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ABSTRACT. Protozoa depend on purine salvage for nucleic acid synthesis. An abundant salvage enzyme
in Crithidia fasciculatais the inosine-uridine nucleoside hydrolase (IU-nucleoside hydrolase). The enzyme
was cloned by polymerase chain reaction techniques using primers corresponding to the amino acid
sequences of tryptic fragments and to the miniexo8.dasciculata The full-length cDNA was expressed

in Escherichia coliand the protein purified te-99% homogeneity. The open reading frame encodes a
protein of 315 amino acids. Enzyme purified frdin fasciculatawas missing the N-terminal Met and

gave a major mass peak of 34 194 amu by mass spectrometry. Predicted mass from the DNA sequence
for the Met-processed enzyme was 34 196. A pET3d-IUNH construct expresgedcoli introduced

MetAla instead of MetPro at the N-terminus. Enzyme purified from this construct also had a processed
N-terminus and gave predicted and observed masses of 34 168 and 34 170 amu, respectively. The amino
acid sequence for IU-nucleoside hydrolase has no close relatives among the known proteins. A cDNA
clone of unknown function frorheishmania majoshows near identity in the N-terminal deduced amino
acid sequence. Open reading frames near 1 and 47 min dg. #@i chromosome and from two yeast
genomes encode for proteins of similar size with substantial amino acid identity. Mutation of His241Ala
caused a 2100-fold loss ik for inosine but a 2.8-fold increase ik with p-nitrophenyl 5-p-
ribofuranoside, establishing the location of the catalytic site and implicating His241 as a proton donor for
leaving group activation. IU-nucleoside hydrolase fr@mfasciculataand the protein expressed

coli were crystallized and diffract to 2.5 and 2.1 A resolution, respectively. Both belong @2iBe2
orthorhombic space group with unit cell parametars 63.5 A,b = 131.9 A,c = 90.1 A, anda. = 8

=y = 90°. Two subunits of the tetrameric enzyme are present in the asymmetric unit. The following
paper reports the X-ray crystal structure for this enzyme.

Trypanosomes are protozoan parasites that are the causribose and the associated base. The enzyme is a homotet-
ative agents of several epidemiologically significant afflic- ramer of 34 kDa subunits and exhibits no known allosteric
tions including Chagas disease and sleeping sickness. Theroperties (Parkin et al., 1991). Extracts from a variety of
protozoan parasites are deficient de nao synthesis of protozoan parasites indicate the presence of several nucleo-
purines and therefore rely on salvage pathways. Nucleosideside hydrolases with differing substrate specificities.Cln
hydrolases have been implicated in the salvage pathway offasciculata a second enzyme is present which is highly active
purine nucleosides in the trypanosor@eithidia fasciculata with guanosine and inosine but is nearly inert with pyrimidine
(Parkin et al., 1991; Estupdn & Schramm, 1994). This  nucleosides and adenosine (Gl-nucleoside hydrolase; Estu-
organism provides a convenient source of trypanosomal pifian & Schramm, 1994). Three nucleoside hydrolases have
enzymes, since it does not infect mammals but has a GC-been reported fromLeishmania doneani (Koszalka &
rich genome which is similar in base composition to Krenitsky, 1979), and four have been reported frompa-
TrypanosomandLeishmaniaspecies (Alonso et al., 1992). nosoma cruz{Miller et al., 1984). None of these catalytic
The most abundant nucleoside hydrolaseCinfasciculata activities have been identified in mammals, suggesting that
prefers inosine and uridine as substrates (IU-nucleosidethe nucleoside hydrolases play specific roles in the protozoa
hydrolase) but catalyzes the hydrolysis of all of the and may be reasonable targets for antibiotic design (Horen-
commonly occurring purine and pyrimidine nucleosides into stein & Schramm, 1993b). Structural and metabolic studies
on these enzymes have suffered from the lack of genetic
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The chemical mechanism and transition state structure for Isolation of the cDNA and Genomic DNA for IU-
IU-nucleoside hydrolase have been determined by kinetic Nucleoside HydrolasePoly(A) mRNA was isolated from
isotope effect measurements and shown to proceed througlextracts ofC. fasciculataon an oligo(dT) column (Invit-
an oxycarbonium-like transition state (Horenstein et al., rogen). The mRNA was reverse transcribed into cDNA by
1991). Analogues which resemble the transition state in reverse transcriptase (Boeringher Mannheim, Maloney mu-
charge and geometry are powerful inhibitors of the enzyme rine leukemia virus) and using randomly generated hexameric
(Horenstein & Schramm, 1993a,b; Boutellier et al., 1994; oligonucleotides (Perkin-Elmer). This cDNA was used as
Horenstein et al., 1993). The amino acids which stabilize a template for further PCR selection usifigqpolymerase
the transition state and form favorable contacts with tight- (Perkin-Elmer). The Bregion was cloned by PCR ampli-
binding inhibitors of the enzyme can best be examined by fication using the synthetic sense primer@CTATATAAG-
determination of its three-dimensional structure. This could TATCAGTTTCTGTAC-3) for the miniexon-derived se-
provide useful information to explain the catalytic mechanism quence common to alC. fasciculatamRNA (Muhich et
and the tight binding of transition state inhibitors and to assist al., 1987) and the codon-biased antisense primér (5
in the design of antitrypanosomal antibiotics. This work CGTCCACCTTGTTCTTGAACTC-3 for the internal pep-
reports the cloning of IU-nucleoside hydrolase, determination tide EFKNKVDE. The 3-region was cloned using the sense
of its primary amino acid sequence, its expressioB.inoli, primer (B-CTTCATGTTGGAGATCATGGAC-3) to an
a purification protocol for the recombinant enzyme, crystal- internal peptide sequence (FMLEIMDY) and a 16-mer oligo-
lization of the enzyme, and a site-directed mutant which (dT) against the poly(A) tail. The PCR products were ligated
identifies the catalytic site. into the TA vector (Invitrogen) and sequenced (Sequenase

2.0, USB). Fragments of 450 and 900 bp were obtained for
METHODS the 8- and 3-regions, respectively. Primers-BAAAC-

Initial Rate and Alternatie Substrate Studied-dydrolysis CATGGCGAAGAAGATCATCCTC-3 and 3-GAATTCGG-
of inosine to hypoxanthine and ribose was monitored by the GATCCTGTTACTG-3 were based on the nucleotide se-
release of reducing sugar or by continuous recording of quence of the 5 and 3-regions and were designed to
optical absorbance at 280 nm (Parkin et al., 1991). Hy- incorporateNcd andBanH]I sites, respectively. These were
drolysis of p-nitrophenyl -b-ribofuranoside (nitrophenyl  used to amplify the full-length gene by PCR using genomic
riboside) was followed by release of tipenitrophenylate DNA from C. fasciculataas template. The dsDNA was
ion at 400 nm, in the indicated buffer (Mazzella et al., 1996). ligated into the pET-3d vector (Novagen Inc.) to give the
The extinction coefficient for thp-nitrophenylate ion under  pET3d-IUNH construct. Both DNA strands were sequenced
specific conditions was determined by the absorbance at 400using overlapping primers.
nm following complete conversion to products. Site-Directed Mutagenesis of His241Ala in IU-Nucleoside

Peptide Isolation and SequencinglJ-nucleoside hydro-  Hydrolase. Primers spanning position 241 were designed
lase was purified fronC. fasciculata(Parkin et al., 1991) in both sense and antisense directions with modifications for
and digested with.-1-(tosylamido)-2-phenylethyl chloro- the codon of His241 (CAC) to Ala (GCC). Two additional
methyl ketone-treated trypsin or cyanogen bromide. Peptideprimers were synthesized corresponding to the unique
fragments were isolated by reverse-phase HPLC, eluting withrestriction sitesSadl and BarnHI located 300 bp upstream
a gradient of acetonitrile in 0.1% trifluoroacetic acid. Amino and 230 bp downstream, respectively, from the mutation site.
acid sequences were obtained by automated Edman gas-phage PCR reaction with the Pwo DNA polymerase (Boehringer
sequencing from the intact protein (N-terminal sequence) andMannheim) generated an upstream region from the pET3d-
from several internal peptides. The amino acid sequencelUNH dsDNA plasmid using the sen§adl site primer with
obtained from the N-terminus was PKKIILDxDPGLD- the antisense His241Ala mutation, and a downstream region
DAVAILLAHGNPEIELLAITTGVGNQTLAKVTLN- using the antisense primer containin@anH| site and the
VQL. Tryptic and cyanogen bromide-derived peptides gave sense His241Ala primer. The PCR products were purified
the following amino acid sequences which were of variable from a 1% agarose gel using the Qiaquick gel extraction kit
quality: FMTAGYIAGSGMGTVAYPAGFKK, GTVAY- (QIAGEN Inc., Chatsworth, CA) and used as template in a

PAEFKNKVDERHAVN, VREPKTITLVPRYGLTNIA, second series of PCR with ti8adl and BanH] site primers.
VGLDLTHQALATPNILQRVK, AARLEPRIVDRVKEYV, The resultant PCR product was ligated into the pET3d-IUNH
TAGHIHGESGT, and GYYTKIYQSNRYT. construct and sequenced to verify the mutation. The mutated

DNA Primers. The N-terminus and an internal amino acid plasmid was transformed into BL21(DE3)pLysES coli
sequence were reverse transcribed into DNA sequences, andells (Novagen Inc., Madison, WI) for protein expression.
PCR primers were designed using the codon bias reportedProtein was purified using the protocol described for the
for C. fasciculata(Alonso et al., 1992). PCR reactions using recombinant enzyme. The mutant protein was detected by
the sequences BACCCGGGCCTGGACGACGCGGTG-  size on SDSPAGE gels. The purified protein was further
GCG-3 for a primer in the N-terminal region (DPGLD- characterized by electrospray ionization mass spectrometry.
DAVA) and 5-CTGGTA(G,A)ATCTT(C,G)GTGTAGTA- Purification of Recombinant IU-Nucleoside Hydrolase.
3 as an internal primer (YYTKIYQ) with genomic DNA  The 0.95 kb open reading frame for IU-nucleoside hydrolase
from C. fasciculataas template gave a PCR product of was cloned into the pET3d (Novagen) expression vector
approximately 650 base pairs. DNA sequencing indicated usingNcad and BanH]I restriction sites. This construct was
that this PCR product contained the coding region for the transformed into BL21(DE3)pLys S (Novagdn)colicells.
expected N-terminal region of the protein as well as several Cells were grown in LuriaBertani broth supplemented with
internal peptides which had been identified by direct 50ug/mL carbenicillin. Cell cultures were grown in shaken
sequencing. This segment was used to design oligonucle-flasks for 6-8 h at 30°C. The cells were harvested by
otide primers to isolate the gene from cDNA by PCR. centrifugation and resuspended in 20 mM Tris-HCI, pH 7.4,
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1 mM dithiothreitol, 1 mM ethylenediaminetetraacetic acid, -eo ttcteet goaggeaatecactgtegetatatatettaaaaaaaaaaaaaag
15 uM PMSF, 10ug/mL o-phenanthroline, 0.5% Nonidet *
P-40, and 50 mM NaCl. The cells were stored and ffOZEN | i sacaagatostomtomacioooncecoototonatoacacestarcastents 60

g tea g gg gatg gtggeg

at—70 °C. * * * ¥ * *

Frozen cells were thawed, warmed to room temperature, &L & B ¢ N ® B I B L L A I T T ¥ veue 2 s
and submitted to the French press or to three to five cycles + + + + + +
of sonication at 80% output (Branson, 600 W sonicator) for TLAKYVTRNAQLVYADTIR AGTITSG®

121 acg gt g g9 gecggeatt t 180

30 s with intermediate cooling cycles of 1 min. The cell +
lysate was centrifuged at 15 000 rpm for 40 min. Protamine v PIAARGGCDEXKPLOYVREKTEIMTASG GHEH

sulfate (10% solution in kD) was added slowly, with 181 gteoctattgotgceggety getagty toat 240
constant stirring to a final concentration of 1% w/v. After

+¢

I H G E 8 G M GTV A Y P AETFI KNIKUV

centrifugation, supernate was fractionated with (NBO,, 241 attcacggegagteggy gttgecta te aggtg 300
and the pellet precipitating between 45, and 55% saturation ) )
was dissolved in a minimum volume of 20 MM trEthaN0- 301 gacgagegecacacsutonncatantontogacottytontaagemncuageceaagacy 360
lamine, pH 7.8, containing 16M PMSF (the buffer) and * * *
dialyzed overnight at 4C against the buffer. The dialysate 't * =& e ancaagt gt oncaaac t contonct cgegt stanagecg 420
was applied to a FastQ anion-exchange chromatography + + + +
column (150 mL bed volume) equilibrated with the buffer RIVDRYKEYVLMGGGYHEGHN
and eluted with a 600 mL linear buffered gradient ef@5 P A A H oI
M NaCl. The fractions containing nucleoside hydrolase AT SV AEFNIIIDOPERAAEHETLIGYVTE
protein and activity were pooled and dialyzed overnight at 481 gegacgtetgttgecgaatteaacateattat gaageagegeacategtettt 540
4 °C against the buffer adjusted to pH 6.5. The dialysate
was applied to a RedA column (Amicon, 75 mL bed VOIUME)  se1 ascgagagetggeaggtoacsatagtaggeotagacstoacgeacoagyegotggosaca 600
equilibrated in the buffer at pH 6.5 and eluted with a pH * * * * *
gradient of the buffer from 6.5 to 8.5. The activity PEaK  ; fegecgattetomagogtytaaageasstagacacgancocaacgngettontattonag 660
was pooled, concentrated by ultrafiltration, rapidly frozen, * * * +
and stored at-70 °C. ooy LD Y Y TKITQSNRYMAMMMY
Crystallization StudiesPurified IU-nucleoside hydrolase -+ + + - +
proteins were crystallized by the hanging-drop vapor diffu- BDPCAVAYY IDPSYVYMTTERY
sion method. Protein at 250 mg/mlin 10 mM potassium - < g gy A gacga 9929 ogagEg 780
phosphate, 10 mM glycine, pH 7.3, or 20 mM triethanola- P VDIELTO G XTLTELGNMTVADTEFR
mine, pH 7.3, was diluted with equal volumes of poly- 78 ccagtagacategagetgac get atgacggrggetgattiesgt 640
(ethylene glycol) 4000 (614% wi/v) in 100 mM potassium W P RPEHGCEHT QU AUV EKLDEEKTE
citrate, pH 4.6, and placed on a silanized coverslip, inverted, s geccggageacty ggtggeggtgaagetygactt tte 900

and sealed over a reservoir containing 0.7 mL of the

undiluted poly(ethylene glycol) solution. Final drop SiZES  so1 sqgagettagtottagacseteotaoagogtatoogogacacomagtascaggatetegan 960

of 7 and 10uL were used. Crystals of both recombinant * i * * *

and cell-derived enzymes were relatively large, reaching a 02t gatteaategg gatggegteagt gac 1060

maximum size 0f 0.2< 1 x 1.8 mm in diamond or flat Ficure 1: Sequence of the cDNA encoding for the IU-nucleoside
trapezoid shapes. Crystals grown from recombinant IU- pyqrolase fromC. fasciculata The region—60 to 0 is 5 to the

nucleoside hydrolase were typically thicker, commonly-0.3 initiation Met codon which is numbered 1. The TAA stop codon is
0.4 mm in the smallest dimension. indicated by an asterisk, followed by the sequence which leads to

Initial X-ray Characterization. Native IU-nucleoside the poly(A) tail of the mRNA.
hydrolase crystals typically diffracted to better than 2.5 A
while those obtained from recombinant enzyme diffracted
to greater than 2.1 A resolution. X-ray diffraction data sets
were collected from single crystals of both native and
recombinant enzyme on a Siemens X-1000 area detecto
coupled with a Rigaku RU-200 rotating anode X-ray genera-
tor. The wavelength used was the copper Kadiation
(1.5418 A) selected with a graphite monochromator. The
diffraction data were indexed and integrated using the
program XENGEN v2.1 (Howard et al., 1987). The space
group symmetry and unit cell dimensions were determined
using the program PRECESS, which is part of the PHASES
package (Furey & Swaminathan, 1990).

miniexon site and the initiation codon (Figure 1). Ampli-
fication of genomic DNA using primers from the cDNA gave
the same length DNA, confirming the lack of introns in this
gene. The stop codon is followed by approximately 500 bp
of untranslated nucleotides prior to the polyadenylate tail of
the mRNA. The coding region is 62.2% GC, compared to
the overall GC content of 64.9% in a sample of the eight
fasciculatagenes reported recently (Alonso et al., 1992).

Sequence comparison against the GenEMBL data base
revealed significant similarity in the deduced amino acid
sequences of several open reading frames with previously
unknown functions (Figure 2). The strongest is from a
Leishmania majocDNA clone which shows 82.7% identity
RESULTS AND DISCUSSION in the DNA sequence for the 120 base pairs at theosling

region of the cDNA. Translation of tHeeishmaniasequence

DNA Sequence of IU-Nucleoside Hydrolas€he open compared to the N-terminal amino acid sequence for [U-
reading frame for the cDNA of IU-nucleoside hydrolase nucleoside hydrolase froi@. fasciculataindicates that 36
spans 945 base pairs followed by a TAA stop codon with of the 40 amino acids are identical. Thus, this open reading
an untranslated region of approximately 200 bp between theframe establishes a homologue of @dthidia enzyme in



5966 Biochemistry, Vol. 35, No. 19, 1996 Gopaul et al.
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Ficure 2: Alignment of amino acid sequences from IU-nucleoside hydrolase to translated amino acid sequences from unidentified open
reading frames of DNA or cDNA. The Clustal method of DNASTAR was used with a stringency of 2.5 mutations/residue (PAM250) to
align similar sequences. Comparisons are given for [U-nucleoside hydrolad€/{l8H) with the open reading frames identified fragh
pombe(schz pombe), fromE. coli near thelsp-dapB intergenic region (Ed_spdap) and tha@fo-fruA intergenic region (EcoHU47), from

S. cereisiae (S_cerev), fromDesulfurolobus ambalenssequence, bps2 gene, accession X64202 (yibgam), and from a partial cDNA
sequence fronh. major (Lmajor-b). The boxed regions indicate amino acids with identity to the consensus sequence for this alignment.
The shaded areas above the sequences are gaps introduced into the amino acid sequence of IU-nucleoside hydiolaseifrolatato

maintain maximum sequence alignment.

Leishmania Significant similarities are also found in two catalytic site amino acid residues near the same regions of
open reading frames of unknown functionkn coli. The the deduced proteins and contain a His equivalent to His241
40 N-terminal amino acid sequence of IU-nucleoside hy- of IU-nucleoside hydrolase (Degano et al., 1996). This
drolase was also used as a search strategy since many of theesidue is proposed to be the proton donor for the leaving
ionizable amino acids in the proposed catalytic site are group in the hydrolysis of inosine (see below).

composed of these sequences (Degano et al., 1996). An open These results and previous reports of enzyme activity
reading frame located at 47 min on tBecoli chromosome assays establish that the purine nucleoside N-ribohydrolase
in the nfo-fruA intergenic region encodes a protein of 33.7 enzymes are well represented among the protozoa and yeast
kDa, which has identity in 28 of the first 40 amino acids, and in the bacteria. A chemically related reaction is
including all of the ionizable groups proposed at the catalytic catalyzed by the prokaryotic AMP nucleosidase which
site. A second sequence, located inigpdapB intergenic hydrolyzes the N-ribosidic bond of AMP (Leung et al., 1989).
region near min 1 of th&. coli chromosome, encodes for a This nucleotideN-ribohydrolase resides at 43.3 min of the
protein of 32.6 kDa and shows 23 of the first 40 as identical E. coli chromosome (Leung & Schramm, 1984), and

amino acids near the N-terminus (Figure 2). catalyzes the reaction:
Two yeast genome open reading frames also show _ _
similarity to the 1U-nucleoside hydrolase (Figure 2). Data AMP + H,0 — adeninet ribose 5-phosphate

from the GenEMBL data repository indicate a conserved

sequence of 310 amino acids with 37.1% identity from There is no significant amino acid homology between [U-
Schizosaccharomyces pombéentified by automatic se- nucleoside hydrolase fron€. fasciculataand the AMP
quencing of chromosome Il in a cosmid library, accession nucleosidase fronE. coli, despite the similarity in the
number U33010. A second sequence with significant chemical reactions. It is significant that no homologues of
homology has been identified Baccharomyces cerisiae, either enzyme are found in mammalian protein sequences,
also from systematic sequencing of the yeast genome. Thisconsistent with the proposal that nucleoside and nucleotide
sequence spans 257 amino acids and is 32.3% identical ta\-ribohydrolases are absent in mammalian pathways of
IU-nucleoside hydrolase. It resides on the right arm of purine metabolism and salvage.

chromosome IV, accession number U32274. Significantly, Expression and Purification of Recombinant Nucleoside
all of these open reading frames place the presumptiveHydrolase. E. colcells transformed with the pET3d-lUNH
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BamHI

IU-Nucleoside hydrolase |
Amp. r

pET3d-IUNH
(5553 bp)

T7 Pro

M A K X D P Q ¥
Vector TU-NH ORF
50 CATG

3' CTTCCTC

Vector
GACCCCCAGTAACAGGATCCGGCTGE 3°

CGCTTCTTC CT
Ncol

Ficure 3: Plasmid for expression of lU-nucleoside hydrolase from
C. fasciculataThe coding region is contained within tBanH|—

Ncd restriction fragment, placed in the homologous sites in pET3d.
The base sequences surrounding Meol and BanHI sites are
shown. The open reading frame from the cDNA of native
IU-nucleoside hydrolase is provided in Figure 1. In the expression
vector, an Ala was introduced at the second codon to permit
construction of theNcd site. A BanHI site was introduced near
the native stop codon (TAA).

TCATTGTCCTAGGCCGACG 5°
BamHI

Table 1: Purification of Recombinant IU-Nucleoside Hydrolase
from C. fasciculata Expressed irE. coli

activity  protein  specific activity
step (umol/min)  (mg) (mol min"*mg?) vyield
protamine sulfate 6970 1050 6.7 1.0
ammonium sulfate 4710 630 7.5 0.68
FastQ 2470 64 39 0.35
RedA 2440 32 76 0.35

@ Ten grams of frozen cells was lysed in a French pressure cell and

treated with a solution of 10% protamine sulfate to give a final
concentration of 1%.

construct (Figure 3) and grown at 3C expressed-510%

of the total soluble protein as IU-nucleoside hydrolase.
Purification was simplified from that required for the enzyme
from C. fasciculatawhere it represents approximately 0.1%
of total soluble protein (Parkin et al., 1991). The improved
protocol, summarized in Table 1, gave high purity enzyme
in 35% yield (Figure 4) . N-Terminal amino acid sequencing
of the purified protein gave the sequence AKKIILDCD-
PGLDD which corresponded to the change in codon 2 from
Pro to Ala for the recombinant 1U-nucleoside hydrolase and
confirmed the DNA sequence beyond the primer region. Gel
filtration chromatography indicated that the protein eluted
as a tetramer withM, 142 000, consistent with the

Biochemistry, Vol. 35, No. 19, 1996967

1

2 3 4

Ficure 4: Expression of IU-nucleoside hydrolaselncoli. Lane

4 contains the molecular weight markers: phosphonttagé6 000;
bovine serum albumin, 80 000; ovalbumin, 47 500; carbonic
anhydrase, 32 500; soybean trypsin inhibitor 27 500; and lysozyme,
18 500 M, respectively. Lane 3 contains extracts of the parental
E. coli strain BL21(DE3) pLys S cells carrying the pET3d vector
without an insert. Lane 2 is an extract from the same strain
transformed with the plasmid containing the coding region for 1U-
nucleoside hydrolase. Lane 1 contains recombinant, purified 1U-
nucleoside hydrolase. Samples were denatured in 1% sodium
dodecyl sulfate containing mercaptoethanol and run on SDS-
denaturing polyacrylamide gels. Proteins are stained with Com-
massie brilliant blue.

region (Figure 1) provides reliable information for the
protein.

Crystallization of Natie and Recombinant IU-Nucleoside
Hydrolases. lU-nucleoside hydrolase was crystallized using
the hanging-drop vapor diffusion method in a variety of
precipitant solutions. However, only the crystals grown from
potassium citrate and poly(ethylene glycol) of 4000 average
molecular weight were of good quality for high-resolution
structural studies. The crystals of IU-nucleoside hydrolase
purified from the trypanosome generally grew in thin plates,
while those obtained from the recombinant enzyme were
thicker and diffracted to slightly higher resolution. Crystals
from native and recombinant protein are isomorphous and
belong to the orthorombic crystal system. The unit cell
dimensions ara=63.5A,b=131.9A,c=90.1A a =
90°, f = 90°, andy = 90°. A nonreduced X-ray diffraction
data set was used to generate pseudoprecession photographs
which were evaluated to establish the space group. Only
the reflections with indiceb = 2n were observed along the
a* direction; similarly, only the reflections with indicds—=

tetrameric structure proposed earlier for this enzyme (Parkin o, \vere observed along the direction. These observations
et al.,, 1991). Further characterization was carried out by suggested the presence of a 2-fold screw axis symmetry along

mass spectrometry, which gave a subluit= 34 170+ 4

both the crystallographi@ and b axes. No systematic

compared to the expected value of 34 168 for the N-terminal gpsences were detected along¢hdirection. On the basis

Met-processed recombinant enzyme. Mjof 34 194+ 4
was determined for IU-nucleoside hydrolase isolated from
C. fasciculatawhich corresponded to the expectist] of

of these observations, the space group was determined as
being P2,2,2. For this preliminary characterization of the
crystals, the data set was 92% complete to 2.7 A resolution

34 196 for the N-terminal Met-processed enzyme as deducedand had aR-factor of 7.8% for symmetrically equivalent

from the cDNA sequence (Figure 5). The close cor-

reflections.

respondence of observed and expected molecular weights The unit cell volume is 754 353 3 and since there are

for native and recombinant IU-nucleoside hydrolase and

four equivalent positions in this space group, the asymmetric

alignment of all peptide sequences indicate that the codingunit volume is 188 634 A Assuming two monomeric
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34,170 inosine and nitrophenyl riboside is slightly greater with the
| recombinant enzyme than for the native. This may reflect
the simplified purification procedure used for the recombi-
| nant enzyme, leading to a higher specific activity. e
values with inosine as substrate are similar for the native
and recombinant enzymes. When nitrophenyl riboside
34,194 (Mazzella et al., 1996) was used as substrateKthebtained
for recombinant enzyme is 2-fold less than for the native
enzyme. These data indicate that Pro2Ala causes relatively
minor changes in the catalytic properties of recombinant IU-
nucleoside hydrolase.

Under standard assay conditions with inosine as substrate,
‘ the enzyme with His241Ala was inactive. At elevated
enzyme concentration, the His241Ala mutant catalyzed
’ t inosine hydrolysis with & 0f 0.021 s*, a decrease of 2100-
fold compared to the recombinant enzyme (Table 2). The
\ Km value was elevated by a factor of 3.5-fold, indicating
) \ﬁ that the affinity for substrate is only modestly altered and

/ \J N L that the effect of the mutation is primarily on the catalytic
A r TN
\ I

34,104

o turnover number. This result is consistent with the pH profile
s " e 1 w2 ma a0 " T _of the native enzyme which estabhshe_d _tha_t substrate binding
is nearly independent of the enzymatic ionizable grolis (
independent of pH) but théig,;and the binding of a transition

Ficure 5: Electrospray mass spectrometry of native, recombinant, iR ; ;

and His241Ala IU-nucleoside hydrolases. Samples of approximately sta(’;e inhibitor required a pr_o;oanonor W';hlﬁf;eir. 9;

1 mg/mL of the purified enzymes were mixed with equal volumes 2nd @ proton acceptor with aKp near 7.1 (Parkin

of 50% acetonitrile-H,0 in 0.1% trifluoroacetic acid, acidified with ~ Schramm, 1995). On the basis of its location in the proposed

88% formic acid, and introduced at/d/min into an PE-Sciex  catalytic site (Degano et al., 1996), His241 is a candidate
API-3 electrospray triple-quadrapole mass spectrometer typically for the group of K, 9.1 which protonates the hypoxanthine

run at 4000 V. The mass calibration was adjusted prior to . : .
introduction of the samples using poly(propylene glyaoly = Ieavmg group, a step which occurs to cause transition state

1000-2400. Spectra from left to right were obtained with IU- formation (Horenstein et al., 1991). The transition state
nucleoside hydrolases purified fro@ fasciculata(major peak at structure derived from kinetic isotope effects proposed N7
34 194 amu), recombinant Pro2Ala enzyme purified frencoli protonation of hypoxanthine (Figure 7), but protonation at
(major peak at 34 170 amu), and Pro2Ala, His241Ala purified from gy peteroatom of the hypoxanthine would convert the purine

E. coli (major peak at 34 104). The lower mass peak in the enzyme b ¢ . d leavi If His241 lish
purified from C. fasciculatais 34 150 amu or 44 amu less than the 0@S€ 10 an improved leaving group. Is241 accomplishes

major peak. The mass peak ratio varied among different enzyme this role, a substrate with a better leaving group would be
preparations and is of unknown origin. expected to retain activity for the His241Ala enzyme.

subunits in the asymmetric unit, and a protein density of 1.23  Assay of His241Ala 1U-nucleoside hydrolase with nitro-
glem®, a Vy of 2.75 A¥Da (Matthews, 1968) and a 56% Phenyl riboside gave &, of 800 s compared to that of
solvent content in the unit cell are obtained. These values290 s* for the His241 recombinant enzyme. The nitrophe-
are in the typical range for protein crystals. These results Nyl riboside has been shown to be a good substrate for 1U-
are consistent with a situation where one of the tetrameric hucleoside hydrolase but a poor substrateNatbohydro-
enzyme’s molecular 2-fold axes is coincident with the space lases with more stringent substrate specificity or for purine
group’s pure 2-fold axis, the crystallographiaxis. nucleoside phosphorylase from calf spleen (Mazzella et al.,

Expression of His241Ala IU-Nucleoside Hydrolas®ite- 1996). Full activity of the mutant enzyme with nitrophenyl
directed mutagenesis of His241 was intended to establishriboside establishes that the His241Ala enzyme folds to the
the location of the catalytic site which was proposed from catalytically active conformation. The low catalytic activity
the nature of the protein surface in X-ray crystallographic of the mutant with inosine establishes that His241 plays a
studies (Degano et al., 1996) and the conservation of thissignificant role in hydrolysis of inosine but not for nitro-
residue in the presumed homologues of IU-nucleoside phenylriboside. The proposed role for the enzymatic-acid
hydrolase (Figure 2). The protein was expressed in the base pair is that the enzymatic proton dondf, 9.1 and
pET3d construct and purified to near homogeneity using the the enzymatic base,Ka 7.1, function to protonate the
method described in Table 1, but by following the protein hypoxanthine leaving group and to stabilize the developing
band corresponding to IU-nucleoside hydrolase on SDS gelcharge on the ribosyl oxycarbonium ion, respectively (Parkin
electrophoresis, since the His241Ala enzyme was inactive& Schramm, 1995). The pH profile for hydrolysis of
under standard assay conditions. nitrophenyl riboside by native |U-nucleoside hydrolase

Kinetic Characterization of Recombinant IU-Nucleoside established that neither group is required for hydrolysis of
Hydrolase and His241Ala Enzymélacement of a conve-  this substrate but that thekp 7.1 base provides a 3-fold
nient restriction site near the initiation codon required a catalytic rate enhancement (Mazzella et al., 1996). The loss
change of the second codon from a proline to an alanine. of the Ky 9.1 group from thek., profile with nitrophenyl
Kinetic studies were used to establish the catalytic propertiesriboside implicates this group as the proton donor for the
of the expressed and mutated enzymes compared to thateaving group, since protonation is not required to activate
isolated fromC. fasciculata(Table 2). Thek.y for both the nitrophenylate ion as a leaving group.

molecular weight, kd
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Table 2: Kinetic Properties of Native, Recombinant, and His241Ala IU-Nucleoside Hydtolase

inosine nitrophenyl riboside
enzyme Keat (S71) Km («M) Keal Km (M~1s71) Keat (S71) Km (uM) Keal Km (M~1s71)
native 31+ 2 128+ 30 25x 1¢° 220+ 10 110+ 10 2.0x 1¢°
recombinant 44+ 3 150+ 40 29x 1¢° 290+ 6 66+ 5 4.4x% 10°
His241Ala 0.0214 0.005 530+t 260 3.9x 10 800+ 20 840+ 70 9.5x 10°

aKinetic data for all of the enzymes were determined at pH 7.5 in 50 mM potassium phosphate and analyzed by fits to the -Mitdhaelis

equation (Cleland, 1979).

Ficure 6: Crystals of native and recombinant IU-nucleoside
hydrolase. In the left panel, lU-nucleoside hydrolase purified from
C. fasciculatawas crystallized using the conditions described in
the text. In the right panel, the purified recombinant enzyme was

crystallized in the same conditions. The largest crystal dimensions
are approximately 0.5 mm for both left and right panels.

Hispq
7 SN
N==
E o
e H
N x| leaving group
< | activation
NS -4.6 kcal/mol
N )
energy of ' N
activation OHO 5+;
17.7 kcal/mol N
ribosyl
activation
-13.1 kcal/mol
OH

\_ HO

FIGURE 7: Proposed role of His241 in protonating the hypoxanthine
leaving group at the transition state of IU-nucleoside hydrolase.
The protonation is proposed from pH studies (Parkin & Schramm,
1995) and the crystallographic results in the following paper. The

lization relative to that in solution can be estimated from
the expressiodAG* = —RTIn (catalyzed/uncatalyzed). For
native 1U-nucleoside hydrolase, this calculation indicates a
AAG* of 17.7 kcal mot! to be overcome by enzymatic
interactions to achieve the transition state. The interaction
of His241 with inosine at the transition state contributes a
rate enhancement of 2100-fold, which represems kcal/

mol of the energy for catalysis. The remaining3.1 kcal/
mol therefore comes from interactions which distort the
ribosyl toward the oxycarbonium ion transition state. The
AAG* for hydrolysis of nitrophenyl riboside by IU-nucleo-
side hydrolase can be estimated to be 13.7 kcalfah

the basis of the relative solvolytic and enzymatic rdt€he
p-nitrophenylate anion is a good leaving group which does
not require protonation. Contribution 6f13.1 kcal/mol
from the ribosyl-destabilizing interactions at the catalytic site
is sufficient to give rapid solvolysis of the nitrophenyl
riboside with or without interaction with His241. Although
His241 is necessary for efficient catalysis of inosine,
His241Alaincreases ki for solvolysis of nitrophenyl riboside
by a factor of 2.8 (Table 2). lon pairing of the protonated
His241 with the nitro group of the-nitrophenylate anion

or its bulk acting to block diffusion of thp-nitrophenylate
from the catalytic site could be responsible for a decreased
rate of product release and the observed decredgg With

this substrate.

These results permit an energetically consistent assignment
of the forces used to reach the transition state with native
IU-nucleoside hydrolase. The major contribution of ap-
proximately—13 kcal/mol is from distortion of the ribosyl
group to the oxycarbonium and charge stabilization of the
oxycarbonium ion. The groups responsible for this desta-
bilization appear to be a cluster of four aspartic acid residues
(Degano et al., 1996; following paper). Activation of the
hypoxanthine leaving group can be accomplished by interac-
tion (possibly protonation) with the acidic form of His241
and accounts for the remaining4.6 kcal/mol of activation
energy. These interactions are summarized in Figure 7.

Summary.lU-nucleoside hydrolase from the trypanosome

energetics are based on the relative substrate specificities on inosin€C, fasciculatais the first of the protozoan nucleoside

and nitrophenyl riboside (Mazzella et al., 1996).

Assays of His241Ala IU-nucleoside hydrolase were con-
ducted in variable concentrations of imidazole buffer, pH
7.0, to 0.5 M in attempts to restore catalytic activity with
inosine as substrate. No effect of imidazole was observed.
Thus, the His241Ala mutation does not permit catalytically
competent interaction of exogenous imidazole with the
catalytic site.

Energetics of Catalysis by Nag and His241Ala 1U-
Nucleoside Hydrolases.Catalytic rate enhancement by
purine N-ribohydrolases is estimated to be @02 relative
to solution solvolysis with the same conditions (DeWolf et
al., 1979). TheAAG* for enzymatic transition-state stabi-

hydrolases to be characterized by genetic and structural
means. Similar proteins appear to existln coli, yeast,
and other protozoa but are unknown in mammals. The
protein forms diffraction-quality crystals. The catalytic site
requires His241 for the efficient hydrolysis of inosine but
not for nitrophenyl riboside. The substrate specificity and
kinetic constants are consistent with His241 acting as a
proton donor to activate the hypoxanthine leaving group. Of

2 The rate of solvolysis for nitrophenyl riboside at pH 7 is 1®0s™*
compared to & 0f 239 s for IU-nucleoside hydrolase (Mazzella et
al., 1996). The enzymatic rate enhancement is therefose 80°,
corresponding to AAG for this substrate of 13.7 kcal/mol for catalysis
by IU-nucleoside hydrolase.
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the—17.7 kcal/mol contributed to transition state stabilization
by the enzyme,—4.6 kcal/mol is from interactions with
His241 and-13.1 kcal/mol is from enzymatic forces which
distort the ribosyl toward the oxycarbonium.
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