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ABSTRACT. Xanthine phosphoribosyltransferase (XPRT; EC 2.4.2.22) fEsoherichia colis a tetrameric
enzyme having 152 residues per subunit. XPRT catalyzes the transfer of the phosphoribosyl group from
5-phosphoa-p-ribosyl 1-pyrophosphatePRib-PP) to the 6-oxopurine bases guanine, xanthine, and
hypoxanthine to form GMP, XMP, and IMP, respectively. Crystals grown in the absence of substrate or
product were used to determine the structure of XPRT at a resolution of 1.8 A, by multiple isomorphous
replacement. The core structure of XPRT includes a five-stranded patalletet surrounded by three
a-helices, which is similar to that observed in other known phosphoribosyltransferase (PRTase) structures.
The XPRT structure also has several interesting features. A glutamine residue in the purine binding site
may be responsible for the altered 6-oxopurine base specificity seen in this enzyme compared to other
6-oxopurine PRTases. Also, we observe both a magnesium ion and a sulfate ion boundRibtR&

binding site of XPRT. The sulfate ion interacts with Arg-37 which hagsgeptide conformation, and

the magnesium ion interacts with Asp-89, a highly conserved acidic residue RRibePP binding site

motif. The XPRT structure also incorporates a feature which has not been observed in other PRTase
structures. The C-terminal 12 residues of XPRT adopt an unusual extended conformation and make
interactions with a neighboring subunit. The very last residue, Arg-152, could form part of the active site
of a symmetry-related subunit in the XPRT tetramer.

Xanthine phosphoribosyltransferase (XPREC 2.4.2.22) many of the PRTases (Hershey & Taylor, 1986) and in the
from Escherichia coliis a purine salvage enzyme which PRib-PP synthetases (Hove-Jense al, 1986). This
catalyzes the reaction of guanine, xanthine, and to a lessersequence, termed tHRib-PP binding site motif, includes
extent hypoxanthine, with 5-phosplep-ribosyl 1-pyro- two adjacent acidic residues surrounded by hydrophobic
phosphateRRib-PP), to form GMP, XMP, or IMP, respec-  residues and followed by smaller residues, of which one is
tively (Deo et al, 1985). It is one of two enzymes often a glycine.

responsible for the salvage of 6-oxopurinestincoli, the The three-dimensional structures of several PRTases have
secon_d being hypoxanthine phosphoribosyltransferase (HPRT)(ecently been determined (Table 1). They share a common
(Jochimseret al,, 1975). core region consisting of five parallgtstrands surrounded
XPRT is a member of a group of enzymes, known as the y three or four-helices. ThePRib-PP binding site motif
phosphoribosyltransferases (PRTases), that catalyze th€g |gcated at the C-terminal end of the thigestrand in the

forma_tion of pgrine, pyrimidine, and pyridine nucleqtides core3-sheet. In those PRTase structures with substrate or
and, in bacteria and lower eukaryotes, the formation of yroqyct bound, residues from tRRib-PP motif interact with
hlstld_lne and tryptophan (ML_JS|_ck,_ 1981). Although thereis ¢ B-phosphate group dPRib-PP and encircle the ribose
very little protein sequence similarity between these enzymes, ring of eitherPRib-PP or nucleotide. Specifically, the crystal

a highly conserved stretch of residues has been identified ingg,ctyre ofSalmonella typhimuriurorotate PRTase (OPRT)

— " ed b *from the Australian R " complexed withPRib-PP (Scapinet al., 1995) shows that
is work was supported by a grant from the Australian Researc ; ; ; ;
Council and a Queen Elizabeth Il fellowship to J.L.M. Coordinates the first of the two adjacent aspartates interacts via a

and structure factors for the XPRT structure have been deposited with Car_box)"at? oxygen with the O3 group on the ribose ring of
the Brookhaven Protein Data Bank (accession code INUL). Structure PRib-PP with a hydrogen bond distance of 3.1 A. In the

factors will be on hold for 4 years from the date of publication. structures of human hypoxanthine PRTase (HPRT) com-
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+61 7 3365 4942; Faxt61 7 3365 1990; e-mail, J.Martin@mailbox. P1€xed with GMP Tritrichomonas foetusiPRT complexed

ug.oz.au. with GMP, andBacillus subtilisglutamine PRib-PP ami-
* Centre for Protein Structure, Function and Engineering, Department dotransferase (GAT) complexed with AMP, the carboxylate

of Biochemistry. . . . .
s Centre for Drug Design and Development. oxygen of the equivalent aspartate residue interacts via a

® Abstract published imdvance ACS Abstract§ebruary 15, 1997.  hydrogen bond (2-52-9_A) Wit.h either the O2 or OS{
! Abbreviations: EMP, ethylmercuric phosphate; GAT, glutamine hydroxyl groups on the ribose ring of the bound nucleotide
PRib-PP amidotransferase; GlutHg, glutaraldehyde cross-linked and (Eadset al., 1994; Somozat al.,, 1996; Smithet al., 1994)_

mercury-soaked crystal; Glut, glutaraldehyde cross-linked crystal; GMP, - . .
guanosine Bmonophosphate; HPRT, hypoxanthine phosphoribosyl- However, in the crystal structure &. typhimuriumOPRT

transferase; IMP, inosiné-Bnonophosphate; OPRT, orotate phospho- complexed with OMP, no interaction between this aspartate
ribosyltransferase; PEG 4000, poly(ethylene glycol) of average mo- and the ribose ring is observed (Scagiral.,, 1994). Instead,

lecular weight 4000PRib-PP, 5-phosphaa-p-ribosyl 1-pyrophosphate; ; ; ; ; ; ; ;
PRTase, phosphoribosyltransferase; Se-Met, selenomethionine; XMP,the ribose ring is reoriented in the active site, so that the

xanthosine 5monophosphate; XPRT, xanthine phosphoribosyltrans- 1b0se hydroxyls of OMP interact with the side chaif N
ferase. Lys-26. The carboxylate oxygens of the two adjacent
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Table 1: Summary of PRTase Structures Determined to Date

no. of residues resolution

source PRTase per subunit ligand A reference PDB code
S. typhimurium OPRT 213 OMP 2.6 Scapiet al,, 1994 1STO
S. typhimurium OPRT 213 PRib-PP+ orotate 2.3 Scapiet al,, 1995 10PR
B. subtilis GAT 465 AMP 3.0 Smittet al,, 1994 1GPH
human HPRT 217 GMP 2.5 Eadsal., 1994 1HMP
T. foetus HPRT 183 +GMP 1.9 Somozeat al., 1996 1HGX
E. coli OPRT 213 sulfate 2.4 Henriksa@t al., 1996 10RO
T. gondii HPRT 231 Mg+ 2.4 Schumachest al., 1996 1DBR

XMP 2.9

E. coli XPRT 152 sulfate/Mg" 1.8 this paper INUL

aspartates in botls. typhimuriumand E. coli OPRT was used irE. coli S@606 cellsdra, Apro-gpt-lag thi, hpt,
(Henriksen et al, 1996) are within hydrogen-bonding F~) for the overexpression of XPRT. The gene encoding
distance (2.73.1 A), suggesting that one of the two acidic XPRT, gpt, was obtained in the vector pSygt from the
groups is protonated. In the crystal structur§ okoplasma  American Type Culture Collection and, after the introduction
gondii HPRT, both the acidic groups interact with a bound of appropriate restriction sites into the flanking regions of
magnesium (Schumachet al., 1996). the gene, was cloned into the pT7-7 vector. Recombinant
The PRTases require a divalent metal ion such as protein was expressed as previously described for human
magnesium for catalysis. The precise role of the metal ion HPRT (Freeet al,, 1990). XPRT was purified to homogene-
in catalysis is unknown. It is thought that the N#gib-PP ity (as assessed by SBPAGE) by two column chroma-
complex is the substrate species which undergoes catalysigography steps: DEAE-Trisacryl at pH 7.0 with elution by
in the PRTases (Bhatia & Grubmeyer, 1993). However, at a 0—0.3 M KCl gradient and Sephacryl CL-4B gel filtration.
least some of the PRTases are able to bind free magnesiunThe native molecular mass of XPRT was determined by

ion (Kosakaet al., 1977; Victoret al, 1979; Ali & Sloan, chromatography on a 2.4 mL Superose-12 column using a
1983), implying that fred’Rib-PP may also be a substrate Pharmacia SMART system and comparison of the retention
for these enzymes (Kosala al., 1977). time of XPRT with those of molecular mass standards

The reaction catalyzed by the PRTases is thought to (bovine y-globulin, 158 kDa; ovalbumin, 44 kDa; equine
proceed via a transition state with partial positive charge on myoglobin, 17 kDa; and cobalamin, 1350 Da) chromato-
the ribose ring oxygen d?Rib-PP (Taoet al, 1996). While  graphed under identical conditions.
several residues ors. typhimurium OPRT have been Kinetic Characterization of XPRT.The specificity of
implicated in binding and catalysis (Oztugt al, 1995a; XPRT for the purine bases, guanine, xanthine, and hypox-
Tao et al, 1996), the function of the conserved acidic anthine, was determined spectrophotometrically by following
residues in thé®Rib-PP binding motif remains unclear. It  their conversion to GMP at 257.5 nnA{ = 5817 M
has been postulated that the conserved acidic residues couldm™), XMP at 255 nm Ae = 4685 M1 cm™Y), and IMP at
stabilize the positively charged transition state intermediate 245 nm (Ae = 2439 M cm™%) at 25 °C, respectively
of the reaction (Taet al., 1996). Site-directed mutagenesis (Keoughet al,, 1987). Assays were performed in Tris-HCI
experiments ore. coli PRib-PP synthetase have suggested at pH 8.5 and 100 mM MgGl The concentration dPRib-
that the second of these conserved acidic residues may hav®P used in this assay was determined by the method of
a role in metal ion binding (Willemeet al., 1996). This Kornberg et al. (1955). One unit of enzyme activity is
role is supported by the recently reported structurelof  defined as umol of product (IMP, GMP or XMP) formed
gondii HPRT (Schumacheet al, 1996), which has a per minute.
magnesium interacting with this residue. Mass Spectrometry and Protein SequenciiMpss spec-

We are investigating the structure and properties.afoli trometry was performed using a PE SCIEX API llI triple
XPRT in a comparative study witk. coli HPRT, human  quadrupole mass spectrometer equipped with an ion spray
HPRT, andPlasmodium falciparurdlPRT. We have cloned  atmospheric pressure ionization source, used in the positive
the gene encoding XPRT into a high-yielding expression mode. Full scan data were acquired by scanning quadrupole
vector and have purified and characterized the recombinant1 from m/z700 to 2100 with a scan step size of 0.2 Da and
protein. A mutant of XPRT, C59A, has also been prepared a dwell time of 2 ms. Samples of XPRT C59A at
which is more stable than the wild-type protein while approximately 1Q:M in water were injected with a rate of
retaining similar kinetic properties. XPRT C59A has been infusion of 3-5 uL/min.
crystallized into three different crystal forms, orthorhombic  |ntact and degraded samples of XPRT C59A were
(P2,2,2), monoclinic (C2), and tetragondt4,2:2 or P432,2) sequenced at the Brisbane Centre for Protein and Nucleic

(Vos et al, 1996). Orthorhombic form crystals have also acid Research by Edman degradation using an APl 470A
been obtained for wild-type XPRT and these diffract to 1.8 nrqtein sequencer.

A resolution. We now report the crystal structure of the
orthorhombic crystal form of XPRT and its comparison with
other published PRTase structures.

Crystallization and Data MeasurementOrthorhombic
crystals of XPRT were grown using the hanging drop vapor
diffusion method from 18% to 23% PEG 4000, 0.1 M Tris-
EXPERIMENTAL PROCEDURES HCI, pH 8.5, and 0.1 M uSO4 (Vos et al, 1996).. The

space group of the crystal iB2,2,2, and the unit cell

Purification of XPRT. In this study the pT7-7, pGP1-2 parameters ara = 59.2 A b = 92.7 A, andc = 53.2 A.
dual plasmid expression system (Tabor & Richardson, 1985) The crystals diffract to beyond 1.8 A and are stable in the



Crystal Structure oE. coli XPRT

Table 2: Kinetic Constants for Wild-Type XPRT

kcathm
substrate Km («M) Keat (S71) (x1PM1sY
guaniné 43+0.3 112.0+ 15 26.0+ 2.2
xanthiné 30.5+ 2.6 150.1+ 2.9 49+0.5
hypoxanthiné  90.8+11.3 54.8+ 4.3 0.60+ 0.12
PRib-PP° 139+ 16 112+ 2 8.1+1.0

aMeasured in the presence of 1.7 ni#Rib-PP. ® Measured in the
presence of 72.2M guanine.

X-ray beam. There are two subunits in the asymmetric unit,
giving a solvent content of 43%, which is within the normal
range for proteins (Matthews, 1968).

The structure ofE. coli XPRT was solved by multiple
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Structure Determination.The three heavy atom deriva-
tives are isomorphous with their respective native form
crystals. TheRnerge Values (based offF?|) are 20.0% for
EMP-soaked versus wild-type data, 20.1% for GlutHg versus
glutaraldehyde cross-linked data, and 12.4% for Se-Met
versus C59A data. The position of one of the two mercury
atoms in the EMP derivative was determined by difference
Patterson synthesis. The positions of the remaining heavy
atoms in both mercury derivatives as well as six of the eight
selenium atoms in the Se-Met derivative were determined
by difference Fourier techniques and refined using the
program package PHASES (Furey, 1990). Phases were
estimated for native reflections to a resolution of 2.5 A, with
a mean figure of merit of 0.523 for 9141 phased reflections

isomorphous replacement (MIR) methods using three heavy(See Table 3). Solvent flattening (Wang, 1985), as imple-

atom derivatives. The first heavy atom derivative was
obtained by soaking crystals of wild-type XPRT in 1.1 mM
ethylmercuric phosphate (EMP) for 28 days (EMP was added
directly to the crystallization drop after the crystal had
grown). A second mercury derivative was obtained after
cross-linking an XPRT crystal with glutaraldehyde. A crystal
of XPRT was transferred to a stabilizing solution (30% PEG
4000, 0.1 M Tris-HCI, pH 8.5, and 0.1 M }$0Oy) containing
0.5% glutaraldehyde and equilibrated for 18 h. A native data
set for glutaraldehyde cross-linked XPRT (Glut) was mea-
sured. A glutaraldehyde cross-linked crystal was then soake
in stabilizing solution containing 0.25 mM mercuric acetate
for 1 h prior to data collection (GlutHg). A third heavy atom

mented in PHASES, was performed to yield improved phases
with a mean figure of merit of 0.760. The resulting MIR
electron density map revealed the presence of a right-handed
helix.

Model building was performed using the program O (Jones
& Kjeldgaard, 1992) on a Silicon Graphics Indy R4400.
When the structure of XPRT had been partially modeled,
the noncrystallographic symmetry (NCS) relationship was
determined by relating the two monomers in the asymmetric

gunit. NCS averaging of the electron density map increased

the mean figure of merit to 0.825 (Table 4). When
differences between the subunits of XPRT became discern-

derivative was obtained using a selenomethionine derivative IP!€; the NCS restraint was released and MIR phases were

of the C59A variant of XPRT (Se-Met), as described
previously (Voset al., 1996).

Crystallographic data were measured using a Rigaku
R-AXIS IIC imaging plate area detector, with a Rigaku RU-

200 copper target rotating anode X-ray source operating atand o —

extended to include reflections up to 1.8 A. The final XPRT
model is the result of several rounds of model building and
refinement, utilizing maps calculated first from combined
MIR and model-based phases and then by useff {2F.)

F.) electron density maps. Omit maps (Bhat &

5.4 kW. Data were autoindexed and processed on a Silicon©ohen, 1984), calculated by omitting 10 residues at a time,

Graphics Indigo R4000 using the PROCESS package (Hi-
gashi, unpublished) provided by Rigaku Corp. for the
processing of R-AXIS imaging plate data. Unit cell, crystal
system, and space lattice information was confirmed with
DENZO (Z. Otwinowski and W. Minor), and the space group

were used to assess the final model.

Structure Refinement.Initial models of XPRT were
refined using the simulated annealing “slowcool” procedure
in X-PLOR 3.1 (Bringer, 1992). Subsequent oveidfactor
refinement improved th&ee from 46.1% to 39.7% Rerys

was identified by systematic absences in the raw data. Data35.3%). Several more cycles of modeling and refinement

collection statistics for all native and derivative data sets are
summarized in Table 3.

reduced theRqee t0 37.4% andReys to 31.4%. Individual
B-factor refinement further improved the. to 34.9% and

Table 3: Data Collection Statistics for Native and Derivative Data Sets of XPRT

wt Hg Glut GlutHg C59A Se

unit cell parameters

a(h) 59.2 59.7 59.3 59.5 59.2 59.2

b (A) 92.7 94.1 92.7 93.3 92.9 93.1

c(A) 53.2 53.7 53.3 53.4 53.2 53.2

o (deg) 90.0 90.0 90.0 90.0 90.0 90.0

S (deg) 90.0 90.0 90.0 90.0 90.0 90.0

y (deg) 90.0 90.0 90.0 90.0 90.0 90.0
maximum resolution (A) 1.8 2.1 2.08 21 2.0 1.8
no. of observations 77524 41 310 37383 28 812 90 011 70272
no. of unique reflections 25622 16 223 15375 12833 19 047 23842
no. of rejected observations 20 370 807 315 409 280
mosaicity (deg) (refined value) 0.35 0.55 0.59 0.59 0.4 0.37
completeness of data (%) 91.8 87.8 84.1 69.3 92 87.9
(in highest resolution shetf) (81.9) (76.6) (66.6) (52.4) (83) (78.5)
1/ol 14.8 12.0 .6 6.4 13.0 12.7
(in highest resolution shetl) (3.0 3.4 (2.3) (2.5) (3.5) 3.4
Rmerge(%0) 6.0 8.9 11.4 10.9 6.4 7.3
(in highest resolution shetl) (26.3) (23.5) (30.2) (28.6) (25.4) (27.5)

aHighest resolution shell for wt is 1-8.0 A, for Hg is 2.1-2.25 A, for Glut is 2.08-2.25 A, for GlutHg is 2.+2.25 A, for C59A is 2.6-2.05

A, and for SeMet is 1.81.9 A.
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Table 4: Heavy Atom Derivatives Used in the Structure Determination of XPRT

derivative site X y z occ B Re R no. of reflections  phasing power D (A)Y FOMY
EMP Hgl 0.131 0.162 0.208 1.000 20.00 0.615 0.090 7685 1.53 2.50 0.325
Hg2 0.262 0.250 0.303 0.255 28.03
GlutHg gHgl 0.111 0.166 0.234 1.000 20.00 0.613 0.086 4404 1.60 2.50 0.388
gHg2 0.267 0.261 0.278 0.645 2.81
Se-Met Sel 0.075 0.011 0434 1.000 20.00 0.613 0.150 8285 1.57 2.50 0.379

Se2 0.668 0.205 0.539 1.051 44.83
Se3 0.653 0.036 0.184 1.069 26.29
Se4 0.516 0.252 0.099 1.330 30.08
Se5 0548 0.103 0.391 1.074 30.97
Se6 0.069 0.211 0.030 0.837 21.50

overall figure of merit 0.523
figure of merit after solvent flattening 0.760
figure of merit after map averaging 0.825

2 Relative occupancy’. Isotropic temperature factot R;, Cullis R-factor, 3 |||Fprlobd = |Fplobd — |Frlcaid!3 ||FpHlobs = |Felcad, WhereFe, Fpy,
and Fy are the native structure factor, the proteinheavy atom structure factor, and the heavy atom structure factor, respectiRghKraut

R-factor, Y ||Feulobs — |Frlcad/Y |FrHlobs © The phasing power, defined as the mean value of the heavy atom structure factor divided by the residual

lack-of-closure errorf Maximum resolution used for phasingFigure of merit.

Reyst0 29.1%. Further rounds of modeling and refinement, Table 5: Refinement Statistics

addition of water molecules, and modeling of sulfate and  resolution range (A) 3018 A
magnesium ions lowered tH&.. to a final value of 23.4% no. of reflections (> 10(1)) 25198
and Ryys to a value of 19.2%. The final model of XPRT Ron (1 > 1o(1)) 19.2%
was validated using PROCHECK (Laskowsial., 1993) Sf;\jles(('; 1o(1) . 23.4%
. eviations from ideal

and WHATIF (Vriend & Sander, 1993). bond length 0.007 A

The N-terminal methionine of the XPRT enzyme is bond angle 1.37
enzymatically cleaved, so that there are 302 residues in the ~ dihedral angle 250
dimer which comprises the crystallographic asymmetric unit improper angle 1.19
(subunits A and B are numbered AA152 and B2-B152, gggggggg; ggflé;
_respecnvely). The crysta! structure of XPRT reported here averageB-factor 195 A
includes 280 of the possible 302 residues, plus 215 water mean coordinate erfor 0.19-0.23 A
molecules, 2 sulfate ions, and 2 magnesium ions _(each with mean coordinate errr 0.23-0.30 A
5 octahedrally coordinated waters). The first residue (Ser- Ramachandran plot statistics
A2 and Ser-B2) and residues in a mobile loop (Tyr-A63 to residues in most favored regidns 94.4%
Glu-A70, Ser-B61 to Lys-B72) in the XPRT structure are residues in additionally allowed regions 5-6%

residues in disallowed regions 0.0%

disordered in both subunits. Similarly, the two glycine : _ :
resides AS4-Giy.Gly-ASS and B94 GGy B95 have poor L ep B, T43ke "Rt et B (007 Lok
dens!ty n Su.bumt A and no density in subunit B. In addition, Plot (Wilson, 1949)f Coordinate error fronR.ys vs resolution Luzzati
the side chains of residues Lys-A4, Lys-A106, Lys-B4, and pot (Luzzati, 1952)¢ Coordinate error calculated froRye. vs resolu-
Arg-B53 are terminated at thedGatom and the side chains tion Luzzati plot." Excluding glycine residues.

of residues Lys-A30 and Lys-A72 are modeled only to the
Cy atom. No side chain densities were observed for residues
Glu-A3, Lys-A18, Ser-A62, Glu-A78, Trp-Al134, Glu-B3,
and Thr-B93 so these are modeled as alanine. The {2

Fo) and &, — F¢) electron density maps indicated dual
conformations for Ser-A21, Met-A141, Met-B141, Val-B143,
and Val-B144, and two alternate positions have been
modeled for these residues. The statistics for the final XPRT
model are summarized in Table 5.

1012 residues of this loop are disordered. In addition, the
conformation of the residues immediately following the
mobile loop varies considerably in these PRTase structures
(Figure 2). In XPRT, a shorf-strand (34) formed from
residues Val-A73 to Lys-A75 makes antiparallel interactions
with strandf32 of the coreS-sheet (Figure 1). The short
B-strand in XPRT is followed by several residues with
random coil conformation. . foetusHPRT, T. gondii
HPRT, andE. coli OPRT the equivalent stretch of residues
also forms an antiparall@-strand, but in human HPRT and

RESULTS AND DISCUSSION

Subunit Stru.ctlljre.The_ XPRT subunit incorporates a core B. subtilisGAT, itis helical, and irS. typhimuriunOPRT,
structure consisting of five paraligstrands surrounded by the residues adopt a random coil conformation (Figure 2).
three a-helices (Figure 1). The structural core resembles i _ )
the well-known dinucleotide-binding fold (Branden & Tooze, ~ The/-strands in the second or C-terminal portion of the
1991) but with one lesg-strand. This same core structure Corep-sheet f5—57) of XPRT have a distinct bend creating
has been observed in all the PRTase enzymes listed in Tableéd short secondarg-sheet which is oriented perpendicular
1. E. coli XPRT is the smallest of the proteins known to to the centraB-sheet (Figure 1). A similar structural feature
incorporate this fold (Table 1 and Figure 2), with 122 of its is observed in human HPRT (Eadsal.,, 1994) where the
151 residues contributing to the PRTase core. secondaryj-sheet is extended to four strands through

All the PRTase crystal structures listed in Table 1 have a interaction with anothep-strand from the second lobe of
mobile loop at the cross-over connection between the two that structure. In XPRT, the secoridsheet incorporates
halves of the corgg-sheet. In XPRT, as described above, only the thregs-strands of the core region.
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Ficure 1: Subunit structure and oligomeric arrangemenEotoli XPRT. (A) The XPRT subunit structure. Strané®, 53, 55, 36, and

7 form the corg3-sheet which is surrounded by heliog$, a2, anda3. In this orientation, the short antiparalfgistrand $4) is located

below the corg3-sheet. Strand81 and38 probably form the base specificity determining region of XPRT. The C-terminal 12 residues
extend away from the core of the subunit. (B) Subunits A (light green) and B (white) of the XPRT dimer in the crystallographic asymmetric
unit. This view is rotated J0around the vertical axis compared with that in (A). (C) The XPRT tetramer (subunit C is in light blue and
subunit D is in yellow) showing the interaction between the C-terminal extended arm of each subunit and a neighboring subunit. This view
is in the same orientation as (B). This figure was generated using the program Insightll (Biosym Corp.).

B. subtilis GAT human HPRT S. typhimurium OPRT  E. coli XPRT

Ficure 2: Comparison of the subunit structures of several PRTase protBinsubtilisGAT, S. typhimuriumOPRT, human HPRT, and

E. coli XPRT. The core structure is shown in green, the base specificity determining region (and additional domain of GAT) in white, the
flexible loop region in yellow, and thBRib-PP binding motif in pink. The C-terminal tail of XPRT, not seen in other PRTase structures,

is shown in light blue. This figure was generated using the program Insightll (Biosym Corp.).

Most of the XPRT sequence is utilized in forming the core orthorhombic crystal form of XPRT has two subunits
PRTase structure. Those parts that do not contribute to the(subunits A and B, Figure 1) in the asymmetric unit, therefore
core region are the N-terminal 7 residues and the C-terminal corresponding to half of the XPRT tetramer observed in
22 residues. Together, these 29 residues form two shortso|ution. The structure of the XPRT tetramer is generated
parallel$-strands £1 and$38) and an extended arm (Figure  from the dimer by crystallographic symmetry. The two
1). The twof-strands form a region that is quite separate g, nits of the asymmetric unit are essentially identical, with
Egmatnhe'r C?(;Ztsgdaﬁj r_?mggﬁgﬁn;gg_:ge STer?izn(Ijotl)Zb?sS of minor differences in the lengths of strands and helices and

T ) ' small variations in the position of the N and C termini.

involved in substrate recognition and, as might be expected, . . -
is quite variable in structure and sequence among theseHowever, subunit B has somewhat higher loop mobility than

PRTases (Figures 2 and 3). The extended arm of XPRT subunit A. For instance, residues flanking the large mobile
comprising the last 12 residues in the sequence (Met-141 tol00P (residues Ser-B61, Ser-B62, and Lys-B72) and the two
Arg-152), has no counterpart in the known structures of other glycine residues, Gly-B94 and Gly-B95, are not modeled
PRTases. into subunit B but are included (though poorly ordered) in
XPRT Dimer and TetramerThe native molecular mass ~Subunit A. The RMS difference for &atoms of the 136

of XPRT, determined by comparison of retention times of fésidues common to both subunits is 0.88 A. If atotal of 8
marker proteins with that of XPRT on a 2.4 mL Superose- residues from the N and C termini are excluded (residues
12 gel filtration column, was found to be 65 kDa, suggesting 3—4 and 147-152) the RMS difference for thedCatoms
that this enzyme behaves as a tetramer in solution. Theof the remaining 129 residues drops to 0.38 A.
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p1 ol p2 o2

<=> <mmmmmmmm—m— - > <—m==> <mmmmm—e—- >
E. coli XPRT = = = == MSEKYIVTWDMLQIHARKLASRLMPSE--QWKGIIAVSRGGLVPGALLARELG-
human HPRT ----ATRSPGVVISDDEPGYDLDLFCIPNHYAEDLERVFIPHGLIMDRTERLARDVMKEMGGHHIVALCVLKGGYKFFADLLDYIKA
T. foetus HPRT = = =  —————-—-—mm—mmmmmmmmmem o MTETPMMDDLERVLYNQDDIQKRIRELAAELTEFYEDKNPVMICVLTGAVFFYTDLLKHLD-
S. typhimurium OPRT KPYQRQFIEFALSKQVLKFGEFTLKSGRKSPYFFNAGLFNTGRDLALLGRFYAEALVDSGIE-FDLLFGPAYKGIPTATTTAVALAE
E. coli OPRT KPYQRQFIEFALNKQVLKFGEFTLKSGRKSPYFFNAGLFNTGRDLALLGRFYAEALVDSGIE-FDLLFGPAYKGIPTATTTAVALAE
B. subtilis GAT (N-terminal domain)-NINRSICSMEYIYFSRPDSNIDGINVHSARKNLGKMLAQESAV----EADVVTGVPDSSISAAIGYAEATGE

*
B3 pa B5 o3 B6
<=---> <-> <—mmme- > <——-—- > <——==>
E. coli XPRT = =—=———=-—-—- IRHVDTVCISSYDHDNQRELKVLKRAEGD- - ~—==~~==~— GEGFIVIDDLVDTGGTAVAIREMY-—--- PKAHFVTIF
human HPRT LNRNSDRSIPMTVDFIRLKSYCNDQSTGDIKVIGGDDLSTL-------- TGKNVLIVEDIIDTGKTMQTLLSLVRQYNPKMVKVASLL
T. foetus HPRT = =  =~=-=------ FQLEPDYIICSSYSGTKSTGNLTISKDLKT~~~NI----~-- EGRHVLVVEDIIDTGLTMYQLLNNLOMRKPASLKVCTLC
S. typhimurium OPRT HHDKD----LPYCFSRKEAKDHGEGGSLVGSA-----—---—-—--—--—- LOGRVMLVDDVITAGTA-RESMEIIQAHGATLAGVLISL
E. coli OPRT HHDLD----LPYCFNRKEAKDHGEGGSLVGSA-----—~~~==~—-—-——— LOGRVMLVDDVITAGTAIRESMEIIQANGATLAGVLISL
B. subtilis GAT = = --------- IPYELGLIKNRYVGRTVIQPSQALREQGVRMKLSAVRGVVEGKRVVMVDDSIVRGTTSRRIVTMLREAGATEVHVKISS
* *
B7 ps

L<===> <=>
E. coli XPRT AK--————— e PAGRPL~-~-~ VDDYVVDIPQODTWIEQPWDMGVVFVPPISGR
human HPRT VKRTPRSVGYK~---—~———————mmmmm——————— PDFVGFEIPDKFVVGYALDYNEYFRDLNHVCVISETGKAKYKA
T. foetus HPRT DKDIGKKAYDVP--=-~=-=m—wmmme—mm o m————— IDYCGFVVENRYIIGYGFDFHNKYRNLPVIGILKESVYT
S. typhimurium OPRT DRQERGRGEIS-----------—-—-- AIQEVERDYGCKVISIITLKDLIAYLEEKPEMAEHLAVKAYREEFGV
E. coli OPRT DRQERGRGEIS-~——-——-—-—-——-—— AIQEVERDYNCKVISIITLKDLIAYLEEKPEMAEHLAVKAYREFFGV
B. subtilis GAT PPIAHPCFYGIDTSTHEELIASSHSVDEIRQEIGADTLSFLSVEGLLKGIGRKYDDSNCGQCLACFTGKYPTEIYQDTVLPHVKEAVLTK

Ficure 3: Primary sequence alignment of the PRTases based on their tertiary structures. The 72 residues of the core PRTase structure
common to all the proteins are in bold. TRRib-PP sequence motif is underlined, and helices and strands of XPRT are labeled. Asterisks
denote the conserved aspartate, glycine, and alanine residues.

_;’fﬁ-tﬂrminal tail

The dimer of XPRT buries approximately 1400 &f the
total 8000 A& of surface area per monomer, which is similar

to that observed for other dimeric molecules (Jagiral., /| of subunit C

1988). The two dimers that form the tetramer are related 4 o .
by a crystallographic 2-fold axis. Subunit D is identical to : Active site of subunit B
subunit A, and subunit C is identical to subunit B (Figure \ \ Asp-B8Ig

1). Upon tetramer formation, the last 12 residues of each N Subunit A \\ Q| E\
subunit, which form the extended arm, reach across and =3¢ \ Z MR
interact with an adjacent subunit in the tetramer (see below). ] e -
Tetramer interactions bury an additional 14000k surface

area of each monomer. Thus, upon tetramer formation, 5

approximately 35% (i.e., 2800 A of 8000 A) of the total W Ar-Cls2 Arg-AS3

surface area of each monomer is buried. This is within the g

usual range for oligomeric proteins (Jaminal., 1988). Ficure 4: Active site of XPRT. The interaction of sulfate and

i ; magnesium ions with active site residues in subunit B is shown.
Comparlslc?n of F;R-][?ﬁe PCRO_::e Strlgcturzﬁ p&m.a?/ i Arg-B37 and Asp-B89 are from subunit B, shown in medium gray,
sequence alignment o e ases based on their tertary, Arg-A53 is from subunit A, shown in black. The C-terminal

structures (not includingl. gondii HPRT) identifies 72 arginine from subunit C, Arg-C152, shown in white, interacts with
residues that are common to all these proteins in the Ser-A26 and Trp-A29 of subunit A but is in the vicinity of the
conserved core region (Figure 3). The RMS differences in active site of subunit B. This figure was generated using Insightll
Ca positions of the 72 residues in human HPRTfoetus ~ (Biosym Corp.).
HPRT,S. typhimuriunOPRT,E. coli OPRT, andB. subtilis structures ofS. typhimuriumOPRT, human HPRT, anH.
GAT compared to those in XPRT are 1.6, 1.7, 2.7, 2.8, and subtilis GAT with that of XPRT and then identification of
2.0 A, respectively. The high values for the comparison of the positions of substrates and products bound at the active
XPRT and both OPRTases are due to the rotation of a helix sites of the OPRT, HPRT, and GAT structures. The active
(corresponding tal in XPRT) in both these structures. A site of XPRT was thus shown to be located between the
lower RMS difference of 2.4 A for 56 residues is obtained C-terminal part of the corgs-sheet and the two short
for both these OPRTases when residues from this helix areS-strands above the core region. The conse®Rib-PP
excluded from the calculation. binding site sequence forms part of the active site, and its
The sequence alignment shown in Figure 3 highlights the relative position is completely conserved among these
low level of sequence identity among these proteins. The PRTase structures (Figure 2).
only region of high sequence identity is tRRib-PP binding Although substrate and product were not added to the
site motif previously identified by Hershey and Taylor crystallization medium, XPRT crystals were grown in the
(1986). In XPRT, this motif consists of the residues 85- presence of sulfate and magnesium. In both subunits of the
IVIDDLVDTGGT-96. As inthe previously reported PRTase resulting XPRT crystal structure, we observed a sulfate ion
structures, these residues form the C-terminal end of the thirdand a hydrated magnesium ion bound at the active site
f-strand in the corg-sheet g5 in XPRT). (Figure 4). Comparison of the active sites of tise
The XPRT Actie Site. The active site of XPRT was typhimuriumOPRTPRIib-PP complex (Scapiret al., 1995)
identified by superimposition of the core regions of the and XPRT reveals that the position occupied by the bound
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sulfate ion corresponds closely to that of {highosphate
group of PRib-PP. A sulfate ion has also been observed
bound at a similar position in the active sitefcoliOPRT
(Henriksenet al., 1996), while a magnesium ion has been
observed bound at a similar position in the active sitd& .of
gondii HPRT (Schumacheet al, 1996). However, this
appears to be the first example of a PRTase Wth sulfate
and magnesium bound at the active site.

The sulfate ion in XPRT is located at the N-terminal end
of helix a2 and may be stabilized by the helix dipole. The
sulfate also interacts with Arg-37 (3:3.3 A to Ne, 3.3-
3.4 Ato NH2, and 2.93.1 A to N), Gly-38 (2.8-3.5 A to
N), and several water molecules in the active site.
addition, Arg-A53 (3.2 A to N, 3.4 A to NH2) of subunit
A interacts with the sulfate ion bound in the active site of
subunit B. However, in the active site of subunit A, the
side chain of the equivalent residue (Arg-B53 from subunit
B) is disordered.

The backbone amide of Arg-37, one of the positively

In
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the 94-Gly-Gly-95 loop of XPRT and is found toward the
end of thePRib-PP binding site motif. It is curious that
although this residue is conserved, the backbone structure
is not conserved, at least not in XPRT. The backbone
conformation of this part of the PRTase core structure is
similar for the other PRTase structures listed in Table 1, but
the conformation observed for 94-Gly-Gly-95 in subunit A
of XPRT is quite different. Thus in the other PRTase
structures the conserved glycine residue marks the first turn
of a helix @3 in XPRT) while in XPRT this helix is
unwound by two residues forming instead a typg-turn,

and the helix does not begin until Thr-A96. There is a
marked shift in position (46 A) for the Go atoms of Gly-

A94 and Gly-A95 of XPRT compared with equivalent
residues in the other PRTase structures. The reason for this
structural difference involving the 94-Gly-Gly-95 loop is not
yet understood. The flexibility of the loop (these two
residues are poorly ordered in subunit A and disordered in
subunit B), however, suggests a conformational change could

charged residues which interacts with the sulfate ion, has aoccur in XPRT upon ligand binding at the active site.

cis-peptide conformation. Although rarely observed in
residues other than proline, this conformation is also

Indeed, if the subunit A conformation of 94-Gly-Gly-95 in
XPRT were fixed, it would preclude the binding of substrate

found at the same relative position of the core PRTase or product since there is a steric clash between Gly-A95 and

structure in bothr. foetusHPRT (Leu-46 and Thr-47) and
E. coli OPRT (Ala-71 and Tyr-72). Theis-peptide con-
formation enables the formation of a hairpin turn at this point
in the backbone of these proteins. In bdthcoli OPRT
and XPRT, the bound sulfate ion forms a hydrogen bond
(2.9-3.1 A) with the backbone nitrogen of ths-peptide
residue and with neighboring basic residues.

The sulfate ion at the XPRT active site also interacts,
through two water molecules, with the bound magnesium

ion. The magnesium ion and its surrounding ligands adopt

a typical octahedral arrangement with bond lengths varying
between 2.62.35 A. In XPRT, the ligands are five water
molecules and the &1 atom of Asp-89 (Figure 4). Asp-89

is one of the conserved aspartate residues ofPRib-PP
binding site motif which could have a role in stabilizing the
positively charged transition state intermediate (Eaal,,
1996). The equivalent residue PRib-PP synthetase has
also been postulated to have a role in metal ion binding
(Willemoéset al., 1996). In the structure df. gondiiHPRT,

a magnesium ion is observed in the active site where it

the B-phosphate group of substrate or product (using the
bound conformation observed in the other PRTase struc-
tures). The 94-Gly-Gly-95 loop in XPRT corresponds to
the B-phosphate binding region @&. typhimuriumOPRT
(Scapinet al., 1994), human HPRT (Eaa al., 1994), and

B. subtilisGAT (Smith et al., 1994).

Primary sequence alignments of all the known PRTases
in the region of thePRib-PP binding motif have indicated
that several HPRTS, such as those fi@rnithidia fasciculata,
Leishmania dongani, Trypanosoma cruzandTrypanosoma
brucei (Ullman & Carter, 1995), do not have an equivalent
glycine to either Gly-94 or Gly-95 of XPRT. Furthermore,
in the structures of both the. foetusandT. gondiiHPRTs
there does not appear to be a high degree of flexibility in
the equivalent glycine residues when the substrate or products
are not bound. These observations suggest that if the 94-
Gly-Gly-95 loop of XPRT is flexible, it may be a unique
feature among the PRTase family.

A third residue, Ala-20 in XPRT, is also completely

interacts with both conserved acidic residues (Schumacherconserved among the six PRTases in the sequence alignment
et al, 1996), further supporting a metal binding role for these Paséd on their structures (Figure 3). However, a structural
residues. The interaction observed between the magnesiun@nalysis of this region gives no clue as to a critical functional
ion and the second conserved acidic residue irPRib-PP role for this residue. It is not located near the active site,
binding site motif in the crystal structure of XPRT supports and the side chain at this position is not limited to a methyl

the possibility of a metal ion binding role for this residue.
The crystal structure dd. typhimuriumOPRT complexed

with orotate andPRib-PP, however, shows the magnesium

ion to be positioned differently, interacting with the first of

group by steric constraints. It does not appear to have a
structural role since it is located in the middle of @elix
and its backbonep,iy angles correspond to the-helical
region of the Ramachandran plot. Furthermore, sequence

the two conserved acidic residues via a water molecule as@lignments suggest th&chistosoma mansohiPRT may

well as with the ribose and pyrophosphate groupPRib-
PP (Scapiret al, 1995). It has also been proposed that direct
binding of the magnesium ion to the conserved acidic
residues in thePRib-PP motif may explain the observed
inhibitory effect of high concentrations of divalent cations
on PRTase catalysis (Schumacletal., 1996).

Other Consered Residues.In the alignment of the

have a serine residue in this position.

The PRTase Flexible LoopThe flexible loop of XPRT
(61-SSYDHDNQRELK-72) is found at the cross-over point
between the two halves of the cofesheet in the same
relative position as the loops of previously reported PRTase
structures (Figure 2). It has been postulated that the flexible
loop of the PRTases could play a role in shielding the active

PRTase sequences based on the known structures (Figursite from solvent molecules (Oztugk al., 1995b), thereby

3), the glycine residue corresponding to Gly-94 in XPRT is
completely conserved. This residue is the first glycine in

preventing reaction of water with the transition state species.
Indeed, the structure of. gondii HPRT in its unliganded
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form reveals that the loop is poised directly over the active
site (Schumachest al,, 1996).

Several residues in the flexible loop have been proposed
to be involved in binding and catalysis. In the structure of
GAT, the positively charged loop residues Lys-305 and Arg-
307 interact with the bound nucleotide AMP (Sméhal.,
1994), and in one of thE. coli OPRT subunits, the positively
charged loop residue Lys-103 forms a hydrogen bond to the
sulfate ion bound at the active site of an adjacent subunit
(Henriksenet al, 1996). In addition, several positively
charged residues in the flexible loop®ftyphimuriunOPRT
have been implicated in catalysis (Lys-103; Oztetkal.,
1995a) andPRib-PP binding (Arg-99 and Lys-100; Scapin
et al, 1995).

In T. gondii HPRT, closure of the loop brings two
conserved residues, 117-Ser-Tyr-118, into the vicinity of the
active site. These residues are conserved in the HPRTases
(and XPRT), and their presence in the active sit&.ajondii
HPRT suggests a binding and/or catalytic role for this
dipeptide (Schumachest al., 1996).

The loop of XPRT includes two positively charged

Vos et al.
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residues, Arg-69 and Lys-72 (both of which are poorly
ordered in this XPRT structure), in addition to the conserved
dipeptide 62-Ser-Tyr-63. Arg-69 is disordered in both
subunits and Lys-72 is disordered in subunit B and poorly
ordered in subunit A (where the side chain in the structural 7000 7400 7800 8200

model is truncated to €. If it is involved in binding or Molecular Weight

catalysis, a conformational change would be necessary tOFicure 5: Protease degradation of XPRT C59A. (A) Storage of
place Lys-72 in the vicinity of the active site. Ser-62 is XPRT C59A in the presence and absence of protease inhibitors.
disordered in subunit B and poorly ordered in subunit A Protein samples containing XPRT C59A at/4§ml, 0.05 M Tris-
while Tyr-63 is disordered in both subunits. HCI, pH 7.6, 0.01 M MgGj, and either 1 mM EDTAY), 1 mM

L - . p-CMBS (@), 1 mM PMSF ), or no inhibitor (O) were stored at
A binding or catalytic role for the XPRT loop is supported 37 °C, and aliquots were assayed at various times. (B) Mass

by our observations that removal of loop residues causesspectrometric analysis of intact XPRT C59A. The peak at 16 181
almost complete loss of activity. Some purified and con- may correspond to protein from which the first six amino acid

. . s Da). (C) Mass spectrometric analysis of protease-degraded XPRT
ac.tw'ty due to degradation bY a Contgmlnatlng prlotease C59A. The peak at 7143.0 corresponds to the Ser-2 to His-65
(Figure 5A). Mass spectrometric analysis of both native and fragment of XPRT (predicted mass is 7139 Da), while the peak at

degraded protein indicated that the subunit mass had changed301.6 corresponds to the Ala-77 to Arg-152 fragment (predicted
from a single species of 16 805 Da (Figure 5B) to two species mass is 8298 Da).
of 7143 and 8302 Da (Figure 5C), respectively. Subsequent
N-terminal protein sequencing revealed that the proteaseArg-76. The residues Ser-62 and Tyr-63 were not removed
activity had caused the release of 11 residues correspondindy protease action and so were still available for catalysis.
to the sequence 66-DNQRELKVLKR-76. The resulting Base Specificity. E. coXPRT catalyzes the transfer of
XPRT protein had no catalytic activity but was able to bind a phosphoribosyl group to 6-oxopurine bases, discriminating
to GMP—Sepharose, indicating a functional GMP binding against the 6-aminopurine base, adenine. The kinetic
site. Furthermore, protease degradation was slowed byconstants we have obtained for XPRT are summarized in
addition of PRib-PP: XPRT stored in the presence of 9 mM Table 2. Comparison d&../K, values for the 6-oxopurine
PRib-PP at 4 °C for 5 days retained 65% of its activity, bases reveals that XPRT is able to utilize bases in the order
while enzyme stored withouPRib-PP retained only 17%  guanine> xanthine>>> hypoxanthine. Botf. foetusand
of the original activity. These results suggest that some or T. gondiiHPRTs have high specificity for hypoxanthine and
all of the 11 residues cleaved by the protease form part of guanine but lower specificity for xanthine, while human
the PRib-PP binding site. HPRT has specificity for hypoxanthine and guanine only.
Inspection of the XPRT structure shows that the protease The specificity for the 6-oxopurines in the three HPRTs
cleavage points, His-6Bsp-66 and Arg-76Ala-77, both appears to be defined by three different interactions: (1) an
occur in loops in the protein structure. His-65 is part of the interaction between a positively charged protein side chain
flexible loop described above and is disordered in this XPRT (Lys-134 inT. foetusHPRT, Lys-178 inT. gondii HPRT,
structure. Arg-76 is in a loop that follows stragd. Thus, and Lys-165 in human HPRT) with the 6-oxo group on the
cleavage at these positions results in the removal of almostpurine base (thereby selecting against the 6-aminopurines),
all the cross-over connection residues including most of the (2) a stacking interaction between an aromatic side chain
mobile loop and all of stran@4. The resultant loss in  (Phe-162 inT. foetusHPRT, Trp-199 inT. gondii HPRT,
catalytic activity may therefore be due to an inability to shield and Phe-186 in human HPRT) and the purine base, and (3)
the active site from solvent or the removal of any or all of an interaction that defines the enzyme specificity for guanine,
the positively charged residues, Arg-69, Lys-72, Lys-75, and hypoxanthine, or xanthine (these bases have respectively an

Relative Intensity (%) O Relative Intensity (%) U0J

O
o
o
o
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FIGURE 6: Superimposition of the human HPRT/GMP complex
(dark shading) with the structure of XPRT (light shading) in the

base-specifying region of human HPRT. In human HPRT, specific-

Biochemistry, Vol. 36, No. 14, 19974133

(Figure 6). Thus, binding of guanine could be stabilized by
XPRT through interaction of the 2-amino group of the
substrate with GIn-137 €. Similarly, binding of xanthine
could be stabilized through interaction of its 2-oxo group
with GIn-137 Ne2. The lower affinity of XPRT for
hypoxanthine (Table 2), which has no exocyclic group at
the 2-position, might be explained by the loss of interaction
with GIn-137 compared with the other 6-oxopurines. In the
conformation observed in the unliganded crystal structure
of XPRT, GIn-137 interacts via a hydrogen bond with the
062 group of Asp-89. For optimum interaction with groups
at the 2-position of bound 6-oxopurines, it would be
necessary for GIn-137 to adopt an alternate conformation.
We intend to investigate the role of GIn-137 in substrate
binding by site-directed mutagenesis and structural studies
with XPRT/ligand complexes.

The C-Terminal Extended ArmlThe 12 residues at the C

ity for hypoxanthine and guanine is achieved through the backboneterminus of the XPRT subunit adopt a random coil confor-

carbonyl oxygens of Val-187 and Asp-193. These interact with the

exocyclic amino group in position 2 of the guanine ring of GMP.

Lys-165 of HPRT interacts with the 6-oxo group of the guanine

mation that resembles an arm extending away from the
subunit (Figure 1), a feature that is not observed in other

ring, thus conferring 6-oxopurine base specificity. The aromatic PRTase Structures. The “ar.m" extends across.the tetrameric
side chain of Phe-186 in human HPRT interacts with the guanine XPRT complex to interact with a crystallographically related

ring of GMP (Ead<et al, 1994). This figure was generated using
the program Insightll (Biosym Corp.).

amino, a hydrogen, or a carbonyl oxygen atom at the
2-position of the 6-oxopurine base system). In the structure

of the human HPRT/GMP complex, this third specificity

interaction appears to be defined by the main chain carbonyl

groups of Val-187 and Asp-193 which interact favorably with

the 2-amino group of the guanine base to promote its
interaction with the enzyme (Figure 6). These same main
chain oxygens would also allow space for the binding of

hypoxanthine but would not favor the binding of the 2-oxo
group of xanthine (Eadst al, 1994). InT. foetusHPRT,
the side chain OH group of Tyr-156 interacts with the

2-amino group of guanine. Since this group can act as bot
a hydrogen bond donor and acceptor, this residue could
hydrogen bond to either the guanine amino group or the

xanthine carbonyl oxygen (Somoesal., 1996). InT. gondii

HPRT, the mechanism for base discrimination is not yet

subunit. For example, the C-terminal residues of subunit C
interact with backbone and side chain atoms of residues in
subunit A (the C-terminal residues of each of the other three
subunits interact in the same way with symmetry-related
subunits, but here we describe the interactions for the
C-terminal arm from subunit C only). For the most part,
the stabilizing hydrogen bond interactions of the 12 C-
terminal residues involve backbone atoms, with the exception
of the last residue, Arg-C152 (Figure 4). The side chain of
Arg-C152 forms several hydrogen bonds with residues in
subunit A—specifically with the backbone O atom of Trp-
A29 (2.9-3.0 A to NH2, 2.9-3.2 A to NH1) and the
backbone O (2.#2.8 A to NH1) and side chain patoms

h(2.8—3.0 A to NH1) of Ser-A26. The position of Ser-A26

(and several following residues) and its interaction with Arg-
C152 appear to be dependent upondisepeptide conforma-
tion of Pro-A25 which disrupts helix1.

Since both @is-peptide conformation of Pro-A25 and the

clear, but it appears that the backbone conformation differs consequent disruption of helical hydrogen bond interactions

sufficiently from that of human HPRT to allow xanthine to
bind (Schumacheet al., 1996).

have energy costs, it is possible that the interaction between
Ser-A26 and Arg-C152 could be important in the context of

Although XPRT was crystallized in the absence of purine substrate binding and/or catalysis. We suggest that this
base or nucleotide, comparison of the XPRT crystal structure interaction may be necessary to hold Arg-C152 (of subunit

with that of the human HPRT/GMP complex allows the
identification of residues that could define the binding
specificity of XPRT for 6-oxopurines (Figure 6). Thus, the

C) in close proximity to the active site of subunit B. In the
absence of bounBRib-PP, the positive charge in the active
site from residues Arg-B37 and Arg-A53 would not favor

positively charged residue in XPRT that selects for 6-ox- the presence of Arg-C152. Upon substrate binding, the side
opurines (and against 6-aminopurines) is probably Lys-115, chain of Arg-C152 could swing into the active site to stabilize

which occupies a similar position to Lys-165 of human

the negative charge &Rib-PP. This scenario could provide

HPRT. The residue in XPRT equivalent to the aromatic at least a partial explanation for the requirement of XPRT
residue that interacts with the purine base in HPRT (Phe- tetramer formation for catalytic activity. Arg-152 is preceded

186) could be Trp-134. The side chain of Trp-Al34 in

in the XPRT sequence by Gly-151 so a conformational

subunit A of XPRT is solvent exposed and disordered, while change required to bring Arg-C152 into the active site of

the conformation of the side chain in subunit B (Trp-B134)
is different from that of Phe-186 of HPRT. If this residue

subunit B is possible. Our initial modeling suggests that
the changes required involvepay backbone rotation at Gly-

is involved in binding the substrate, the correct side chain C151 and a change in the dihedral of the Arg-C152 side

conformation must be stabilized upon purine binding.
Comparison of the human HPRT aril coli XPRT

chain. In addition, hydrogen bonds between the Arg-C152
side chain and Ser-A26 and Trp-A29 of subunit A would be

structures reveals that GIn-137 could be the residue in XPRT broken, though these hydrogen-bonding groups would be-
which discriminates between the three 6-oxopurine basescome accessible for interaction with solvent. The role of
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