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ABSTRACT. To probe the catalytic mechanism of human purine nucleoside phosphorylase (PNP), 13 active-
site mutants were constructed and characterized by steady-state kinetics. In addition, microtiter plate
assays were developed for both the phosphorolytic and synthetic reactions and used to determine the
kinetic parameters of each mutant. Mutations in the purine binding site exhibited the largest effects on
enzymatic activity with the Asn243Ala mutant resulting in a 1000-fold decrease ik:.th®r inosine
phosphorolysis. This result in combination with the crystallographic location of the Asn243 side chain
suggested a potential transition state (TS) structure involving hydrogen bond donation by the carboxamido
group of Asn243 to N7 of the purine base. Analogous to the oxyanion hole of serine proteases, this
hydrogen bond was predicted to aid catalysis by preferentially stabilizing the TS as a consequence of the
increase in negative charge on N7 that occurs during glycosidic bond cleavage and the associated increase
in the N7—Asn243 hydrogen bond strength. Two residues in the phosphate binding site, namely His86
and Glu89, were also predicted to be catalytically important based on their alignment with phosphate in
the X-ray structure and the 1@5-fold reduction in catalytic activity for the His86Ala and Glu89Ala
mutants. In contrast, catalytic efficiencies for the Tyr88Phe and Lys244Ala mutants were comparable
with wild-type, indicating that the hydrogen bonds predicted in the initial X-ray structure of PNP [Ealick,

S. E., etal. (1990). Biol. Chem. 2651812-1820] were not essential for catalysis. These results provided

the foundation for studies reported in the ensuing two manuscripts focused on the PNP catalytic mechanism
[Erion, M. D., et al (1997)Biochemistry 3611735-11748] and the use of mutagenesis to reverse the
PNP substrate specificity from 6-oxopurines to 6-aminopurines [Stoeckler, J. D., et al. Bi9&R@mistry

36, 11749-11756].

Purine nucleoside phosphorylase (PNP, EC 2.4.2.1) Scheme 1
catalyzes the reversible phosphorolysis of purine nucleosides o
to generate the corresponding purine base and ribose

s 7

\ ] .
1-phosphate (Scheme 1) (Parks & Agarwal, 1972). In intact HZNJ\N I N>=,. onp N N ;ij\\:opow
cells, phosphorolysis is favored due to the coupling of the e N)\N | N\> + HO  om
PNP reaction with either purine base oxidation by xanthine Ho™s™\_Juq, Keq=002 ° b HO

oxidase or purine base phosphoribosylation by hypoxanthine- BH

guanine phosphoribosyl transferase. Thermodynamically,

however, nucleoside synthesis is favored over phosphorolysis1984; Sircar & Gilbertsen, 1988; Ealick et al., 1991). The

with an equilibrium constant of approximately 50 for most therapeutic utility of PNP inhibitors is based on the finding

purine nucleosides (Friedkin, 1950). Interestin PNP stemsthat PNP-deficient patients have little or no T-cell function

in large part from its potential as a drug target (Stoeckler, but have a near-normal B-cell response (Giblett et al., 1975).
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trust. nucleoside antiviral and anticancer drugs have shown promise
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1 Abbreviations: PNP, purine nucleoside phosphorylase; XO, xan- PNP in enzymatic synthesis, however, is limited by its
thine oxidase, INT, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetra-  relatively narrow substrate specificity (Bzowska et al., 1990).

zolium chloride; HEPESN-(2-hydroxyethyl)piperazin®¥-2-ethane- ; [ _
sulfonic acid; DTT, dithiothreitol; PMSF, phenylmethanesulfonyl For example, purines containing a 6-keto group, such as

fluoride; IPTG, isopropylthiogalactoside; R1P, ribose 1-phosphate; TS, hypoxanthine and guanine, are strongly preferred over
transition state; Hyp, hypoxanthine; Ino, inosine. purines containing a 6-amino group, such as adenine (Zlm-
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merman et al.,, 1971). PNP is also specific for purine

nucleosides in thegd-configuration and exhibits a strong
preference for ribosyl-containing nucleosides relative to the 1

corresponding analogs containing the arabinose, xylose, or Of G NH, NHs”

lyxose stereoisomers (Stoeckler et al., 1980). H " i o
Studies on the PNP catalytic mechanism have shown that }7 % fiNLH 7_/
o o ; . o N
PNP cleaves the glycosidic bond with inversion of config- N™NH,
uration to producer-ribose 1l-phosphate (R1P). Analysis HO\<’;(
of the enzyme kinetics in the phosphorolysis direction "o

" . 3 /N1 ©
indicated that catalysis occurs through a ternary complex of —/©/OH o o, 0" :N\;'q Ny [enee ]

enzyme, nucleoside, and orthophosphate and that the kinetic / No

mechanism for the multisubstrate reaction was ordered bi- MO Nl
bi with the base leaving after the ribose 1-phosphate I
(Krenitsky, 1967; Porter, 1992). Kineticdeuterium isotope [Serss |

effects indicated that bond breaking precedes bond making [serss | w

and thereby an@-type mechanism (Stein & Cordes, 1981).

Analyses of prate profiles and the kinetics of chemically Ficure 1: PNP active-site model constructed from the atomic

modified PNPs led to the postulation that an active-site ¢,y qginates for the PNRguanine complex deposited in the Protein
histidine was involved in the deprotonation of phosphate to pata Bank (PNP4, Brookhaven National Laboratory).

the more nucleophilic dianion and that a cysteine or lysine

was involved in the protonation of the base to increase its _. ) ) . .
leaving group ability (Jordan & Wu, 1978). Sigma. Xanthine oxidase from buttermilk was obtained from

Recently, the X-ray structures for human PNP and several Fluka as a 60% saturated ammonium sulfate suspension.
PNP-inhibitor complexes were solved at 2.75 and 3.2 A D-Ribose 1-phosphate was purchased with an estimated purity
resolution, respectively (Ealick et al., 1990, 1991). The of 90% from Sigma. Inosine, hypoxanthine, HEPES, INT,
crystal structures provided valuable insight into the origin Triton X-100, ammonium molybdate tetrahydrate, and
of the high substrate specificity. For example, the high sodium ascorbate were products of Fluka. Zinc acetate was
preference of PNP for 6-oxopurines relative to 6-amino- obtained from Merck. Ampicillin, IPTG, DTT, and PMSF
purines was apparent from the hydrogen bond pattern in thewere products of Sigma. The pBR322-derived plasmid

PNP-3-iodoformycin B complex entailing hydrogen bonds containing the gene for hPNP (pPNP) was kindly provided
between N1 and the carboxylate of Glu201 and between OGby Steve Williams (Genentech, San Francisco, CA). En-

and the active-site residues Lys244 and Asn243. The same . . .
structure also showed the sulfate positioned onctHace i/lymei for DNA “manipulations were from Boehringer
of the ribose with one oxygen aligned for nucleophilic attack annheim.

at CI. This finding confirmed earlier kinetic studies Mutagenesis. Escherichia calirains JM101 and XL-Blue
indicating that glycosidic boﬂd cleavage proceeded bY an (Stratagene) were used for isolation of double- and single-
Sul- or and §i2-type mechanism and not by a mechanism stranded DNAs, and CJ236 was used for isolation of uracil-

involving enzyme intermediates. containing single-stranded DNA. JM105 was used for

The work reported herein and in the following two . :
manuscripts was initiated in an effort to use the X-ray expression of the gene for hPNFE. coli DH5a was used

structure of PNP for the rational design of mutant PNPs with @S the initial cloning host for the pBR322-derived plasmid
substrate specificities and catalytic properties useful for the containing the hPNP gene (pPNP) (Williams et al., 1984).
large-scale synthesis of purine nucleoside analogs. Under-Digestion of the CsCl-gradient purified pPNP wilpnl and
standing the relationships between protein structure and bothHindlll yielded a 1 kb fragment containing the hPNP gene.
substrate binding and catalysis is important for the engineer-Transfer of the fragment into the M13 mp19 vector and
ing of catalytically competent proteins with novel substrate digestion withEcoRI andBanH| yielded a 1.2 kb fragment.
specificities. Since the X-ray structure indicated that all Transfer of this fragment into a pKK227-derived expression
direct contacts between PNP and the two substrates (purin&,ector in which a synthetic ribosome binding site had been

nucleoside and phosphate) were through amino acid Sid?'engineered (PPNP2), resulted in expression of the hPNP gene
chains (Figure 1), we employed a site-directed mutagenesis 1o+ control of the tac promoter

strategy that resulted in replacement of each active-site
residue with alanine in order to assess the contribution of  Sijte-directed mutants of hPNP were prepared according
the residue’s side chain to substrate binding and catalysis.tg the method of Kunkel et al. (1987). TiEcoRl/BanHI
Results from the study led to a model of the transition state. fragment from pPNP2 was subcloned into pBluescript-SK
Furthermore, these results in com_bmatlon with results from vector (Stratagene). After transformationEfcoli CJ236,
c_rystallography, computer modeling and PseUdOSUbs.trateuracil-containing single-stranded DNA was rescued with
kinetics led to_postulation of a catalytic mechanism helper phage R408 (Stratagene). Mutations in the hPNP gene

(Erion et al., 1997) and to the design of PNP mutants _ ) ) o )
that exhibit novel substrate specificities (Stoeckler et al., Were introduced by annealing the uracil-containing single-

1997). stranded DNA with the corresponding altered oligonucle-
otides and then incubating the hybrid with T7 DNA
MATERIALS AND METHODS polymerase and T4 ligase. The following oligonucleotides

Materials. Purine nucleoside phosphorylase from human were synthesized on a DNA Synthesizer 380B (Applied
blood was purchased as a crude lyophilized powder from Biosystems) according to the manufacturer’s specifications
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and used in the mutagenesis reactions. 1976) using reagents from Bio-Rad and BSA as the standard.
S33A BATC TGT GGT GCT GGA TTA3 PNP activity was deter_mlned using th_e coupllng_ assay of
Kalckar (1947). Specifically, uric acid production was
R8AA SATG CAG GGC GCG TTC CAC ATGS monitored at 293 nm in assay solutions containing 50 mM
H86A SGGCAGG TTC GCC ATG TAT GAA3 KH2PO, (pH 7.0), 5 mM inosine, and 0.04 unit/mL xanthine
Y88F STTC CAC ATG TTT GAA GGG TAC3 oxidase. One unit of PNP is defined as the amount of PNP
E89A BCAC ATG TAT GCA GGG TAC CCA3 required to phosphorolyzeimol of inosine/min. Fractions
F159A BTTT GGC GAT CGT GCC CCT GCC ATG3 with the highest specific activities were p00|8d and concen-
F200A BGGC CCC AGC GCT GAG ACT GT3 trated to=1 mg/mL using an .Amicon Centricon 10. The
E201A 5CCA AGC TTT GCG ACT GTG GCA3 buffer was t.hen exchanged with the storage buffer B by two
cycles of dilution and reconcentration. The final protein
M219A SGCT GTT GGC GCGAGT ACT GT3 solution was stored directly or as a 1:1 buffer B:PEG solution
T242A STCACTG ATC GCT AAC AAG GTC3 at —78 °C. PNP activity was reassayed prior to kinetic
N243A BCTG ATC ACT GCC AAG GTC AT3 analysis to confirm that no activity was lost during long term
K244A 5TCA CTC ATC ACT AAC GCG GTC ATC ATG3 storage or the freezehaw step.
H257A 5AAG GCC AAC GCT GAA GAA GTC3 Assay of PNP Phosphorolysis Adty. Inosine phospho-

. . rolysis was assayed in microtiter plate format using a
;I;]Tg rgsucltt)llr; gJ&?g;odlfrp(lezol?]lf\ilﬁnwt?]se trﬁﬂf;%xedsg\';;cat:y BIOMEK workstation (Beckman) to dispense the reagents
coloniés were ickéd and the plasmids se ueﬁced b theand the BIOMEK opical density tool or the Dynatech
dideoxy methog (Sanger et al p1977) usingqthe SequgnaseMRSOOO multiwell reader to monitor the absorbance changes
kit (U.S. Biochemical). The mutagenizegicoRl/Bant| at 490 nm. Assay linearity was assessed with respect to time

. . . and enzyme concentration using assay mixtures (200
fragments were then sp_llced into the pKK227 expression incubated at 28C and consisting of 100 mM HEPES (pH
vector and transformed intB. coli IM105.

7.0), 1 mM inosine, 50 mM potassium phosphate (pH 7.0),
Expression and Purification of Wild-type and Mutant (.075% Triton X-100, 1 mM 2-(4-iodopheny!)-3-(4-nitro-
hPNP.  Starter cultures (5 mL) oE. coli JM105 cells  phenyl)-5-phenyltetrazolium chloride (INT), 20 munits (mil-
harboring a plasmid containing the hPNP gene (wild-type Jiunits) of xanthine oxidase, and—-@.2 munits of PNP.
or mutant) in LB medium containing 50g/mL ampicillin Substrate kinetic parameters were determined from initial
were grown overnight and used to inoculate 500 mL of fresh velocity data generated at a fixed concentration of inosine
medium. The diluted cultures were grown at 37 to an or KH,PQ, (>10 times theKy value for the given PNP
absorbanceAgoq) of ca. 0.2 and treated with IPTG (1 MM mutant) and a concentration of the other substrate that varied
final concentration). Afte4 h of additional growth, cells  over a minimum of a 10-fold concentration range. A
(~0.5 g) were harvested by centrifugation (8000 rpm for 10 preliminary activity test was conducted on each mutant to
min in a Sorvall GSA rotor) at 4C, frozen in liquid nitrogen,  select an appropriate range of inosine concentrations for
and stored at-80 °C overnight. Cell pellets were suspended determination of thé&y at 50 mM phosphate. Théy for
in 4 vol of 100 mM HEPES (pH 7.4), 2 mM DTT, and 0.5 phosphate was subsequently determined from assay results
mg/mL leupeptin and disrupted by sonication (Heat Systems- generated by varying the phosphate concentration-®05
Ultrasonics, Inc.; 50% maximal power for 1 min). PMSF mM) and holding the inosine concentration fixed>t0 Ky.
was added to a final concentration of 0.1 mM, and the Assays were repeated when the calcul&gdvalue for the
sonication step was repeated two more times on ice. Cellsubstrate with variable concentrations was not bracketed by
lysates were diluted to 40 mL with 50 mM KHRO;, (pH 7), the substrate concentrations used in the assay.
0.5 mM DTT, and 0.002% NadNhenceforth designated as Assay of PNP Nucleoside Synthesis Aiti Rates of
buffer B) and centrifuged at 73@0for 20 min at 4°C to PNP-catalyzed inosine synthesis from hypoxanthine and
remove cell debris. The resulting crude extractd@ mL) ribose 1-phosphate were determined at single time points
were added to an equal volume of red A agarose (Amicon) using a colorimetric assay for inorganic phosphate (Saheki
that had been thoroughly prerinsed with buffer B. After etal., 1985). The assay was configured to a microtiter plate
gently stirring on ice for 30 min, the red A agarose slurries format using a BIOMEK workstation to dispense the reagents
were drained on disposable filter units and rinsed with 200 as well as to initiate and quench the reaction. Assay linearity
mL of buffer B. Absorbed material was then eluted in two was assessed with respect to time and enzyme concentration
fractions by rinsing the slurries in succession with 200 mL using assay mixtures (1QfM) containing 100 mM HEPES
of buffer B containing 0.25 M NaCl and then 200 mL of (pH 7.0), 4 mM ribose 1-phosphate, 0.2 mM hypoxanthine,
buffer B containing 1.0 M NaCl. Eluates from the latter 0.075% Triton X-100, and-62.2 munits of PNP. Reactions
rinse were concentrated to 5 mL by ultrafiltration (Amicon were initiated with either PNP or R1P and quenched
Ultrafiltration Cell Models 8400 and 8050) and desalted by simultaneously at the indicated time (e.g., 1.5 min) by the
two cycles of dilution to 50 mL with 25 mM imidazole (pH  addition of 80uL of a solution of 200 mM zinc acetate and
7), 0.5 mM DTT, and 0.002% NaNNhenceforth designated 30 mM ammonium molybdate (pH 5.0). A 20% solution
buffer C). The final 5 mL concentrate was applied to an of ascorbic acid (2Q.L, pH 5.0) was added immediately
FPLC Mono P HR 5/20 column (Pharmacia) pre-equilibrated thereafter in accordance with the published procedure. The
with buffer C. The column was rinsed with 10 mL of buffer absorbance of the resulting zinc-dependent phosphomolyb-
C, and chromatofocusing was initiated by elution with date complex was measured at 850 nm with a Dynatech
Polybuffer 74 (Pharmacia) diluted 1:10 with 50 mM NaCl, MR5000 multiwell reader. Color development was moni-
0.5 mM DTT, and 0.002% Nai\ Fractions (1 mL) were  tored at 1 min intervals and automatically evaluated for
analyzed for protein and PNP activity. Protein concentrations maximal color development and stability. After full color
were determined by the Bradford protein assay (Bradford, development (ca. 20 min), absorbance values were corrected
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by subtracting background absorbance values derived fromy,1c 1: purification of hPNP frork. coli JM105
companion assay solutions lacking either PNP or hypoxan- — - —— I ,
thine. Absolute phosphate concentrations were determined pu”;'t(;at'on protein - specific activity - purification y|0eld
T p (mg) (units/mg) fold (%)
from a standard curve. The substrate kinetic parameters for
nucleoside synthesis with PNP were determined by varying (r:erléd:aeg)](;rg(;Ie 63 5 2%32 16 1%%
the concentration of hypoxanthine in the presence of 4 MM pMono P 13 72.9 22 42
R1P and by varying the concentration of R1P in the presence
of 0.5 mM hypoxanthine. A preliminary activity test was were evaluated by PAGE under nondenaturing conditions.
conducted on each mutant PNP to select an appropriate rangénalysis of the gel indicated that all thirteen mutants exist

of hypoxanthine concentrations for determination ofihe as the expected trimer (data not shown). In addition, the

Determination of Kinetic ParametersAll enzyme reac- different mobilities among the mutant proteins were consis-
tions were performed in triplicate at 25C. Kinetic tent with the intended substitutions. Substitution of Arg84
parameters were determined from Lineweav@urk plots or Lys244 with alanine resulted in proteins with correspond-

of initial velocity data generated for seven substrate con- ingly enhanced mobilities. Likewise, replacement of Glug9

centrations.Ky andk.,;values were obtained from nonlinear Or Glu201 yielded proteins with retarded mobilities. Because
regression analysis of data fitted to the Michaeléenten the native gels were run at a pH of 8.5, the mobilities of the
equation with the Enzfitter computer program (BIOSOFT- Tyr88Ala, His86Ala, and His257Ala mutant proteins were

Elsevier). Calculations ok.: were based on a subunit not significantly altered relative to the wild-type enzyme.

molecular mass of hPNP of 32 000 Da. Standard errors wereThe second method used to monitor the structural integrity
in the same range as reported in the following manuscripts of the mutant proteins involveKy determinations for

in this issue (Erion et al., 1997; Stoeckler et al., 1997).  phosphate for purine binding site mutants and correspond-
ingly Ky determinations for hypoxanthine for both phosphate

RESULTS binding site and ribose binding site mutants. Large devia-
tions in theKy values for the mutant protein relative to the

Isolation and Characterization of PNPOverexpression  jild-type enzyme were considered potential indicators for

of the wild-type PNP and mutant PNPs i coli by the  mutation-induced structural changes. Of the 13 mutants

procedures described in the Materials and Methods led toanalyzed, only the Thr242Ala mutation produced a signifi-

cell homogenates in which PNP represented greater than 5%ant effect on thé,, for the “control” substrate.

of the soluble protein. Although strains Bf coli that lack Phosphorolysis AssaySimple addition of INT (DeGroot

bacterial PNP aCtiVity were available (JOChimsen etal., 1975) et al., 1985) to the previous|y reported xanthine oxidase-

and on occasion used, DH5and JMI105E. coli were  coupled assay (Kalckar, 1947) resulted in the formation of
selected as expression hosts due to their enhanced viabilitythe highly colored formazan produat € 1.2 x 10* M~*

Use of these hosts was possible because the two-stegm-1 4 = 490 nm). Analysis of the reaction indicated,

purification procedure (Table 1) completely separated the however, that the progress curves were nonlinear due to slow
constitutively produced bacterial PNP (bPNP) from the precipitation of formazan. Addition of Triton X-100, while
recombinant human PNP (approximate intracellular ratio of having no effect on the overall enzyme activity, decreased
hPNP to bPNP= 22:1). Separation was achieved by using the rate of formazan precipitation at 26 and led to linear

the dye-matrix resin red A agarose. Under low ionic strength progress curves. Linearity was maintained for at least 10
conditions, the bacterial enzyme did not bind to the resin min and in some cases for as long as 60 min provided that
whereas the human PNP was tightly bound. This difference the Ao, did not exceed 2.0 absorbance units. In addition,
in binding affinity for red A agarose was confirmed by these conditions were shown to produce initial velocities that

expression of hPNP in af. coli mutant strain that  \vere linearly dependent on PNP concentration over a 50-
completely lacks bacterial PNP activity £312). In this fold range (data not shown).

case, no PNP activity was observed in the low ionic strength | jnear double reciprocal plots of initial velocities and
washes (data not shown), suggesting that hPNP bound tightlysypstrate concentration were obtained for both inosine
to the resin and that the separation between bPNP and hPNRFijgure 3A) and phosphate (data not shown) using human
was large. The overall purification of hPNP resulting from pNP in the colorimetric assay. Linear plots were also
the dye-matrix was approximately 6-fold (Table 1). Further optained for PNP mutants. In general, a relatively narrow
purification of wild-type and mutant PNPs was accomplished sypstrate concentration range 4#D-fold) was chosen for
by chromatofocusing on a Mono P column. In contrast to the variable substrate (see Materials and Methods) since
the red A agarose step, human PNP eluted in the low ionic previous work had shown significant nonlinearity when a
strength buffer (50 mM NaCl) whereas the bacterial PNP proad range of phosphate concentrations was evaluated with
bound t|ght|y to the Mono P column under these conditions calf Sp'een PNP (Ropp & Traut, 1991) A Subsequent report
and requird 1 M NaCl for elution. Overall a 22-fold  indicated that linearity was maintained when phosphate
purification was achieved by the two-step procedure. Analy- concentrations were below 30/ or above 20Q:M (Porter,
sis of the protein purity by SDSPAGE confirmed thatthe  1992). Nonlinear kinetics have also been observed at high
PNPs purified by the two-step procedure were full-sized nycleoside concentrations (e.g-d2oxyinosine) with human
polypeptides and essentially homogeneous (Figure 2). Inerythrocytic PNP (Kim et al., 1968; Agarwal et al., 1975)
some cases, a minor band was observed. Western blond in some cases with the recombinant enzyme. This failure
analyses (data not shown) using a polyclonal rabbit anti- t5 ohey Michaelis-Menten kinetics has been attributed to
human PNP antibody (Goddard et al., 1983) indicated that honequivalent active sites (Parks & Agarwal, 1972) or to a
the minor contaminant was possibly related to PNP. substrate-induced dissociation of the trimer into monomers
The structural integrity of the PNP mutants was evaluated (Ropp & Traut, 1991). Accordingly, initial velocity data was
in two ways. First, the mobilities of the mutant proteins gathered in these studies using phosphate concentrations
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Ficure 2: Electrophoretic mobilities of hPNP variants in the presence of sodium dodecyl! sulfate. Lane 1, erythrocytic hPNP (Sigma). Lane
2, molecular mass standards: phosphorylase b (92.5 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31
kDa), soybean trypsin inhibitor (21.5 kDa), and lysozyme (14.4 kDa). Lard$3PNP mutants: lane 3, Ser33Ala; lane 4, Arg84Ala; lane

5, His86Ala; lane 6, Tyr88Phe; lane 7, GIu89Ala; lane 8, Phel59Ala; lane 9, wild-type recombinant hPNP; lane 10, Phe200Ala; lane 11,
Glu201Ala; lane 12, Met219Ala; lane 13, Thr242Ala; lane 14, Asn243Ala; lane 15, Lys244Ala; lane 16, His257Ala.

25 2
B A 09] g

a4 A d

30 0.6
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v (A350/ min)

° 0.54 0.3

0 T T T 0 T T T T 0 T T UR—
-40 20 0 20 40 60 -100 -50 0 50 100 0 60 120 180 0 5 10 15 20 25

1/[inosine] (mM!) 1/[hypoxanthine] (mM1) Time (sec) [PNP] (mU/mL)

FIGURE 3: LineweaverBurk plots of initial velocities for the =~ FIGURE 4: Linearity of PNP activity in colorimetric assay for
phosphorolysis reaction (A) and synthesis reaction (B) using Nucleoside synthesis using erythrocytic hPNP (Sigma). (A) Progress
erythrocytic hPNP (Sigma). In the phosphorolysis reaction, the curves obtained for reactions (100) containing 22 0), 13.2 @),
phosphate concentration was fixed at 50 mM. In the synthesis 8.8 (V), 6.6 (), 4.4 () or 2.2 @) munits/mL PNP were carried
reaction, the ribose 1-phosphate concentration was fixed at 4 mM out as described in Materials and Methods and quenched at the
and the reactions were quenched after 2 min. Initial velocities were indicated time points by addition of the zinc acetate/ammonium
determined from absorbance values and a standard curve. (seénolybdate solution. (B) Plot of reaction rates calculated from assays
Materials and Methods for details). The calculatgg values for quenched at 1.5 min vs PNP concentration.
inosine and hypoxanthine were 293 and 12+ 1 uM, respectively.
nucleoside synthesis and the time required for development

which ranged between 0.5 and 50 mM and inosine concen-of the phosphate-dependent chromophore (ca. 20 min).
trations that did not greatly exceed X3,. Under these Evaluation of the time course of the reaction showed that
conditions, k.« and Ky values determined for inosine the progress curve was linear for at least 3 min over a 10-
phosphorolysis with the wild-type enzyme using the micro- fold range of PNP concentrations (Figure 4A). These
titer plate assay were identical to the values determined from conditions also resulted in a linear dependence of the initial
data generated using the Kalckar method (data not shown;velocities on PNP concentration (Figure 4B). Linear double
Bzowska et al., 1990). Furthermore, similar results were reciprocal plots were obtained when hypoxanthine (Figure
obtained for the wild-type enzyme and for the PNP mutants 3B) and R1P (data not shown) concentrations were varied.
Asn243Ala and Glu201Ala using a radiolabelled assay The Ky for hypoxanthine and ribose 1-phosphate as deter-
(Stoeckler et al., 1997). mined from these plots (12 and 220/, respectively) are

Nucleoside Synthesis Assallumerous methods exist for in good agreement with values reported in the literature
the detection of inorganic phosphate. The most sensitive (Parks & Agarwal, 1972; Stoeckler & Parks, 1985). Con-
methods involve the formation of a highly colored phos- centrations of ribose 1-phosphate higher than 4 mM were
phomolybdate complex under strongly acidic conditions not used due to the background rate of phosphate production
(Lanzetta et al., 1979). These methods were not suitablerelative to the rate of nucleoside synthesis. Consequently
for PNP, however, due to the hydrolytic lability of ribose the ke for synthesis may represent an underestimation of
1-phosphate at low pH. One method for determining the true value due to nonsaturating ribose 1-phosphate
phosphate concentrations at pH 5.0 was reported to have aconcentrations for PNP mutants that have an increased ribose
sensitivity within the range required for study of PNP- 1-phosphat&y.
catalyzed nucleoside synthesis (Saheki et al., 1985). Under Mutant PNP Kinetics PNP mutants were loosely divided
these assay conditions, the rate of ribose 1-phosphatento three groups based on the crystallographic placement
hydrolysis (0.003 OD/min at 2 mM ribose 1-phosphate) was of the active-site residue with respect to the substrates (Figure
slow relative to the rate of phosphate production via 1). Residues targeted for mutagenesis formed either a
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Table 2: Kinetic Parameters of Purine Subsite Mutants

Table 3: Kinetic Parameters of Ribose Subsite Mutants

enzyme  substrate Ky (MM)  keat(S™H)  kealKu? (sTM7Y) enzyme  substrate Ky (MM)  keat(S™)  kealKu2 (sTM7Y)
PNP (wt) Ino 0.040 56 1.4 PNP (wt) Ino 0.040 56 1.4

Pi 4.0 56 0.014 Pi 4.0 56 0.014

Hyp 0.030 110 3.7 Hyp 0.030 110 3.7
E201A Ino 8.4 4.2 0.0005 H257A Ino 0.21 16 0.07

Pi 6.1 1.8 0.0001 Pi 25 13 0.005

Hyp 1.0 1.4 0.001 HypP 0.020 10 0.50
N243A Ino 0.022 0.06 0.003 F159A Ino 0.31 32 0.10

Pi 3.5 0.09 0.000 03 Pi 2.5 30 0.01

Hyp 2.3 13 0.006 Hyp® 0.025 24 1.0
K244A Ino 0.037 49 1.3 M219A Ino 8.0 52 0.01

Pi 2.7 52 0.019 Pi 4.3 41 0.01

Hyp 0.040 98 25 HypP 0.18 130 0.72
F200A Ino 19 9.4 0.0005 Y88F Ino 0.058 54 0.93

Pi 4.5 6.2 0.001 Pi 2.1 56 0.03

Hypb 0.57 14 0.024 HypP 0.010 9.0 0.90
T242A ll:)r)o 0.022 14 0.64 a % 10P. Kinetic values determined at 4 mM ribose 1-phosphate

i 0.22 12 0.06 .
Hyp 0.024 cg 24 concentration.

a x 1(P. P Kinetic values determined at 4 mM ribose 1-phosphate
concentration.

Met219, Tyr88, and Phel59. In this study, Tyr88 was
converted to phenylalanine whereas the other three residues
were replaced with alanine. Kinetic data for each ribose

hydrogen bond or a van der Waals contact directly with & pinding site mutant are shown in Table 3. Analysis of the
substrate or with a residue that interacted with a substrate.TyrggPhe mutant showed no significant differenceKin

Accordingly, five residues in the purine binding site, four

or kea: compared to wild-type PNP in the phosphorolysis

residues in the ribose binding site, and four residues in the girection. In the synthesis direction, a 4-fold decrease in
phosphate binding site were mutated to alanine in order to catalytic efficiency was observed, possibly suggesting that
assess the importance of each individual contact on substratgne Tyr88-O3interaction may be more important for binding
binding and catalysis. Each mutant was assayed in bothijpose 1-phosphate or that the ribose 1-phosphate concentra-

directions to determine tHes and theKy, values for inosine,

tion was not saturating. Kinetic data for the Met219Ala and

phosphate, and hypoxanthine. In general, mutations in thephe159Ala mutant reflect little change kg, whereas the

purine binding sites exhibitedk&, for phosphate similar to

Kwu increased 5100-fold. In contrast, the His257Ala mutant

exhibited a Ky for hypoxanthine similar to wild-type.

Phosphate Binding Site Mutantd he four residues in the

Kinetic parameters determined for the mutant proteins are phosphate binding site subjected to mutagenesis were Arg84,

summarized in Tables-24.
Purine Binding Site MutantsKinetic data for each purine

His86, Ser33, and Glu89. Crystallographic studies indicated
that phosphate (sulfate in the crystal structure) participates

binding site mutant are shown in Table 2. The largest effectsin a number of ionic and hydrogen bond interactions.
were observed for the Asn243, Glu201 and Phe200 mutants.Crystallographic studies also revealed a previously unrec-

In the phosphorolytic direction, the primary effect of
mutation of Phe200 and Glu201 was a 2@00 fold increase

in the Ky, for inosine whereas mutation of Asn243 led to a
1000-fold decrease ko Little effect was observed on the

ognized structural arrangement between phosphate, His86,
and GIlu89 reminiscent of the serine protease catalytic triad
(Ser-His-Asp). Kinetic data for each phosphate binding site
mutant are shown in Table 4. Mutations in residues that

Kw for phosphate, suggesting that these mutations do notdirectly contact phosphate led to a decrease in catalytic
produce large structural perturbations at the active site. In efficiency ranging from 25- to 185-fold. Surprisingly, the

the synthetic direction, the primary effect of the Asn243
mutation was on th&y, for hypoxanthine, which increased

77-fold whereask., decreased only 8.5-fold. The decrease
in keafKm for the Asn243Ala mutant was therefore ap-
proximately the same for the phosphorolytic (470-fold) and
synthetic (620-fold) directions. The Glu201Ala mutant
proved to be a less efficient enzyme relative to wild-type
and the Asn243Ala mutant with the./Ky value decreased

relative to wild-type by 3700-fold in the synthesis direction
and by 2800-fold in the phosphorolytic direction. Unlike

decrease in catalytic efficiency was not a reflection of a
higher phosphat&y, but rather of a decrease k3.. For
example, replacement of the positively charged Arg84 side-
chain with alanine led to a mutant that exhibiteda for
phosphate and hypoxanthine identical to wild-type akgha

for inosine 3-fold higher than wild-type. In comparison, the
Arg84Ala mutant showed a 50- and 200-fold decrease in
keat for phosphorolysis and synthesis, respectively. In
addition to residues that directly contact phosphate, Glu89
was studied in order to assess the potential role of the His86

the Asn243Ala mutant, the decrease in efficiency was due Glu89 diad in catalysis. As shown in Table 4, the Glu89Ala

to effects on bothk.,; andKy. In contrast to these mutants,
the Lys244Ala mutant exhibited kinetics similar to the wild-

mutant exhibited a 20-fold increase in tkg for phosphate
whereas no effect was observedlgnin the phosphorolysis

type enzyme. The Thr242Ala mutant also exhibited kinetics direction.

similar to wild-type with the exception of its decreadéd

In the synthetic direction, several mutants exhibited a large

for phosphate. The hydroxyl of Thr242 appears to be reduction inka (e.g., 110-fold for His86Ala), which could
important in this effect, since the Thr242Ser mutant has a suggest a large role for these residues in the transition state

Kwm for phosphate similar to wild-type (data not shown).
Ribose Binding Site MutantsThe four residues in the

(TS) used for nucleoside synthesis. Some caution, however,
is required for conclusions based on the kinetics of either

ribose binding site subjected to mutagenesis were His257,phosphate or ribose binding site mutants, since the mutations
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Table 4: Kinetic Parameters of Phosphate Subsite Mutants y

enzyme  substrate Ky (MM)  keat(S™)  kealKm?2 (STM7Y) b i
Vaodd Ly
PNP (wt) Ino 0.040 56 1.4 B ]
Pi 4.0 56 0.014 y &9 y
Hyp 0.030 110 3.7 2y "
H86A Ino 0.28 14 0.05 . ) = At
Pi 9.2 9.4 0.0008 \L o SO i
Hyp? 0.019 0.97 0.05 . . . 7] ¢ N,
E89A Ino 0.22 46 0.21 {A <t
Pi 91 53 0.0006 _ ~
R84A Ino 0.13 2.1 0.016 Yy oyt P -_.,..H.pi.-e-
Pi 45 15 0.0003 A e 0 S W W il 0 B
Hyp” 0020 05 0.025 S~ 4 o 1
S33A Ino 0.14 11 0.08 A B 2
Pi 3.6 11 0.003 "\‘} r\i}
Hyp® 0.013 2.1 0.15 e “{

a x 1(P. P Kinetic values determined at 4 mM ribose 1-phosphate
concentration.

may also cause a large increase in tkg for ribose
1-phosphate and lead to an underestimatiok.qf Unfor- P _ - "
tunately, concentrations of ribose 1-phosphate higher than 4 % ad
the standard assay concentration of 4 nky} for wild-type H”‘?\-‘ u—"'l\ | %!
= 290uM) were not possible due to an unacceptably high )
background rate resulting from chemical hydrolysis. ' &@ :
DISCUSSION e .{:‘* il * 8
fitisa 1 ¥ 4
PNP Actuity Assays To determine the kinetic parameters ™ » S }v
for a large number of PNP mutants with a variety of w '\u' 1° \
structurally diverse substrates, we needed PNP assays that o -'—'115 » ¢ ““*\ e
were high throughput and capable of monitoring phospho- " -‘i" =
rolysis and nucleoside synthesis activity with few restrictions : J‘
on the substrate structure. Although numerous PNP assaY§, . oo . Three-dimensional structure of human PNP active-si
have bgen reported in the I'teratu,re (Stoec!(_ler’ 1985), no_nebased on the refined atomic coordinates. gar?el A (toS)Ctsh?)vsv;ea
were suitable for our purposes. Highly sensitive assays usingstereoplot of the active site centered at the nucleoside binding site.
radiolabeled substrates (Chang et al., 1989) were too laborPanel B (bottom) shows a stereoplot of the phosphate binding site.
intensive and not readily applicable to analysis of pseudo-
substrate kinetics. Assays designed to monitor turnover by spleen PNP-inosine complex (Kline & Schramm, 1992).
detecting the products spectrophotometrically were relatively Results from the kinetic studies indicated that substrate
insensitive and limited to purines in which the purine binding was most sensitive to mutations in the purine binding
nucleoside and purine base had sufficiently different absorp- site followed by mutations in the ribose and then phosphate
tion maxima. Furthermore, these assays were not applicablebinding sites (Tables-24).
to phosphorolysis due to the unfavorable equilibrium con- Initial crystallographic studies indicated that the side chains
stant. To circumvent the latter complication, a coupled assay of Lys244, Asn243 and Glu201 form hydrogen bond contacts
using xanthine oxidase is often used to monitor phospho- with O6 and N1 of the purine base (Ealick et al., 1990).
rolysis (Kalckar, 1947). The limitations inherent to this Molecular modeling studies indicated that a hydrogen bond
assay, however, include the difficulty in monitoring reactions between Asn243 and N7 was also possible, although not
at 293 nm on a microtiter plate and the inability to use readily apparent in the X-ray structure based on the distance
potential pseudosubstrates that lack hypoxanthine as the baséetween the corresponding heteroatoms as well as the
The two microtiter plate assays developed for monitoring projected hydrogen bond angle. The predicted hydrogen
nucleoside phosphorolysis and nucleoside synthesis gavebond between the-amino group of Lys244 and O6 was
results consistent with the previously reported PNP assays.derived from molecular modeling studies, since electron
The microtiter plate assays, however, have the advantage ofdensity was not detected for the Lys244 side-chain atoms
speed and automation as well as the ability to evaluate abeyond the5-carbon. The remaining atoms in the side chain
wide variety of substrate analogs under a single set of were therefore positioned after analysis of potential side-
conditions. This is especially true for the nucleoside chain conformations and the identification of one low energy
synthesis assay, since monitoring phosphate production isconformer that placed theamino group in hydrogen bond
independent of the purine base and substituents on the riboseontact with O6. The X-ray structure also indicated that
1-phosphate. Phe200 and Alal16 contact the two faces of the purine base
Substrate Binding Crystal structures of PNP complexes with the Phe200 side-chain phenyl group making a classic
identified the active-site residues in contact with the purine herringbone-type interaction with the base.
nucleoside and the phosphate (Figure 5). Changes in Of the four residues that contact the purine base, only the
substrate affinity were assumed to be qualitatively reflected Lys244Ala mutant exhibited kinetics similar to the wild-
by the changes iKy based on the similarity in the inosine type enzyme. This result led to further scrutiny of the PNP
Kwm value and the apparent dissociation constant for the calf structure and to the position of the Lys244 side chain.
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Subsequent refinements in the X-ray structure resulted in ‘

the reorientation of the Lys244 side chain such that it is now Vinn ¢ >:o\

pointing away from the active site and into solvent (unpub- ?""”—07/ A " _<

lished results). These results are consistent with the side- i T

chain positions predicted for the two preceding residues, i.e., ™ | "

Asn243 and Thr242, since both point into the active site dj:/?

thereby making it unlikely that the Lys244 side chain also

points into the active site based on normal main-chain torsion

angles. These results do not preclude, however, the pos- ¢ o=(

sibility that the Lys244 side chain points into the active site E‘““~H-;o—<

and participates in a salt bridge with Glu201 and then swings ;

out toward the solvent upon ligand binding. “L | ”\>
In contrast to Lys244, replacement of Asn243, Glu201, N

and Phe200 with alanine led to large decreases in catalytic ) . : )
efficiencies (508-2800-fold). The decrease in PhOSPOTO-  prtern predhctod for 0-desaptiines using coordinates from PP
lytic activity for the Glu201 and Phe 200 mutations was due inhibitor complexes (Ealick et al., 1991); (B) pattern for purines
to changes in botk.,;andKy, but predominanthiKy. The predicted from active-site modeling studies using the original atomic
large decrease in substrate affinity for the Glu201 and Phe20ocoordinates (Ealick et al., 1990); and (C) pattern predicted from
mutants is consistent with the interactions indicated by the refined atomic coordinates.
X-ray structure. In the case of Glu201, one oxygen of the
side-chain carboxyl forms a hydrogen bond with the N1
hydrogen while the second oxygen is available to form a
hydrogen bond with the 2-amino group of guanine. Ac-
cordingly, the carboxylate appears to exist as the carboxylic
anion based on the hydrogen bond pattern and teop
glutamate residues. Since hydrogen bonds to charged group T .
in relatively hydrophobic environments can contribute sig- I the synthesis direction, the Asn243Ala mutant exhibited
nificant binding energy-¢4—5 kcal/mol; Fersht et al., 1985), &n 80-fold increase in the hypoxanthikig relative to wild-
the 210-fold increase iy for the Glu201Ala mutant is  tYPe. This result implies that the carboxamido group of
within expectation. A similar increase Ky was observed Asn243. is important for lsu_bstrate binding in r?ucleos[de
for the Phe200Ala mutant, which reflects the loss in the synthesis and for catalysis in the p_hosphoronS|s reactlpn.
herringbone-type interaction. Given that this type of interac- | n€ larger effect of the Asn243 mutation on the hypoxanthine
tion is considerably weaker than that expected for a-N1 Kwu relative to the inosin&y suggests that the carboxamido
Glu201 hydrogen bond, the loss in substrate affinity may 9roup forms a significantly stronger hydrogen bond with the
also imply some additional structural perturbations. purine base. Sln.ce nucleoside synthe5|s likely e.ntallls reac-
Unlike the GIu201Ala and Phe200Ala mutants, the large on of & negatively charged purine base with ribose
decrease in phosphorolytic efficiency exhibited by the 1-Phosphate, the differencei, may be due to a hydrogen
Asn243Ala mutant relative to wild-type was not as a result °0nd between the carboxamido group and a negatively
of an increase iy for inosine but rather to a 1000-fold charged N7 based on the increased hydrogen bond strength

decrease il Crystallographic studies of PNP complexed predicted for hydrogen bonds formed between donors and
with purine bases or purine nucleoside analogs revealedcharged acceptors.

several possible Asn243 side-chain orientations and corre- Purine nucleoside binding and specificity is also deter-
sponding hydrogen bond interactions between the Asn243mined by residues in the ribose binding site. X-ray structures
carboxamido group and both the purine base (N7 and 06)of a variety of PNP complexes indicated that PNP interacts
and the side-chain hydroxyl of Thr242 (Figure 5A). For With the ribose moiety through hydrogen bonds between the
example, X-ray structures of PNP complexes with 9-de- pPhenolic group of Tyr88 and O&nd between the imidazole
azapurine analogs showed the carbonyl of the carboxamidoof His257 and O5 In addition, thep-face of the ribose
group to accept a hydrogen bond from the N7-hydrogen forms van der Waals contacts with the side chains of Met219
(Figure 6A). In contrast, X-ray structures of PNP complexed and Phel59. Mutation of Tyr88 to Phe had little effect on
to purine analogs resistant to hydrolysis indicated that the the Kv for inosine, suggesting that the hydrogen bond to
carbonyl accepts a hydrogen bond from Thr242 while the O3 was not important for inosine binding. This result was
Asn243 amido group donates a strong hydrogen bond to O6somewhat surprising given the poor overall activity reported
and a weak hydrogen bond to N7 (Figure 6B). Attempts to for 3'-deoxyinosine and its corresponding 40-fold higker
determine the X-ray structure of PNP complexed with either (Stoeckler etal., 1980). Since X-ray data also indicated that
inosine or guanosine failed due to their instability to the the O3-hydroxyl forms a hydrogen bond to phosphate, the
crystal soaking conditions. Recent refinements in the X-ray Poor activity of 3-deoxyinosine might be attributed to the
structure and molecular modeling studies (Erion et al., 1997) lack of this interaction, which could be important in the

N
R

which was solved recently at 1.8 A resolution (Mao, C., &
Ealick, S. E., unpublished results). The absence of a strong
hydrogen bond between Asn243 and the purine nucleoside
in the latter hydrogen bond pattern is consistent with the
lack of an effect on th&y value for inosine upon mutation

gf Asn243 to alanine.

suggest that the carboxamido group may be rotated ft&M alignment of the phosphate for either TS stabilization or
the PNP-9-deazaguanine structures such that the amido nucleophilic attack at C1
group forms a weak hydrogen bond to NB.2 A for bovine Replacement of His257, Phel159, and Met219 with alanine

PNP) while donating a hydrogen bond to Thr242 (Figure led to mutants with highefy values for inosine. The largest
6C). This configuration would suggest that the carbonyl effects were observed for the Phel59 and Met219 alanine
oxygen makes a van der Waals contact with O6. These mutants, suggesting that the interaction betweerptfece
results are further supported by the bovine PNP structure,of the ribose and the hydrophobic surface created by these
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residues is important for substrate binding. On the other [Asn243]
hand, the modest 5-fold increase Ky for the His257Ala >.:O
mutant suggested that the hydrogen bond observed between H—N

the His257 imidazole and the Gbydroxyl was not essential ﬁ o
for nucleoside binding. This conclusion was supported by 5,

earlier kinetic studies which showed-&oxyinosine and ¢ r‘\)“*‘
inosine to have similar kinetic parameters (Stoeckler et al., NS

1980). ”01(17;\"'

In contrast to ribose, phosphate forms multiple ionic and o
hydrogen bond contacts with PNP. Most of the contacts are /Pif,o_
through hydrogen bonds with the exception of two ionic HO
interactions involving Arg84 and His86. Alanine mutants FIGURE 7: Hypothetical TS structure used by PNP.
of these residues showed no increase in the phosphate and )
hypoxanthineKy values and a-37-fold increase in th& group of Asn243 and N7 as predicted by both X-ray
for inosine. The lack of an effect on the phosphigemay ~ Crystallography and by active-site modeling studies. Since
just reflect the fact that phosphate binding involves many Poth the glycosidic bond length and N7 negative charge
interactions and that no one interaction strongly affects increase during glycosidic bond cleavage, one plausible
phosphate binding affinity. Interestingly, the one mutant that explanation for the apparent importance of Asn243 in
exhibited a large increase in ti&, for phosphate was the ~ catalysis is that a strong hydrogen bond is formed between
Glu89Ala mutant. Since Glu89 interacts with phosphate ASn243 and N7 in the TS. The increased glycosidic bond
indirectly through the His86 imidazole, the 20-fold increase !ength, as predicted from TS modeling of the hydrolytic
in the Ky may reflect a misalignment of the His86 imidazole reaction (Kline & Schramm, 1995), would push the purine
group and a resulting unfavorable interaction with phosphate. base closer to Asn243 whereas the progressive buildup of

Catalysis. Analysis of a-secondary deuterium kinetic Negative charge on N7 would increase the polarity of the
isotope effects for the phosphorolysis (Stein & Cordes, 1981) N7—Asn243 interaction and thereby the hydrogen bond
and arsenolysis (Kline & Schramm, 1993) of inosine strength. Both effects could enhance catalysis since they
indicated that the PNP-catalyzed reaction follows aa-S ~ resultin a preferential stabilization of the TS relative to the
type mechanism with a TS having considerable oxocarbe-ground state (Figure 7).
nium ion character. On the basis of this prediction and the ~Replacement of either Glu201 or Phe200 with alanine
mechanism reported for other glycosidic bond-cleaving resulted in a large decrease in catalytic efficiency due
enzymes, PNP was expected to have carboxylic acid-predominantly to an increase in tig for inosine, but also
containing residues near N7 of the purine base and near thedue to an approximate-5l3-fold decrease irkca. The
ribosyl oxygen. The carboxylic acid near N7 was expected decrease itk is attributed to suboptimal alignment of the
protonate N7 and thereby facilitate glycosidic bond cleavage purine base for reaction, since it seemed unlikely that either
in a manner analogous to the mechanism reported for acid-amino acid could preferentially stabilize the TS. The latter
catalyzed purine nucleoside hydrolysis (Zoltewicz et al., explanation was eliminated because glycosidic bond cleavage
1970). The carboxylic acid near the ribosyl oxygen was Pproduces a negatively charged purine base and therefore a
expected to stabilize the oxocarbenium ion intermediate TS that is expected to be stabilized by hydrogen bond
through an electrostatic interaction. Both acids were envi- donation to the negatively charged heteroatoms on the purine
sioned to function simultaneously in a “push-pull”-type ring. Accordingly, a role for Glu201 in TS stabilization
mechanism. An analogous mechanism has been reportedppears unlikely, since N1 is an unfavorable site on the
for glycosidases. For example, lysozyme, which cleaves the purine base to localize electron density originating from the
glycosidic bond of oligosaccharides, has been extensively glycosidic bond and since the carboxylate of Glu201 appears
studied by X-ray crystallography and active-site modeling to exist as the carboxylic anion and therefore as a hydrogen
and predicted to use a carboxylic acid to protonate the bond acceptor based on the hydrogen bond pattern observed
exocyclic oxygen of the leaving group and to use another in the PNP-guanine X-ray structure.
carboxylic acid to stabilize the oxocarbenium ion intermedi-  Alanine mutants of ribose binding site residues exhibited
ate (Kirby, 1987). Surprisingly, crystallographic analyses ke values similar to wild-type (Table 3). These results
of PNP complexed to sulfate and a variety of pseudosub- suggested that the hydrogen bonds between Tyr88 ahd O3
strates showed no residues with acidic groups near N7 orand between His257 and O&re not important for catalysis.
the ribosyl oxygen. These results indicated that PNP Both had previously been speculated to participate in
catalyzes the phosphorolysis of purine nucleosides using acatalysis based on the poor activity of-dieoxy purine
catalytic mechanism substantially different than the glycosi- nucleoside analogs and a TS modeling study which indicated
dases. that His257 could participate in TS stabilization through

To identify the residues that are important for catalysis, interactions with O5(Kline & Schramm, 1993).
13 active-site residues were replaced with alanine (Tables In contrast, alanine mutants of phosphate binding site
2—4). Results from kinetic studies on each of the mutants residues exhibited a -525-fold decrease inke in the
indicated that the residues in the ribosyl binding site had phosphorolysis direction and a-5Q00-fold decrease in the
little effect on catalysis whereas large decreasdg.invere synthesis direction (Table 4). These results suggest that
observed for some residues in the purine and phosphateoverall charge and orientation of the phosphate molecule may
binding sites. The Asn243Ala mutant exhibited the largest be important in the TS. Crystallographic studies indicated
reduction ink.;: (1000-fold, Table 2). The magnitude of the that the phosphate oxygen poised to add td Gflthe
reduction was unexpected based on the relatively weaknucleoside was simultaneously within hydrogen bonding
hydrogen bond%3.2 A) formed between the carboxamido distance of thes2-nitrogen of the His86 imidazole. The
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His86 imidazole was also in hydrogen bond contact with Erion, M. D. (1990)Eur. Patent Appl374,096.

the side-chain carboxylate of Glu89 through interaction with Erion, M. D., Stoeckler, J. D., Guida, W. C., Walter, R. L., & Ealick,
they1-nitrogen. This structural motif is remarkably similar Fe?s'hfl,&1?7)31?0???Isgﬁiﬁg(l)ﬁz:;illzg\%e b M. Wilkinson
to the well-studied serine protease catalytic tn_ad (Ser—H|§— A J’_’ Blom}, D.’M., B’rick, P Carier"P” Wéye, M. M. Y. & '
Asp) and therefore suggests that phosphorolysis may require winter, G. (1985)Nature 314 235-238.

the binding or generation of a phosphate anion with increasedrriedkin, M. (1950)J. Biol Chem. 184449-464.

negative charge. As in the case of the serine proteases, th&iblett, E. R., Ammann, A. J., Wara, D. W., Sandman, R., &
Glu—His hydrogen bond may serve to increase the basicity _Diamond, L. K. (1975).ancet 1 1010-1013.

of His86 and therefore to either promote phosphate depro-GO‘igggd*PJ' M-thél‘pxt' %’g’\’!”'SmSSAS- gé'g%_%%%n' D. W., Jr.
to_nation or increase the presence .of a positively chargedJOghims)enfog_" N?/g.aafci #.,Z'Vées-térgaard, T (19;15& Gen.
His86 and therefore the selective binding of the phosphate  Genet. 14385-91.

dianion (or trianion). Mutation of His86 and GIlu89 to Jordan, F., & Wu, A. (1978). Med. Chem. 21877-882.

alanine produced mutants with modestly reduced catalytic Kalckar, H. M. (1947)J. Biol. Chem. 167429-443.

efficiencies (Table 4). The His86Ala mutant exhibited a KiT%El- K1.,7%1a, S., & Parks, R. E., Jr. (1968)Biol. Chem. 243
4-fold and 110-fold decrease i, in the phosphorolysis _ N : . :

and synthetic directions, respectively. The Glu89 mutation Kirby, A. J. (1987)CRC Crit. Re. Biochem.22, 283-315.

Kline, P. C., & Schramm, V. L. (1992Biochemistry 315964~
had even less of an effect dgs. The latter result was 5973, (19925 y 3l

unexpected based on the complete absence of activity founckiine, P. C., & Schramm, V. L. (1993iochemistry 3213212~
for the natural PNP mutant, Glu89Lys, which was isolated  13219.
from a child with a genetic deficiency in PNP (Williams et K|i2§é§- C., & Schramm, V. L. (1995iochemistry 341153~
al., 1987). The difference in activity between the two e

. - - renitsky, T. (1967)Mol. Pharmacol 3, 526-536.
mutants may arise because of steric constraints or beca.usgrenitskz, T.(A., I)<oszalka, G. W., & Tuttle, J. V. (1981)
the lysine side chain presents a positive charge in a location * gjochemistry 203615-3621.
that is constructed to accommodate a negatively chargedkunkel, T. A., Roberts, J. D., & Zakour, R. A. (198F)ethods
glutamate. Overall, the results from the alanine mutants Enzymol. 154367—382.
suggest that the His86GIu89 diad is considerably less Lanzetta, P. A, Alvarez, L., Reinach, P. S., & Candia, O. A. (1979)
important for catalysis than the His-Asp portion of the _ Anal Biochem. 10095-97.

catalytic triad found in serine proteases. Pagﬁ’ R. E., Jr., & Agarwal, R. P. (197Rhzymes ,73rd ed., 483

Porter, D. J. T. (1992). Biol. Chem. 2677342-7351.
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