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ABSTRACT. The crystal structures of the guanosirier®dnophosphate (GMP) and inosidensonophosphate

(IMP) complexes off oxoplasma gondiypoxanthine-guanine phosphoribosyltransferase (HGPRT) have
been determined at 1.65 and 1.90 A resolution. These complexes, which crystallize in spacé8roups
(a=65.45Ab=190.84 A,c=80.26 A, ang3 = 92.53) andP2,2;2, (a = 84.54 A b = 102.44 A, and

c = 108.83 A), each comprise a tetramer in the crystallographic asymmetric unit. All active sites in the
tetramers are fully occupied by the nucleotide. Comparison of these structures with that of the xanthosine
5'-monophosphate (XMP)pyrophosphateMg?* ternary complex reported in the following article ftdex,

A., et al. (1999)Biochemistry 38 14495-14506] shows howl. gondii HGPRT is able to recognize
guanine, hypoxanthinendxanthine as substrates, and suggests why the human enzyme cannot use xanthine
efficiently. Comparison with the apoenzyme reveals the structural changes that occur upon binding of
purines and ribose' $phosphate to HGPRT. Two structural features important to the HGPRT mechanism,
a previously unrecognized active site loop (loop, liesidues 186184) and an active site peptide bond
(Leu78-Lys79) that adopts both the cis and the trans configurations, are presented.

Encephalitis caused by the apicomplexan protozbaxo- conversion of hypoxanthine, guanine, or xanthine armt
plasma gondiis the second-leading cause of death among 5-phosphoribosyl-1-pyrophosphate (PRPP) to purine nucle-
patients with acquired immune deficiency syndrome (ADS) otides and inorganic pyrophosphate (Scheme 1). HGPRT has
(1, 2). New and more potent drugs are urgently needed to long been recognized as a chemotherapeutic target for
treat these infections3). Parasitic protozoa, including those malaria, giardiasis, trypanosomiasis, and toxoplasmosis
of the genusToxoplasma cannot carry out the de novo (6, 7). Selective inhibition of the protozoal HGPRT is critical,
synthesis of purine nucleotides required for growth and however, since HGPRT deficiency in humans causes severe
replication. Instead, the parasites salvage preformed purinegouty arthritis or uric acid nephrolithiasig)( or neonatally
bases from the hos#(5). Purine salvage funnels through the devastating neurological syndrome described by Lesch
the enzyme hypoxanthine-guanine phosphoribosyltransferaseand Nyhan 9). Therefore, understanding differences in
(HGPRT, EC 2.4.2.8), which catalyzes the Mglependent  substrate specificity between human and protozoal HGPRTs
is fundamental to the design of selective HGPRT inhibitors
" This work was supported in part by NIH Grants AI39952 (D.W.B.)  that are useful for the treatment of protozoal diseaggs (

and Al30279 (James R. Piper) and by Southern Research Institute ; it
Internal Research and Development Grant 8349 (D.W.B.). Despite the determination of many crystal structures of both

# The atomic coordinates and observed structure factors for the GMP human (0—12) and protozoal13—16) HGPRTs, however,
and IMP complexes have been deposited in the Protein Data Bank withthe mechanisms by which protozoal HGPRTSs are able, unlike

accession numbers 1gk3, r1gk3sf, 1gk4, and rlgk4sf, respectively. Thethe human enzyme, to catalyze the efficient conversion of

atomic coordinates and the observed structure factors for the-XMP . .
pyrophosphateMg2" complex (see rel7) have accession numbers xanthine to xanthosine'Bnonophosphate (XMP) have not

1gk5 and rigk5sf. been clarified.

*To whom correspondence should be addressed: Department of ; : ;
Organic Chemistry, Southern Research Institute, 2000 Ninth Ave. S., We report here and in the following articlé?) the crystal

Birmingham, AL 35205. E-mail: borhani@sri.org. Phone: (205) 581- Structures ofT. gondii HGPRT with guanosine '&nono-
2555. Fax: (205) 581-2877. phosphate (GMP), inosine’-honophosphate (IMP), and

! Abbreviations: AIDS, acquired immune deficiency syndrome; _ 2+ i i ;
DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; GMP, XMP—pyrophosphateMg*" bound in the active site. These

guanosine Smonophosphate; HGPRT, hypoxanthine-guanine phos- Structures are at significantly higher resolution (1.65, 1.90,
phoribosyltransferase; HGPRF, T. gondii HGPRT—apo- and 1.60 A, respectively) than that of thegondiiHGPRT

enzyme structure; HGPRT, T. gondii HGPRT-GMP complex apoenzyme (2.4 A) reported previousts|. Furthermore,

ﬁgﬁ%’%fﬁ?m{” gTdn%?iT-?(l‘lggﬁ?(ﬁﬁiy%&%fghjgﬁge; in each of our structures, every active site of the HGPRT
—PR—=Mg, 1

complex structure; IMP, inosiné-fnonophosphate; PEG, polyethylene ~ te€tramer is fully occupied by the nucleotide.

glycol; PMSF, phenylmethanesulfonyl fluoride; iPByrophosphate; ;
PRPP. a-0-5-phosphoribosyl 1-pyrophosphate: PRTase. phospho- As our structures are the first reported for a protozoal

ribosyltransferase; XGPRT, xanthine-guanine phosphoribosyltrans- HGPRT in complex with all three nucleotide products, we
ferase; XMP, xanthosine'Bnonophosphate. describe here the structural features that allbwgondii
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HGPRT to bind guanine, hypoxanthine, and xanthine in the addition of PMSF. The sample was then applied to a
active site. Comparison with the structures of human HGPRT preparative gel filtration column (Pharmacia HiLoad 26/60
suggests why that enzyme cannot use xanthine efficiently. Superdex 200 prepgrade) equilibrated with 25 mM Tris-HCI
We also discuss the structural changes that occur upon(pH 8.0), 10 mM MgC4, 100 mM KCI, 1 mM DTT, 0.1
binding of purines and ribosé-phosphate to the apoenzyme. mM EDTA, and 10% glycerol. Active fractions were pooled,
Finally, we describe a previously unrecognized active site concentrated (Millipore BioMax 15-10000) t620 mg/mL,
loop, an active site peptide bond that adopts either the cis orand stored at 4C. Enzyme for use in kinetics studies was
the trans configuration, and the exchange of the largest activestored at-20 °C [glycerol added to a final concentration of
site loop between subunits in the HGPRT tetramer. 50% (v/V)].

MiscellaneousHGPRT activity was assayed spectropho-
tometrically 1) at 37°C in 100 mM Tris-HCI (pH 8.0), 20
mM MgCl,, 0.1 mM EDTA, 0.1 mg/mL bovine serum
albumin, purine base (8@M guanine or hypoxanthine and

Expression.The cloning of T. gondiiHGPRT has been 500 uM xanthine), and PRPP (500M for guanine and
described previouslylg, 19). Overexpression of the enzyme hypoxanthine and 2 mM for xanthine). The increase in
was accomplished iEscherichia coliusing plasmid pETC1  absorbance at 244.0, 257.4, and 252.0 nm was converted to
(a derivative of pET15b; Novagen2@). A single colony of ~ HGPRT activity using extinction coefficient changes (de-
E. coliBL21(DE3)/pETC1 was inoculated into 5 mL 0k2  termined from the extinction coefficients for base and
YT medium (16 g/L tryptone, 10 g/L yeast extract, and 5 nucleotide in assay buffer) of 2620, 4894, and 4416'M
g/L NaCl) containing 100 mg/L ampicillin and grown cmfor hypoxanthine, guanine, and xanthine, respectively.
overnight while it was shaken (250 rpm) at 3. This Discontinuous sodium dodecyl sulfatpolyacrylamide gel
culture (2.5 mL) was diluted into 500 mL of medium, and electrophoresis was used to assess the purity of the recom-
shaken at 37C. When the culture had reached an fof binant HGPRT and to determine the subunit molecular
~0.8, expression of HGPRT was induced by the addition of weight 22). Protein concentrations were determined by the
isopropylf3-p-thiogalactoside (final concentration of 1 mM).  Bradford procedure2@), using boviney globulin as the
Cells were harvestk3 h later by centrifugation, washed with  standard.
phosphate-buffered saline, repelleted, and storeeBat°C.

Purification. All procedures were performed at€. The Crystallization and Data Collection
frozen cell pellet fron 1 L of E. coli culture was resuspended o o o
in 20 mL of 50 mM Tris-HCI (pH 8.0), 10 mM MgG) 20 Crystallization. A preliminary crystallization screen
mM KCI, 2 mM phenylmethanesulfonyl fluoride (PMSF), (24 25) with the Crystal Screen Kit (Hampton Research)
4 ug/mL pepstatin A, 4g/mL leupeptin, 1 mM benzamidine, ~under vapor diffusion conditions at 4C yielded two
20 ug/mL soybean trypsin inhibitor, and 1 mM PRPP and conditions. The optimal conditions were (1) 15_ to 20%
then extracted by two passes through a French press aPolyethylene glycol (PEG) 8000, 100 mM potassium phos-
15 000-20 000 Ib/in2. The sample was clarified by cen- Phate (pH 5.6-6.0), and 0.25% octyf-p-glucopyranoside
trifugation at 27008 for 20 min and then applied to a Ni- and (2) 30% PEG 4000, 100 mM Tris-HCI (pH 8.5), and
agarose cartridge (Pharmacia) equilibrated with 10 mmM 200 mM LSO, T. gondii HGPRT (16-20 mg/mL)
imidazole, 500 mM NaCl, and 20 mM sodium phosphate containing 1 mM GMP or IMP was mixed with an equal
(pH 7.4-7.6). The column was washed with 15 mL of volume of the precipitant and equilibrated against the
equilibration buffer containing 150 mM imidazole. Recom- Precipitant at #C (hanging drops). Prismatic crystals (space
binant HGPRT was eluted from the column with 5 mL of 9roupP2;, a=65.45 A,b =90.84 A,c = 80.26 A, ands
equilibration buffer containing 1000 mM imidazole. PMSF = 92.53) formed at low pH (5-6) in the presence of GMP.
and 1,10-phenanthroline were added (2 mM each) to the Thin, plate-like crystals (space grot:2:2;, a = 84.54 A,
eluate, which was then immediately passed over Sephadex® = 102.44 A, and: = 108.83 A) formed at pH 8.5 in the
G-25 columns (PD-10, Pharmacia Biotech) equilibrated with Presence of IMP. Crystals were harvested into mother liquors
25 mM Tris-HCI (pH 8.0), 10 mM MgGl 100 mM KCl, 1 containing an increased concentration of PEG (40%) and up
mM dithiothreitol (DTT), and 0.1 mM ethylenediamine- 0 30% glycerol as a cryoprotectant, and were then flash-
tetraacetic acid (EDTA). Pooled fractions were supplemented cooled in liquid nitrogen.
with 1 mM PRPP. The N-terminal Hisag was removed by Data Collection and Processing-ray diffraction data
overnight digestion on ice with thrombin (Sigma catalog no. were collected at the Cornell High Energy Synchrotron
T-3010; 4 units/mL HGPRT); digestion was halted by Source (beamline A% =0.908 A, ADSC Quantum-1 CCD

EXPERIMENTAL PROCEDURES

HGPRT Expression and Purification
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Recalculation of the translation function with the refined
model indicated that the entire tetramer needed to be shifted

Table 1: Data Collection and Refinement Statistics

GMP IMP by approximately 1 Ax-pLor refinement (with noncrystal-
Crystal Parameters lographic symmetry constraints, then restraints), model
zp(%\t):e group 55?45 Féi%fl rebuilding, and refinement witRermac (36) and Arp (37)
b (R) 90.84 102.44 provided the final model, the quality of which was assessed
c(R) 80.26 108.83 with PROCHECK(38), WHATIF (39), andwHATCHECK (40). The
B (Ideg) " 4?726323 804150 refinement is summarized in Table 1. The model comprises
‘r’]g_“;“;u(bgmts per asymmetric unit 2 ’ 893 HGPRT amino acids (out of the 920 possible), two Gly-

Data Collection Statistics Ser-His N-terminal peptides (a remnant of the pET15b

resolution range (A) 125165 12.51.90 vector) for subqnits B and C, and four GMI_3 and 645 water
no. of observations 302104 305699 molecules. Residues at the C-terminus (residues 229 and 230
no. of unique reflections 108535 74791 in subunits A and B, and residue 230 in subunits C and D),
mosa'lf'ty (deg) 0.45 0.5 loop Il in subunit C (residues 116132), and loop Il in
ovee ) £ 3 26 subunits C and D (residues 183 and 184) were not located.
|/ayI 9.4 10.7 The quality of the data permitted the identification of
data completeness (%) 96.4 99.6 alternate conformations for several side chains. The Rama-
. frf:eat” rr?ul'lt'p"c'ty 2.8 4.1 chandran plot indicated that Ser103 and Ser104 in subunit
ighest-she - - : -
resolution range (A) 174165 1.97-1.90 C, gnd Cys?OB in all four subu.mts, were in the disallowed
Reym (%) 45.9 383 region. While the first two residues lay in weak electron
l/oy 1.7 35 density, residue 203 was in clear, strong density.
data completeness (%) 85.3 100.0 HGPRTwe. The self-rotation function revealed the pres-
mean multiplicity 2.0 4.0 o - . .
Refinement Statistics ence of four HGPRT subunits in the asymmetric unit, again
no. of reflections used iRuys (F > Oor) 103103 70933 related by 222 symmetry. 'I_'he structure was (_jetermmed by
no. of reflections used iRqee (F > Oor) 5403 3778 molecular replacement, using HGP&JF subunit A as the
Reryst (%) 20.2 18.9 search model (without solvent, GMP, or loop Il residues
Riree (%) A 23.1 23.8 A114—A133; correlation coefficient of 25%, 12:2.5 A).
:ng ;g: Egﬂg f:jtehss(gje)g) 01‘0514 %%14 Noncrystallographic symmetry averaging and refinement
Ramachandran plot (% allowed, 98.3,0.9, 99.0, 1.0, proceeded more smoothly than for HGRR# (Table 1).
generously allowed, and 0.8 0.0 Alternate conformations were found for several side chains,
disallowed residues) and the cis peptide bond between residues Leu78 and Lys79
no. of atoms_[protel_n (including alternate7279, 96, 7106, 92, was clearly apparent inR2 — F. andF, — F. maps. The
conformations), ligand, water] 645 485 final dei has 880 . id df IMP and 485
averageB-factors (&) (protein, ligand,  21.7,18.2, 22.5,21.1, Inal model has - amino acias an Ou_r an_ water
water) 29.0 26.0 molecules. Residues 12024 and 230 in subunits A and

B, residues 1, 117131, and 230 in subunit C, and residues
117-125, 182, and 183 in subunit D were not located.

detector, GMP complex) and the Stanford Synchrotron Figures were prepared withssons (41).

Radiation Laboratory (beamline 7-1,= 1.080 A, MAR
Research image plate detector, IMP complex) by the rotation
method (0.5-1.0°, exposure for 36120 s) at 100 K. Data RESULTS AND DISCUSSION

processing was performed with the CCP4 suite of programs  Recombinanfl. gondiiHGPRT was overexpressed ih

(26). Crystal orientations were determined witbrix (27) coli and purified to apparent homogeneity. Analytical gel
and refined withoxrer. The diffraction data (Table 1) were filtration showed unequivocally that the enzyme, like human
integrated wittvosFLm (28), scaled and merged WiitALA HGPRT, was a tetramer, not a dimer of dimers as suggested
(29), and placed on an absolute scale wittuncaTE (30). previously (L6). The oligomeric state of the enzyme was

unchanged from pH 5.5 to 8.0. Recombinant gondii
HGPRT had specific enzymatic activities at pH 8.0 and 37
HGPRTeue. The self-rotation function AMore) (31) °C of 17.1, 28.6, and 69.mol min~* mg* with hypo-
revealed the presence of four HGPRT subunits in the xanthine, guanine, and xanthine as the substrate, respectively.
asymmetric unit related by 222 symmetry. The structure was [ts €nzymatic activity at pH 5 was approximately 4% of that
determined by molecular replacement, using human HGPRTObserved at pH 8.
(one subunit of the tetramer, without GMP or water  The structures of the GMP (HGPRyjp) and IMP
molecules) as the search modéldf. The cross-rotation  (HGPRTume) complexes ofT. gondii HGPRT were deter-
function (amoRe) yielded four strong peaks consistent with  mined and refined at 1.65 and 1.90 A resolution, respectively;
the noncrystallographic symmetry. The translation function the structure determination is summarized in Table 1. In both
(TFFCO) (32) was much less clear, but nonetheless allowed structures, clear electron density was present for the entire
placement of the four HGPRT subunits as a compact tetramermucleotide in all four active sites of the tightly associated
(correlation coefficient of 40%, 12-2.5 A). Four-fold HGPRT tetramer in the crystallographic asymmetric unit.
noncrystallographic symmetry averaging and solvent flat- The structure of the XMPpyrophosphateMg?" ternary
tening om) (33) improved the electron density map such complex (HGPREwp-pr-wg) iS reported at 1.60 A resolution
that a model could be builo] (34). Refinement X-PLOR) in the following article (7). Our structures were determined
(35) lowered theR-factor a few percent, but then stalled. using synchrotron data collected under cryogenic conditions,

Structure Determination
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Loop II' ‘~l-’> 90°

Ficure 1: RiBBONS (41) diagram of theT. gondiiHGPRTswp subunit. GMP is shown as a space-filling model in the active site, located
between the upper hood domain and the large lower core domain. Helices are lajestd@nds green, and the five active site loops red.

and thus are at a much higher resolution than the apoenzymesoordinated by Nof invariant Lys178 and by the peptide
structure (HGPRA,, at 2.4 A resolution) 16). NH of 1le200. In HGPRTEwp, the peptide oxygen atom of
The secondary structure of nucleotide-bouhdgondii [le200 interacts with both the Nand N atoms of guanine,
HGPRT is similar to that of other HGPRTs (Figure 1). with the hydrogen bond to Noeing somewhat shorter. In
HGPRT consists of two domains, the “core” (doubly wound HGPRTyp, the hydrogen bond toNs shorter still, whereas
o/f3-sheet) and the “hood” (twistg@tsandwich). The active  in the HGPRkwp-pr-mg COMplex, a slight shift of this
site, at the junction of the two domains, is surrounded by residue coupled with a slight rotation of the purine ring
several flexible loops. The purine ring of the nucleotides is reduces the extent of the unfavorable interaction between
bound most deeply in the interdomain cleft. A sequence this carbonyl oxygen and xanthin€.@\s seen with human
alignment of human and protozoal HGPRTSs, which includes HGPRT (10, 12), guanine N is hydrogen bonded to the
secondary structural assignments, is shown in Figure 2.  peptide oxygen atom of the loop IV residue Asp206. In the
) o o xanthine complex, by contrast, a shift of loop IV allows
Purine Binding Specificity xanthine G to make a hydrogen bond to the Asp206 peptide
The crystal structure of the human HGPREMP com- NH, rather than forming an unfavorable interaction with the

plex showed that the Natom of guanine is hydrogen-bonded peptide oxygen atom. The qrientation of all three purine ripgs
to the peptide oxygen atoms of Val187 and Asp193 (lle200 |s_further stabilized onone side by_van der Waals interactions
and Asp206 inT. gondii HGPRT; Figure 2), residues that With two hydrophobic side chains (lle148 and 11e200),
are identical or conservatively substituted in human and @d on the other side by a-stacking complex with
protozoal HGPRTSs1(0). This structure suggested, therefore, 17P199. Trp199 N also forms a direct (HGPRyr and
that the protozoal enzymes must recognize purine based1GPRTxup—pr-ug) Or water-mediated (HGPRr) hydro-
differently, to accommodate the2@tom of xanthine in the ~ 9€n bond to the Asp206 peptide oxygen atom (Figure 3).
active site. In contrast to expectations, our structure§. of Consistent with the extensive interactions described above,
gondiiHGPRT with bound GMP, IMP, and XMP now show the temperature factors for all three purines are o Z—
that the purine binding interactions of human and protozoal 17 A%, comparable to those of the surrounding protein
HGPRTSs are actually quite similar, and that several subtle residues. The opposite was observed in human HGPRT,
structural differences contribute to the productive binding Where the temperature factors for GMP and IMP20 and
of xanthine by the protozoal enzyme alone. Furthermore, ~45 A? indicated that GMP binds more tightly to that
these structural differences that allow the efficient use of enzyme 10, 11). Measurement of the binding constants for
xanthine danot reside in just one or a few particular amino binding of GMP and IMP to human HGPRK§ = 7.1 and
acids that differ betweef. gondiiand human HGPRT. 61 uM, respectively) supported this crystallographic observa-
Purine Recognition Geometriurine bases are recognized tion (11). The apparently equal binding of these purine rings
in the T. gondiiHGPRT active site by a convergent array of to T. gondiiHGPRT is perhaps due to the direct interaction
hydrogen bonds, mostly to main chain atoms, and by severalof Trp199 with Asp206, which encases the hypoxanthine
van der Waals interactions. The active site of each nucleotiderng.
complex is shown in Figure 3. The human HGPRZMP The global interactions of the hood domain residues with
andT. gondiiHGPRTzwe and HGPRkwp-pr-mg Structures the purine bases differ in the three nucleotide complexes.
are compared in Figure 4. A schematic view of the These differences are propagated from loop IV throughout
HGPRTxvwr-rr-mg active site is shown in Figure 3 of the the entire hood domain. First, in the HGPRA and
following article (L7). As seen previously with other HG- HGPRTxwp-pr-mg COMplexes, the enzyme grasps the purine
PRTs, N of the purine is in van der Waals contact with the ring more tightly than it does in the HGPRj}r complex.
carboxylate of the catalytic base Asp150. The purifdsO  When compared to those of HGPR#, loop IV residues
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30A Bl B2 310B alC B3 aD
I
3 0> s i s I |
Human [ -ATRSPGVVI SDDEPGYDLD LFCIPNHYAE DLERVFIPHG LIMDRTERLA 49
T. gondii | MASKPIEDYG KGKGRIEPMY [PDNTFYNAD DFLVPPHCKP YIDKILLPGG LVKDRVEKLA 60
P.falciparum 1 - -MPI1PNNPG AGENAFDPVF VNDDDGYDLD SFMIPAHYKK YLTKVLVPNG VIKNRIEKLA 58
T cruzi | mmmmmmmeee mmeeaeem i aaae e ----MPREYE FAEKILFTEE EIRTRIMEVA 26
T. foetus | mmm et eeeeeeei e --MTETPMMD DLERVLYNQD DIQKRIRELA 28
ab p4 Loop [ oE BS5
| - TSR } >
Human 50 RDVMKEMGGH HI - ------ V ALCVLKGGYK FFADLLDYIK ALNRNSDRS- --I1PMTVDFI 99
T. gondii 61 YDIHRTYFGE EL------- H 11CILKGSRG FFNLLIDYLA TIQKYSGRES SVPPFFEHYV 113
P falciparum 59 YDIKKVYNNE EF--- - - - - H ILCLLKGSRG FFTALLKHLS RIHNYSAVET SKPLFGEHYV 111
T. cruzi 27 KRIADDYKGK GLRPYVNPLV LISVLKGSFM FTADLCRALS DFN------- --VPVRMEFI 77
T. foetus 29 AELTEFYEDK NP------- V MICVLTGAVF FYTDLLKHLD -----«---- --FQLEPDYI 69
wrirvrir
Loop II 3F p6 Loop III aG p7
m—:w—! ]
Human 100 RLKSYCNDQS TGDIKVIGGD DLSTLTGKNV LIVEDI IDTG KTMQTLLSLV RQYNPKMVKV 159
T. gondii 114 RLKSYQNDNS TGQLTVLS-D DLSIFRDKHV LIVEDIVDTG FTLTEFGERL KAVGPKSMRI 172
P. falciparum 112 RVKSYCNDQS TGTLEIVS-E DLSCLKGKHV LIVEDIIDTG KTLVKFCEYL KKFEIKTVAI 170
T. cruzi 78 CVSSYGEGVT SSGQVRMLLD TRHSIEGHHV LIVEDIVDTA LTLNYLYHMY FTRRPASLKT 137
T. foetus 70 1CSSYSGTKS TGNLTISK-D LKTNIEGRHV LVVEDIIDTG LTMYQLLNNL QMRKPASLKV 128
¥ fr Terdrirdrdrer  frvr
B7 Loop IIT' ps B9 Loop IV p1o aH
Human 160 ASLLVKRTPR SV-GYKPDFV GFEIPDKFVV GYALDYNEYF RDLNHVCVIS ETG- -« - - - - 211
T. gondii 173 ATLVEKRTDR SN-SLKGDFV GFSI1EDVWIV GCCYDFNEMF RDFDHVAVLS DAA------- 224
P. falciparum 171 ACLF IKRTPL WN-GFKADFV GFSI1PDHFVV GYSLDYNEIF RDLDHCCLVN DEG- - - - - - - 222
T cruzi 133 VVLLDKREGR RV-PFSADYV VANIPNAFVI GYGLDYDDTY RELRDIVVLR PEVYAEREAA 196
T. foetus 120 CTLCDKDIGK KAYDVPIDYC GFVVENRYII GYGFDFHNKY RNLPVIGILK ES-------- 180
¥r ¥r Yrirvrirer ¥r ¥ ¥r
aH
—
Human 212 - - - - - e e e e e s e e e KAK YKA--- 217
T. gondii o 1 RKK FEK--- 230
P falciparum 223 - - -~ --eo oo KKK YKATSL 231
T. cruzi 197 RQKKQRAIGS ADTDRDAKRE FHSKY- 221
T. foetus 3 V YT---- 183

Ficure 2: Sequence alignment of human and protozoal HGPRTs. The secondary structural elerfegsnaliiHGPRT (Figure 1) are
shown above the sequence, and active site residues are marked with gold stars below the sequence. Absolutely conserved amino acid
residues are shaded green, and conservatively substituted residues are shaded yellow (consensus) and pink. The residue numbers for eac
protein are shown.

203-207 are shifted 1.8 A toward hypoxanthine or xanthine. HGPRTxwp-pr-mg COmpared to HGPR3ye. All of these
Accompanying this shift is an alteration of tlye and y structural changes are accommodated by a reshuffling of
angles of the reverse turn residues Cys203 and Cys204, fromhydrophobic residues in the hood domain.

disfavored regions of the Ramachandran plot (HGERY Xanthine Recognition Mechanisnisvo structural features
into favored regions (HGPRWMr and HGPR%kmp-pr-Mg)- contribute to the productive binding of xanthine Bygondii
(The electron density for these two residues in HGBRT HGPRT. First, the hydrogen bond between Trp199 and
is nonetheless unequivocal.) The loop IV shift appears to be Asp206 repositions loop IV such that the Asp206 peptide
brought about in part by the Trp19%sp206 hydrogen bond.  NH hydrogen bonds to xanthine?CThis repositioning is

In the absence of this shift, both xanthine and hypoxanthine reinforced by coordinated motions of the entire hood domain.
would be bound very loosely in the active site. In particular, In Tritrichomonas foetusiGPRT, which also uses xanthine
the favorable interaction between xanthiné é@nd the efficiently, loop IV is similarly oriented, with Tyr156 ©
Asp206 peptide NH would be replaced by a repulsive (corresponds to Trp199; Figure 2) forming a water-mediated
interaction with the peptide oxygen atom. Conversely, were hydrogen bond with Aspl16318). Two facts suggest,
this shift to occur in HGPRdyp, guanine Nand the peptide  however, that the presence of a Trp or Tyr residue at this
NH would be too closely apposed. Second, in HGRRT position is not critical to xanthine use. First, human,
residues 208213 are positioned far from the active site Trypanosoma cruzandPlasmodium falciparurtlGPRT all
compared to those in the other two complexes; some of thehave phenylalanine at this position (and thus could not
C* atoms are displaced by more than 3 A. The closer position reposition loop IV in this manner), y&t falciparumHGPRT
adopted in HGPRilip and HGPR%kwp-pr-mg IS @accompanied  is able to use xanthine effectively. Second, the Trp199Phe
by a complete reversal of the Arg212 side chaif f@ves mutant of T. gondii HGPRT has robust xanthine PRTase
12 A) that places this side chain in the active site, poised to activity (42). Thus, proper positioning of loop IV by Trp199
interact with the pyrophosphate moiety of PRRP)( Third, may contribute to, but is not required for, xanthine PRTase
the C-terminalo-helix of T. gondii HGPRT is shifted, activity. Second, the plasticity of the hood domain’s hydro-
moving it 2.2 A closer to the active site in HGPR# and phobic core allows the 1le200 peptide oxygen atom to back
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Né

11
1200 bl W199

N away, by 0.1-0.2 A, from xanthine @ thereby mitigating

an unfavorable electrostatic interaction between these two
atoms. The motion of [le200 is accompanied by a rotation
of xanthine (and hypoxanthine), relative to guanine;ta¢°
away from the 11e200 and Asp206 peptide oxygen atoms.

A previously proposed mechanism for xanthine use is not
operative inT. gondiiHGPRT. It was proposed far. foetus
HGPRT that Tyr156 @could form adirect hydrogen bond
with xanthine @ (13). We find no support for such a direct
role of N¢ of Trpl99 in T. gondii HGPRT, which is
positioned more than 3.3 A from xanthine2.(Rather, it
appears that the aromatic side chain heteroatom hydrogen
bonds either through a bridging water molecule or directly
to the main chain of Asp206, and thereby helps to place loop
IV at the suitable position for guanine versus hypoxanthine
or xanthine binding.

Purine Recognition by Human HGPRMN.the absence of
crystal structures of human HGPRT bound to xanthine or
XMP, it is difficult to conclude unequivocally why this
enzyme converts xanthine to product so poody)( The
coordination of GMP by human HGPRT resembles that seen
in T. gondiiHGPRTewvp (10, 12). In addition, the parallelism

V201

T154

Core

D150 k

(‘_'\L/,- El46
/)

Hood 1200 J' W199 Klg

1

7T ) " | |
V20 Py’ | /A }‘A\ o T151 of purine coordination in HGPRyr and HGPR%wp—pr-mg
- suggests that human HGPRT, which uses hypoxanthine one-
> 143 llh third as efficiently as guanine, should be able to use xanthine
7o § 8 far better than it does. Our current working hypothesis is

that it is the shifting of the residues in loop IV, particularly
the main chain of residues 26208 (residues 191195 in
human HGPRT), that allows the correct placement of
hydrogen bonding partners for the xanthiné W@rsus the
guanine N atoms (Figure 4). The required shifts are
presumably unfavorable in human HGPRT. We know from
our own mutagenesis work that the level of xanthine use by
T. gondiiHGPRT can be dramatically reduced, to a level
comparable to that of human HGPRT, by the substitution of
residues 199220 with the corresponding human HGPRT
amino acids42). Clearly, these 22 amino acids in the hood
domain hinder adoption of a geometry that allows efficient
xanthine use, in both human HGPRT and durgondii-
human chimera4?). We believe that the detailed packing
arrangement of the hydrophobic residues in this region
dictates whether the appropriate geometry is easily accessible.

Conformational Changes upon Nucleotide Binding

Purine Binding Siteln the apoenzyme, the purine binding
pocket is significantly more open than in the nucleotide
complexes (Figure 5)53-Strand 9, which bears Trp199 and
lle200, is shifted by~2 A away from the active site, toward
the hood domain. This shift moves lle200 out of the correct
Ficure 3: Nucleotide interactions in tHE. gondiiHGPRT active position for making a hydrogen bond to the purinkedtbm.
site. (Top) HGPRE&we. The protein is shown in aiBsons (41) Furthermore, Trp199 adopts a variety of open conformations
representation (green). The hood and core domains are at the togp, HGPRTy, (temperature factors of 5680 A?) not

left and bottom right, respectively; loop IV is at the left. The : : A :
nucleotide is colored by atom type (carbon, silver; nitrogen, blue; conducive to purine bindingl@). In the nucleotide com-

oxygen, red; and phosphorus, yellow-green). Water molecules arePlexes, by contrast, the side chain torsion angfeand y?
represented by red spheres, and hydrogen bonds are shown as goldf Trp199 are 180and—90°, respectively, which place the
cones. Some water molecules and hydrogen bonds have beefindole ring directly above the purine ring, at a separation of
omitted for clarity. The omit map electron density for the nucleotide 5 3 A | HGPRT,,0 compared to the nucleotide complexes,

is shown as a lavender net. (Middle) HGRRS (Bottom) . . .
HGPRTxwp_pr mg (17). The electron density is a simulated B-strand 6, which bears 1le148, is shifted tyl A toward

anneaﬁng omit map. The pyrophosphate jion and tW(?‘*Mgns the 5-ph05phate blndlng pOCket (lOOp ”l) This shift weakens
(black spheres) are also shown. the van der Waals interactions between lle148 and the
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Ficure 4: Stereoview of the HGPRup, HGPR Txvp-pr-mg, and human HGPRTGMP active sites. The view is from loop Il (foreground)
toward loop IV (background)l. gondiiHGPRTxmp—pr-mg IS Shown as color-coded atoms (carbon, sea green), whergasdiiHGPRTove

and human HGPRTGMP (10) are cyan and golden-brown, respectively. The key hydrogen bonds that distinguish the XMP complex from
the GMP complexes, which connect xanthiné @nd Asp206 N (XMP), or guanine?Nand Asp206 (Asp193) O (GMP), are shown as
lavender balls.

underside of the purine ring. Thus, the purine ring “clamp” A Fifth Active Site Loop

formed by lle148 and Trpl199 is open in the apoenzyme, _ ) )
whereas it is closed in the nucleotide complexes (Figure 5). Previous HGPRT structural studies have established the

presence of four active site loops (Figure 1): loop | (residues
78—83inT. gondiiHGPRT), which bears a cis peptide bond
and plays a key role in binding pyrophosphate; loop Il
(residues 114134), the flexible loop which closes over the

5'-Phosphate Binding Sitén the nucleotide complexes,
the B-phosphate groups of GMP, IMP, and XMP are located
in a tight pocket formed by loop Il (Aspl150Thrl54),

s i 5
which is well-ordered (temperature factors of-20 A?). active site during catalysis; loop Il (residues 15[54),

The location of the phosphate group, and the conformation which becomes ordered upon binding theBosphate group

of the loop Il residues with which it interacts, are essentially of PRPP and nucleotides; and loop IV (residues-20P6)
identical in the three structures (Figure 3). The three terminql which bears the essentiafl‘%’l@ligand, Asp206 12, 15, 17)_’
phosphate oxygen atoms are hydrogen bonded to the peptidgye have found another, previously unrecognized active site
NHs of loop IlI, as well as to Thr151 and Thr154{@toms) loop in HGPRT, loop 111 (residues 186184).

and several water molecules. In stark contrast, loop Ill is

i i 2
_mostly disordered, with temperature factors of-800 A, B-strands 7 and 8, above and behind loop IlI (Figure 1). Loop
in the apoenzymelg). s . .
] ) ) lll" is completely disordered in the HGPRT apoenzy.(

Three motions of loop Ill and the surrounding residues |4 several subunits of the nucleotide complexes, however,
occur upon binding phosphate (Figure 5). First, Vall49 these residueare ordered (Figure 6). This ordering places
(p-strand 6) and Asp150 shift by 1.0 and 1.6 A, respectively, conserved Arg182 (Figure 2) into the active site, where its
away from the phosphate, towggdstrand 7. Second, l00p  guanidinium group is sandwiched between the carboxylates
Il residues Thrl51 and G|y152 also shift away from the of conserved residues Asp15o and Asp]_g? (Figure 6) In
phosphate, by 2.3 and 1.7 A, respectively. Finally, the the HGPRyp_pp g Structure, which was determined with
N-terminus of helix G unravels slightly, thereby shifting a T. gondiiHGPRT mutant in which Asp150 was mutated
Thr154 1.9 A toward the phosphate. The shift of the helix to alanine, loop Il is not ordered, and Arg182 does not
G residues decreases as the distance to the phosphate bindingteract with Ala150 and Asp197.7). Loop III' is ordered,
site increases (e.g., Arg161, two turns of helix away, shifts however, in several other HGPRT ternary complexi, (
only by 0.65 A). The motion of the apoenzyme upon binding including that of T. gondiiHGPRT with bound PRPP and
ribose 3-phosphate does not alter the overall width of the 9-deazaguanine at 1.05 A resolutiét8)(. We note also that
phosphate binding pocket; the*Gtoms of Aspl50 and  P. falciparumHGPRT, the only HGPRT that lacks a basic
Thr154 are separated by 8.8 A in the apoenzyme and 8.9 Aamino acid corresponding to Arg182 (Figure 2), has a much
in the nucleotide complexes. Rather, these shifts occur in alower specific activity thanT. gondiiHGPRT, despite the
coordinated fashion such that the loop assumes a suitablehigh degree of overall homology between the two enzymes.
position for receiving the phosphate without distorting its The role that loop Ill plays in the catalytic mechanism of
connection to the rest of the nucleotide. HGPRT is discussed in the following articl&7.

Loop IlI' lies on the surface of the enzyme between



14492 Biochemistry, Vol. 38, No. 44, 1999 Héroux et al.

HGPRT,yp

VAR .
W HGPRT 5y |

\

Ficure 6: Loop III' binds the hood and core domains together in
the upper active site. In HGPR{, (rose), loop Il is disordered.

In the nucleotide complexes (HGPR# shown here, magenta),
loop 1I" becomes ordered, thereby placing Arg182 between Asp150
(core domain) and Asp197 (hood domain). The electron density
map for these residues is shown as a n&, (2 F, 1o).

Ficure 5: Conformational changes that occur upon nucleotide
binding toT. gondiiHGPRT. (Top) The hood domain (top left) of
HGPRTyp, (rose) rotates and closes down upon the core domain
(bottom right). Trp199 in the apoenzyme adopts a variety of
positions, unlike its ordered position closely apposed to IMP as
found in HGPRTyp (blue). In the apoenzyme, 1le148 and Trp199
are separated. In HGPRsF, these two residues clamp around the
purine base. (Bottom) Active site loop Ill becomes ordered, and it Figure 7: Leu78-Lys79 peptide bond in loop | of th&. gondii
anda-helix G shift (arrow) upon nucleotide binding to cradle the HGPRT active site adopting one of two conformations. The peptide
5'-phosphate group. bond is trans in HGPRJwe (green), whereas it is cis in

; HGPRTxvp-pr-mg (r0se). The simulated annealing omit map
Two Isomers of the Leu?8.ys79 Peptide Bond electron density for the main chain atoms of residues8&® is

Like the human HGPRT GMP and IMP complexd®),( shown as a net (blue-green and pink, respectively). The peptide

; . nitrogen of Lys79 shifts by 3.8 A upon isomerization (arrow),
11), in both T. gondii HGPRTewe and HGPRo (16), thereby adopting a position from which it (and the peptide NH of

the peptide bond between Leu78 and Lys79 (active site 100p gjyg0) can hydrogen bond (gold cones) to the pyrophosphate ion.
[) is in the trans configuration. In HGPR#& and Note that the side chain of Lys79 in the trans structure occupies
HGPRTxvr-rr—mg, hOwever, this peptide bond is cis (Figure the pyrophosphate binding site.

7). The cis geometry is also found in the structures of human
HGPRT (ternary complexi?), T. cruziHGPRT (4, 15),

T. foetusHGPRT (3), andE. coli XGPRT @4, 45). The

cis peptide bond NH makes an important hydrogen bond to . . ; )
the pyrophosphate moiety in all of these structures; the cis annealing omit electron density maps were quite clear (be;fore
geometry positions Gly80 to hydrogen bond to the pyro- loop | was added to the models; Figure 7), 'and Fhe refined
phosphate as well. These interactions are not possible wherjfémperature factors for the Leu78ys79 dipeptide are
the Leu78-Lys79 peptide bond is in the trans configuration. comparable to those of the rest of the protein, in both the
Indeed, when the peptide is trans the polypeptide chain€is HGPRTwe and HGPRwp-pr-mg and the trans HG-
blocks the binding of PRPP or pyrophosphate. Therefore, it PRTewe Structures. Examination of the temperature factors
is significant that this peptide bond adopts either the cis or for the HGPRTp, and human HGPRFGMP structures
trans configuration, depending on which HGPRT crystal suggests that these structures are also built correctly in the
structure is examined. loop | region.

rans

We excluded the possibility of an incorrect interpretation
of the electron density maps in this region. Simulated-
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We considered whether the presence of a cis or trans
peptide bond in HGPRT was a consequence of the pH of
crystallization. Although human and protozoal HGPRTSs have
been crystallized over a wide pH range #&5), there is
no correlation between the pH of crystal growth and the
geometric status of this peptide bond. For example, HG-
PRTapo and HGPREwp (crystals grown at pH 8.45 and 5:0
6.0, respectively) both possess the trans geometry, whereas
HGPRTve and HGPRkvr-pr-mg (Crystals grown at pH 8.5)
both possess the cis geometry.

The possibility that our crystals @f. gondiiHGPRT [and
those of theT. gondii HGPRT apoenzymelf) and the
human HGPRT nucleotide complexel)(11)] may have
arisen by the differential crystallization of two non-inter-
converting populations of the enzyme differing in the
geometry of this peptide bond was also considered. We

discounted this possibility for several reasons. First, our \orm B
enzyme is highly active, and different preparations have Ficure 8: Active site loop Il exchanges between subunits in
equivalent specific activities. (Note that the trans isomer must HGPRTgup. Loop I of subunit A (green) becomes ordered and

be enzymatically inactive for the reasons discussed above_)extends into the active site of subunit B (lavender). Loop Il of

subunit B is engaged in a reciprocal exchange. GMP is shown in

So, if there are two populations, with trans inactive, they i active sites.

must be produced in equal amounts in the different prepara-
tions, and must copurify. Furthermore, extensive studies of inieractions. The straigh-hairpin conformation observed
native and recombinant human HGPRT have been performedhere is distinct from the begi-hairpin structure adopted by
in many different laboratories. Nonetheless, there has beenggp || in the ternary complex structure$ 15, 43).

no indication that two forms of this HGPRT exist, one of
which is inactive. In particular, HGPRT is stabilized against o
heat-induced denaturation in the presence of PRBPOnly

the cis form should be so stabilized, as the trans form of the

enzyme could not bind PRPRZ 15, 17). To the best of catalysis. There is a crystal lattice contact in this region that
our knowledge, however, heat treatment of (apparently) may affect the ordering of loop Il. And, although loop Il is

homogeneous HGPRT has never increased the specificy,qaq it does not completely shelter the active site, as it

activity of the enzyme. Second, our recombinant enzyme hasdoes in the ternary complex structure,(15, 43). It is
the expected specific act.ivity, b.Oth n comparisor,] with othe_r extraordinary, however, that Ioopdanclose, in this alternate
HGPRTs anq_ In comparison with anothc_er group s.recomb|- manner, for in doing so it prevents loop Il of the adjacent
nantT. gondii H,GPRT’ which was purn_‘led in a different subunit from closing productively over its own active site.
manner 19). Third, the same preparation of enzyme has
produced both types (cis and trans) of crystals. ACKNOWLEDGMENT

Therefore, we conclude that the Leu7Bys79 peptide L
bond of T. gondii HGPRT can adopt either the cis or the _ Y€ thank Dr. Geetha Vasanthakumar for providing the

trans configuration, and that the particular peptide bond |- 90ndii HGPRT cDNA and the overexpression vector,

geometry is not an artifact of either the protein preparation SapPrina van Ginkel for initial overexpression experiments,
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providing coordinates of the human HGPRIMP complex.
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the HGPRTwe and HGPRkwr-pr-mg Structures, but was  not contribute directly to the work presented here, it provided
ordered for three out of four subunits in the HGRig#F much of the important groundwork that made these studies
structure. In particular, loops Il of subunits A and B are possible. We especially thank Dr. James R. Piper for his
closed over each other’s active sites (Figure 8). The loops, unflagging support of protein crystallography at Southern
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This alternative conformation is another way for flexible
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