyr(ieads et al., 1994 In the
GMP complex, a hydrogen bond was observed between the O6 of
GMP and NZ of Lys165, whereas in HPP PRPP complex the O6 of
HPP forms a hydrogen bond with the main-chain N atom of Val187
and Lys165 now forms a hydrogen bond with the N7 of HPP
(Fig. 3. The absence of the hydrogen bond between the side-chain
NZ atom of Lys165 and O6 of HPP is in good agreement with the
findings reported in th&scherichia colXGPRTase structure. The
Lys115 inE. coli XGPRTase, which corresponds to the Lys165 in
human HGPRTase, was found to adopt a conformation in which
the terminal NZ group of Lys115 is longer than hydrogen bonding
distance from the O6 of the guanine bases et al., 1998 The
hydrogen bonds that were observed between the N2 of GMP and
the main-chain O atoms of Vall87 and Asp193 are no longer
observed in the structures with HPP, which possesses a hydrogen
atom instead of an amino group at this position. The difference in
the pattern of hydrogen bonds for HPP and the guanine moiety of
GMP causes a shift in the position of the purine rings in the active
site of the enzyme. The hydrogen bonds seen between HPP and the
active site residues help to position atom 9 of the purine base in
close proximity to the ribose moiety where an in-line nucleophilic
attack at C1by the lone-pair electrons of N9 would have the best
geometric arrangement. Positioning PRPP in this density resulted
in an ~5 A distance between the C9 of HPP and’ ©1 PRPP.
Subtle differences in details of the binding of HPP to the human
and a trypanosomal HGPRTase may be significant and could be
relevant for the design of compounds that would selectively inhibit
the T. cruzienzyme.

A

Fig. 2. A: Electron density maps calculated wittF, — Fc) ¢carc] coeffi- Mg PRPP binding

cients(contoured at 18). Areas displayed correspond to HPP and PRPPrpo 1ot noticeable feature at the primary sequence level of the
moieties.B: Front and side views of the long flexible loop electron density

calculated with (Fo — Fo)dearc] coefficients(contoured at 14). Relative  1YP€ | PRTase family is a conserved PRPP binding migtifison
orientation of HPP and PRPP is shown without density. This figure waset al., 1983; Hove-Jensen et al., 1986rmed by residues Val129
created using the program SETQRvans, 1998 through Lys140 in human HGPRTase, which is located between
helices A4 and A5. The PRPP bound in the active site is sur-
rounded by residues Leu67, Ala68, Gly69, Lys102, Ser103, Tyr104,
binding fold that contains a region of a twisted paraBetheet of  Lys114, Glul33, Aspl134, Thr138, Gly139, Thr141l, and Asp193
five B-strands(B3, B4, B5, B6, and BY surrounded by four (Fig. 3. Phosphate binding loop residues Thr138, Gly139, Lys140,
a-helices(A2, A3, A4, and A5 (Fig. 1). The difference Fourier and Thrl141 of the PRPP binding motif form hydrogen bonds with
electron density maps calculated witlfr, — Fc) caic] coefficients  the 5 phosphate of PRPP. Conserved acidic residues Glu133 and
showed interpretable density for HPP and PRPP in the cleft locateAsp134 were found to form hydrogen bonds directly with' @8d
above the centrgB-sheet of the cor¢Fig. 2A). In the Mg PRPP 02, respectively. Divalent metal ion Mg, required for PRPP
HPP complex, the two molecules that form the asymmetric unitbinding and catalysisMusick, 1981; Bhatia et al., 1990was
have interpretable density for the main-chain and most of the sidefound to be coordinated in octahedral geometry with, O, one
chain atoms of the long flexible loop in addition to the density for of the oxygen atoms of the pyrophosphate moi@gA), 01’ of
the ligands in their active sitd$-ig. 2B). PRPP, and two water molecules.

HPP binding Flexible loop

HPP was bound in the active site cavity formed by a combinationinteractions with the bound Mg PRPP molecule show the role of
of hydrogen bonds and van der Waals interactions between HPfe flexible loop in human HGPRTase. In the GMP complex, a
and residues Val187, Lys165, Asp137, Phel86, Leul192, and lle13%8lexible loop defined by residues Leul01 to Gly111 of subunit B

The stacking interaction between HPP and Phel86 is similar to thdtas poor electron density and is observed in a “loop open” con-
observed between the guanine of GMP and Phel86 in the GMRrmation. The human HGPRTase Mg PRPP HPP complex struc-
complex. However, there are differences in hydrogen bdimds  ture shows that after Mg PRPP and HPP are bound, flexibility
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vie7

D137

K114

Fig. 3. Hydrogen bonds between HPP and active site residues-R®2 D137, N7--NZ K165, O6---N V187, and N%--O V187;
Mg PRPP and active site residues’©20D1 D134, O3---OE2 E133, O1A--OG S103, O3A--N A68, O2B---N G70, O1B--N
A68, O2A:+-N L67, O3B-+-N A68, O1P--OH Y104, O1R--OG1 T138, O1P--N G139, O1P--N T138, O2R--N G139, O3R--NZ
K114, O3P-:-OG1 T141, Mg--03, Mg+--02, Mg-++-02A, Mg---0O1, Mg-+-O H,0, Mg---O H,O are shown in stereo.

becomes restricted, and the corresponding loop accommodatestta serine at position 109 is necessary for adopting the closed-
new conformation(“loop closed’) in both subunits A and B. loop conformation required for the normal function of human
The structural rearrangements made by residue Tyr104 in thelGPRTase, and explains why the S109L mutant form of the human
closed-loop conformation allow this residue to form interactionsHGPRTase has altered Michaelis constaats increased,, for
with the 5 phosphate moiety of PRPP, which positions the sidehypoxanthine but a norma, for PRPB, which result in gouty
chain over the O4atom of the ribose moietfFigs. 2, 3. Also, the arthritis (Wilson et al., 1988 In addition, Ser109 may be one of
a-helix (A4), formed by residues 116 to 123 in the presence ofthe residues at the tetramer interface involved in interactions with
GMP, is shifted in the presence of Mg PRPP, which brings residuethe symmetry-related molecule and playing an important role for
100 to 115 of the closed loop closer to the active site than in thehe formation of the tetramer. It has been shown under physiolog-
open-loop conformation. This shift may facilitate the flexible loop ical conditions that the human HGPRTase is active as a tetramer
attaining the closed conformation. Hence, this feature may play afStrauss et al., 1978
important role in binding Mg PRPP and protecting an oxocarbo-
nium ion-like intermediate from hydrolysis by the bulk solvent if
the reaction indeed goes through propoSgil-type nucleophilic
displacement catalytic mechanism. Information relevant to the role of Lys68 in the human enzyme
In the presence of Mg PRPP, the side chain of Ser103 forms anay be provided by the 1.4 A structure for thecruziHGPRTase
hydrogen bond with the O1A atom of pyrophosphdigy. 3). This (Focia et al., 1998h with interpretable electron density for the
orientation is a bit surprising in the context of kinetic studies of aamino acid that is homologous with Lys68 in the human enzyme.
mutant form(S103R of the human HGPRTase resulting in Gout In the trypanosomal enzyme, the side chain is oriented away from
(HGPRTasg@unich) (Wilson et al., 1988 For this mutant, the the active site and forms a hydrogen bond with a main-chain
Michaelis constant for binding hypoxanthine was 100-fold aboveoxygen belonging to a residue in the second subunit in the dimer
that for the wild-type enzyme, while that for PRPP was unaffectedof the enzyme. It was suggested that this provides a mechanism for
Also, the interactions involving the side chain of Ser103 differ communication between the active sites of the subunits in the
with those observed for Ser103 in a closed conformation of thedimer (Focia et al., 1998b Furthermore, the peptide bond be-
T. cruziHGPRTase with HPP and PRPP bound in the active sitdween Leu67 and Lys68 in the trypanosomal enzyme is in an
(Focia et al., 1998aIn the trypanosomal HPRTase structure, the unusualcis conformation, exposing the carbonyl of Leu67 and the
amide nitrogen of Ser103 was modeled within hydrogen bondingamide nitrogen of Lys68 to the active site. The residues flanking
distance of the O1A atom of pyrophosphate and the side chain wasys68(Leu67 and Gly69are among the 13 most highly conserved
participating in hydrogen bonds that could be essential for properesidues in HGPRTases and, in addition to other factors, their
positioning and closure of the flexible loop. In both the human andpresence could possibly favor the formation of ¢tiepeptide bond
trypanosomal HGPRTases, the substitution of arginine at this pobetween the residues at position 67 and 68. Nonpraiseeptides
sition would be expected to interfere with the loop closure and theare rarely observed in crystal structures and have been identified
binding of substrates. with confidence only in those structures solved at relatively high
Ser109 in the human HGPRTase PRPP complex forms hydrogersolution. In addition to the trypanosomal enzyrois, peptides
bonds with the side-chain atoms of GIn151 of the symmetry relatediave been observed in the analogous active site loopTtitri-
molecule. The substitution of Leu for Ser at position 109 wouldchomonas foetuslGXPRTase(Somoza et al., 1996the E. coli
disrupt the hydrogen bond that may be important in stabilizing theXPRTasg(Vos et al., 1997, theE. coli OPRTasd&Henriksen et al.,
closed-loop conformation in the presence of PRPP. Thus, the Md996, andE. coli glutamine phosphoribosylpyrophosphate ami-
PRPP complex structure of the human HGPRTase indicates thalotransferasg Krahn et al., 199Y. The structure of human

Role of residue 68 in active site loop | of the HGPRTase
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HGPRTase at a moderate resolution does not allow the unambigspen conformation that is stabilized by crystal contedtscia
uous assignment of thas peptide in the active site loop, and the et al., 1998a However, differences in the hydrogen bonding pat-
peptide bond at position 68 is not classifiedas conformation  tern for Lys68 are also noted for the trypanosomal HGPRTase in
(Laskowski et al., 1998even though the loop formed by residues going from the open to closed active sites, and because this side
67, 68, and 69 form a sharp turn. However, the density observed inhain is absent in the present mutant structure, the observance of
the human HPP PRPP complex structure indicates that main-chaiwo closed active sites in the human HGPRTase could be a con-
atoms of Ala68 form hydrogen bonding and van der Waals intersequence of the substitution of alanine for lysine at position 68.
actions with the pyrophosphate moiety of PRPP. Thus, the kinetidlternatively the ability to form two closed active sites simulta-
data reported here, indicating that the substitution of alanine foneously may reflect a true difference in the catalytic mechanisms
lysine at position 68 affects the rate constants for steps in catalysisetween the human and parasite HGPRTases and may become
subsequent to the chemical step, could be due to an alteration inienportant in structure-based inhibitor design.
mechanism affecting interactions between residues in this loop and
substrates or products in the active site. S .
Kinetic studies of K68A form of human HGPRTase
Based on our earlier crystal structure of human HGPRTase,
Lys68 was proposed to have a functional role in binding?ig
pyrophosphatéMgPPj in the HGPRTase catalyzed reactidads
Human andT. cruzi HGPRTases share 33% sequence identity.et al., 1994. Thus, replacement of Lys68 by alanine would be
Even though Lys68 varies among this class of enzymes, Serl02xpected to reduce catalytic activity and increase the equilibrium
Tyrl04, Glul33, Asp134, Asp193, and Arg199 are several invaribinding constants for binding both PRPP and PPi. Steady-state
ant residues among them. The structure of the HGPRTase diinetic studies of the purified recombinant K68A form of the hu-
T. cruzi with HPP and PRPP bound in the active site, revealed thenan HGPRTase were performed at’23 Table 1) using the mod-
presence of a second Mg ion forming coordinated interactions withified procedures reported earli€Xu et al., 1997. Compared to
oxygens of both ther and phosphate moieties of PRPP, as well the wild-type enzyme, values & in the mutant enzyme were
as interactions with the side chain of the conserved AsgE88ia reduced by three- to fivefold, whereas tKg, values were in-
et al., 1998a In addition, a water molecule, coordinated by this creased by eightfold for hypoxanthine and threefold for PRPP and
Mg ion, formed a hydrogen bond with the nitrogen at the position 3|MP, but were virtually unchanged for PPi. The combined effect of
of the purine base. Thus, interference with these interactions by thghe changes produced decreases in catalytic efficiégy K, of
substitution of asparagine at position 193 would be expected t@- to 10-fold for IMP, PPi, and PRPP, and 30-fold for hypoxan-
affect the Michaelis constants for both PRPP and purine substrateghine. These results indicate that the substitution of alanine for
A similar ion in the structure of the human HGPRTase wouldlysine at position 68 of the human HGPRTase was modestly del-
provide a molecular explanation for the D193N mutation. How- eterious for turnover rates and catalytic efficiency.
ever, the resolution of our structure does not allow us to conclude Previous chemical quench studies of the wild-type HGPRTase
the existence of a second Mg ion, which is coordinated to Asp193evealed that in the forward reaction, steps subsequent to phos-
in the current structure, and a second Mg ion has not been observethoribosyl transfer chemistry were rate limiting. Although K68A
in other PRTase structures with PRPP in their active $espin  displayed only a modestly reducég, in the forward reaction, it
et al., 1995; Krahn et al., 1997; Vos et al., 1998 addition, the  was possible that the decrease was due to specific alteration in the
side chain of Lys68 forms a hydrogen bond with an Asp residue ofate of the chemical step. To test this hypothesis, the rate constant
the same subunit in thé. cruziHPP PRPP complex. This residue for the chemical step was directly assessed for K68A by examining
corresponds to the conserved residue Glu196 in human HGPRTases pre-steady-state kinetic behavior. As shown in Figure 4, the
However, in the human K68A HGPRTase due to the absence of théme course of pre-steady-state formation consisted of an initial
side chainatoms of Lys68 Glu196 is not capable of forming this  rapid exponential phase followed by a slow linear phase behavior
interaction; instead, it points away from Ala68. Disruption of this diagnostic of fast chemistry. Furthermore, the results from rapid-
interaction may be responsible for the differences seen in the cuguench experiments clearly established that K68A is still able to
rent structure with the residues Asp193 and Arg199. Future studiegatalyze rapid phosphoribosyl transfer chemistry. In fact, the ob-
will resolve this discrepancy and provide evidence to clarify theserved burst rat¢690 s™*) was slightly higher than that for the
functional role for the side chain of Asp193. In the human HPPwild-type (130 s *; Xu et al., 1997 and was stoichiometrit0.95
PRPP complex, terminal nitrogens of residue Arg199 form hydro-mol IMP/mol subuni}. Thus, the reduction ik, for K68A was
gen bonding interactions with residue Gly70 of the same moleculesolely due to change in rate constants for steps subsequent to the
while PRPP makes interactions with residues Ala68 and Gly69chemical step.
Arg199 in theT. cruzi HPP PRPP complex interacts with the Ligand binding experiments were performed to better under-
pyrophosphate moiety of PRPP, as predicted eaf@eaig et al.,  stand the effects of mutating Lys68. Surprisingly, unlike the wild
1997, and the side chain of residue Asp193. type, the binding data deviate from the behavior expected from a
The RMS differences for & atoms between the human and single class of binding sites. Instead, the data were well fit by a
T. cruziHPP PRPP complexes are 1.7($ubunit A, 1.5 A (sub- ~ model incorporating positive cooperativigcheme L
unit B), and 2.5 A(dimen. The largest difference between the
human and'. cruziHGPRTase HPP PRPP complexes is due to the K e
flexible loop. In the human complex structure, both molecules in / \
the asymmetric unit adopt the closed loop conformation, but inthe  EE
trypanosomal structure, one molecule adopts the closed conforma- K\\ /;
tion while the other molecule of the asymmetric unit adopts an PRPPeEE 2

Comparison of human and T. cruzi HGPRTase
HPP PRPP complexes

EEePRPP

PRPPeEEePRPP (Scheme 1
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Table 1. Kinetic parameters at 23

Ratio
Wild-type enzyme K68A mutant (wild-type/mutany

K (Hx) 0.45 uM 3.9+ 4 uM 0.12
Keat 6.0st 1.7+02st 35
Km (PRPP 31 uM 95 + 22 uM 0.33
Keat 60s? 19+02st?
Kea/Km (HX) 1.3X10'st Mt 44X 10°st Mt 30
Keat/Km (PRPP 21X 10°s P Mt 20x 10*st Mt 11
Km (IMP) 5.4 uM 11.4+ 1.6 uM 0.35
Keat 017 st 0.037+ 0.001 M 4.6
Km (PP) 25 uM 30.9+ 7.2 uM 0.81
Keat 0.17 st 0.036+ 0.003 s*
Keat/Km (IMP) 3.1x10*st Mt 32x10°st M2 9.7
Kea/Km (PP) 6.8x 10°st Mt 12X 10°st Mt 8.2
keat (forward) /K. (reverse ~35-fold ~50-fold

Similar results were obtained with two sets of independent experbound/mol of dimer. It is interesting to note that although there is
iments. In Scheme 1, the dimeric form of the enzyme functions agn approximate 25-fold difference between the low and high af-
the independent binding unit. The two subunits were assumed to binity site, the high affinity site has a dissociation constant nearly
identical in the apo-form of the dimer with low affinity for PRPP, identical to that of the wild-typ€1.9 vs. 1.3uM). Also, the non-
whereas upon binding of PRPP to one subunit, the remaining vainear concave shape for the Lineweaver—Burk plots for either
cant subunit becomes a high affinity site. The binding data were fitPRPP or IMP as variable substrates also suggested the existence of
to Equation 1. positive cooperativity in substrate bindigig. 5. The wild-type
enzyme displayed no such cooperativitgsults not shown
n(K,S+ S?) The major question that arises is why would changing the res-
Ky K, + 2K, S+ S2 @ idue at position 68 to alanine result in cooperativity between sub-
units in binding PRPP? Perhaps a partial explanation for this
unexpected observation resides in the recently reported structures

Hinity si veln is th ber of | bind | of a trypanosomal HGPRTase, where the residue homologous with
affinity sites, respectively) is the number of total binding sites per Lys68 was shown to be involved in interactions, which are altered

dimer, andSis the concentration of the free PRPP. The average 0?0”0ng loop closure as the enzyme approaches the transition

fitted binding parameters for these three sets of results ave state(Focia et al., 1998a Unfortunately, the side chain of Lys68
52+ 12 uM, Kz = 1.9+ 1.4 uM, n = 1.8 £ 0.3 mol PRPP 1, 4,0 wild-type human enzyme was disordered, but Eads et al.
(1994 predicted that this residue may be involved in binding the
pyrophosphate moiety of PRPP when it is present. The structure of
the trypanosomal HGPRTase with PRPP in the active site supports
1.5 T T T T T T T this prediction, but the interactions involve main-chain atoms rather
than side-chain atoms. In the trypanosomal enzyme, the side chain
of Lys68 forms a hydrogen bond with a main-chain atom of a
residue in the opposing subunit in the dimer. After closure of the
active site, an additional hydrogen bond involving the NZ amine of
Lys68 is formed across the dimer interface, and hydrogen bonds
between pyrophosphate oxygens and the main-chain nitrogen of
Lys68 are lengthened or broken. Thus, the side chain of Lys68 of
the trypanosomal HGPRTase is involved in interactions that could
0.5 i - influence PRPP binding. The substitution of alanine for lysine at
this position would eliminate these interactions between subunits
in dimers. Kinetic analyses of the K68A mutant form of the human
enzyme support a role for interactions involving Lys68 in sup-
' . . ' ' pressing the cooperative binding of PRPP to the second subunit, as
0 0 50 100 150 200 250 300 well as weakening interactions between pyrophosphate and active
. site loop containing Lys68 as the enzyme approaches the transition
Time (ms) state. Thus, the unexpected appearance of positive cooperativity in

Fig. 4. Pre-steady-state IMP formation by K6BA HGPRTase. The line rep-the K68A mutant could be a byproduct of interfering with specific

resents the best fit to Equation 2, as described in Materials and method¥jteractions that are important for binding PRPP and releasing of
using Ultrafit. pyrophosphate following catalysis in the forward reaction.

[mol PRPP boundnol dimer] =

whereK; andK; are the dissociation constants for the low and high

nmol IMP/nmol subunit
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Recombinant expression and enzyme purification

Five hundred milliliters of low phosphate induction mediian
et al.,, 1990 were inoculated with the 606 strain ofE. coli
(Apro-gpt-lac, hpt, thi, ara, recArefer to Jochimsen et al., 1975
§ that had been transformed with plasmiBAcPRT-68A encoding
the K68A form of the human HGPRTase. Expression was €37
for 20 h(to anAgyo of over 1.5 in a shaker incubator. Cells were
harvested and recombinant enzyme purified as described earlier
. (Eakin et al., 199Y. After elution from GMP-agarose, enzyme
buffer exchange was accomplished using a Pharmacia Fast Desalt-
ing HR 10’10 FPLC column, enabling removal of trace ions and
GMP. Purified enzyme was stored at@ in either TMD buffer
0 . . . . (50 mM Tris, pH 7.5, 6 mM MgGl, 1 mM dithiothreitol—for
0 0.03 0.06 0.09 012 0.15 immediate assay and crystallization stugi@s25 mM ammonium
1 carbonatgfor mass spectroscopyror crystallization studies, the
I/PRPP (UM™) sample was concentrated to 10-15 /md. and exchanged into
water using an Amicon Centriprep 10 filtration unit. For long-term
20 ‘ storage, the enzyme was precipitated with ammonium sulfate at
70% saturation and stored at@. The precipitate was harvested by
B centrifugation, and was redissolved in TMD for kinetic studies.

1/v (mg/unit)

Mass spectrometry

e Mass spectrometry was performed at the Duke University Mass
Spectrometry Facility using a Micromass VG Quattro BQ triple
quadrupole mass spectromet&tevens et al., 1994The mass
scale was calibrated with horse heart myoglotify 16,951.48

with a resolution corresponding to a peak width at a half-height of
1.0 Da form/z 893. Molecular mass accuracy was of the order of
0.1%. Analysis of the K68A form of the human HGPRTase gave a
mass of 24,389.& 1.5 Da, which is consistent with a predicted
0 0.1 0.2 0.3 0.4 0.5 0.6 average mass of 24,391.1 Da.

1/IMP (uM™)

Fig. 5. Lineweaver—Burk plots fofA) PRPP andB) IMP as variable
substrates(+) Data sets for K68A(c) Data sets for the wild-type taken To determine the three-dimensional structure of the human
Lrgir:gXﬁ th) S:'?(lpﬁggr' al)r;1e| CI)? gleéllgigl S%Vmax- The lines represent the fits s pRTAsE With & purine analog and PRPP bound to the active site,
’ the Ala68 mutant form of the human HGPRTase was cocrystallized
with PRPP and HPRhe 9-deaza, 8-aza analog of hypoxanthine
Crystals of the mutant enzyme with HPP and PRPP were obtained
using the hanging drop-vapor diffusion method. Three microliters
of 10 mg/mL protein solution was mixed with LL of 10 mM
HPP, and 10 mM PRPP, 10 mM Mggland 3uL of precipitant
solution containing 100 mM HEPES pH 7.5, 30% PEG 4000. The
The K68A mutation was generated following procedures recomMg PRPP HPP complex crystals have unit cell parametees-of
mended for the BioRad Muta-Gene phagemid in vitro Mutagenesid€29.56 A,b = 65.85 A,c = 51.46 A, andx = 8 = y = 90° with
Kit. A mutagenic oligonucleotidé5'GAATTTATAGCCCCCAGC  the space group dP2,2,2. The data set used in this study was
TAGCACACAGAG) was annealed to the uracil containing single- collected with a Siemens multiwire area detector equipped with a
stranded DNA template, and after second strand synthesiRigaku RU-200 rotating anode X-ray source operating at 55 kV
enrichment for the mutant DNA sequence was achieved using thand 85 mA, and was reduced using the Siemens package XEN-
E. coli strain DH3. For screening purposes, an additional nucle-GEN (Howard, 1986. The Mg?™ PRPP HPP complex data set has
otide substitution was included in the mutagenic oligonucleotidean overallRgym, for 9,320 reflections to 2.7 A resolutidif6.2% of
changing the Leu67 codon from CTC to CTA. Together with thethe possible dajaof 11.7%(on intensities
change of the Lys68 codon to the one for alariAAG to GCT), For the Mg PRPP HPP complex, the structure of human
a uniqueNhel restriction endonuclease recognition site was cre-HGPRTase(Eads et al., 1994without bound GMP and solvent
ated. Cloned plasmids containing the diagnostitel site were  molecules was used as the starting model. Thirty cycles of rigid
sequenced by the dideoxy chain-termination meit8ahger etal., body refinement were initially carried out, followed by the simu-
1977 to confirm the entire sequence of the DNA encoding thelated annealing procedure “slowcool” described in the X-PLOR
human HGPRTase, including the presence of a codon for alanine atanual (Briinger et al., 1990; Briinger, 1992Both steps were
position 68. carried out using data between 20.0 and 2.7 A resolution, applying

Crystallization and structure determination

Materials and methods

Site-directed mutagenesis
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a 2o cutoff. At the end of this first step, the-factor was 24.3%. wherek,sis the first-order rate constant for the rapid phase, and

Cycles of manual rebuilding and refinement were subsequently represents the size of the burst of product during the rapid phase.
used to improve the model. THéF, — F¢)pcarc] €lectron density

maps showed interpretable density for PRPP and*Mg addition

to the peak for HPP in the active site for both the molecules in theSupplementary material in Electronic Appendix

asymmetric unit. In addition, density was noticed in the vicinity
corresponding to the missing loop residues Leul01 to Glyl11l o

molecule B, and a few polyalanine residues were built into thlsdimer is included in Balendiran.kin file. Electron density calcu-

extra density. Simulated annealing refinement including these fevyated With[(Fy — Fo) dhearc] coefficients and contoured at #:AThe

Eglyﬂgn:?h;ef't:ﬁt{g;tgg;.'?é:qbalue kc))(l)palrzr?'ur: ;e?e':. delzgtrtgnbze.?&(inemage provided shows electron density maps can be viewed
Ity map permi . poly ! iau ! correctly only by the most recent versions of the Mage software.

clude(_:i. This procedure was repeated unt_ll polyalanlne_ residue age 5.35 or higher is recommended. The most recent version of
were included for all the residues of the missing loop. Simulate

TOmit map density for the active-site flexible loop in the closed
conformation, HPP, and PRPP corresponding to subunit B of the

assignment of side-chain atoms for these residues. After the entire L .
. . . . . —anonymous ftp to: kinemage.biochem.duke.edu.

flexible loop was modeled in subunit B, the density for the flexible

loop in subunit Awas improved and allowed tracing the loop in the

second monomer as well. In addition, interpretable electron denAcknowledgments
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