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ABSTRACT: Purine nucleoside phosphorylase (PNP) is a key enzyme in the purine salvage pathway, which
provides an alternative to the de novo pathway for the biosynthesis of purine nucleotides. PNP catalyzes
the reversible phosphorolysis of-@eoxypurine ribonucleosides to the free bases and 2-deoxyribose
1-phosphate. Absence of PNP activity in humans is associated with specific T-cell immune suppression.
Its key role in these two processes has made PNP an important drug design target. We have investigated
the structural details of the PNP-catalyzed reaction by determining the structures of bovine PNP complexes
with various substrates and substrate analogues. The preparation of phosphate-free crystals of PNP has
allowed us to analyze several novel complexes, including the ternary complex of PNP, purine base, and
ribose 1-phosphate and of the completely unbound PNP. These results provide an atomic view for the
catalytic mechanism for PNP proposed by M. D. Erion et al. [(1®@rhemistry 3611735-11748], in

which an oxocarbenium intermediate is stabilized by phosphate and the negative charge on the purine
base is stabilized by active site residues. The bovine PNP structure reveals several new details of substrate
and inhibitor binding, including two phosphate-induced conformational changes involving residdes 33

36 and 56-69 and a previously undetected role for His64 in phosphate binding. In addition, a well-
ordered water molecule is found in the PNP active site when purine base or nucleoside is also present. In
contrast to human PNP, only one phosphate binding site was observed. Although binary complexes were
observed for nucleoside, purine base, or phosphate, ribose 1-phosphate binding occurs only in the presence
of purine base.

Purine nucleoside phosphorylase (EC 2.4.2.1, PNP) cata-metabolism, absence of PNP activity in humans has been
lyzes the reversible phosphorolysis of ribonucleosides andassociated with specific T-cell immune suppression, while
2'-deoxyribonucleosides to 2-deoxyribose 1-phosphate andB-cell function remains unaffecte®)( For these reasons,
the free purine bases. The reaction proceeds with inversionPNP has been recognized as an important target for drug
at C1 as follows: design.

Only three structures from the mammalian PNP family
are known: (1) human erythrocytic PNP refined at 2.8 A
) o ) resolution @), which provided structural details of the
PNPs are widely distributed in nature and have been jnteractions in the active site and initiated structure-based
identified and studied in various tissuej.( PNP is a key —  gryg design of PNP inhibitors, (2) a bovine PNiRhibitor
enzyme in the salvage pathway, which allows cells to utilize complex refined at 2.9 A resolutiors), and (3) a bovine
preformed bases and nucleosides to synthesize nUCbOtidesPNP—hypoxanthine complex refined at 2.15 A resolution
The 'salvage enzymes involved in the process allow circum- (6). Both bovine and human erythrocyte PNP have trimeric
vention of the respective de novo pathways when precursorsgiryctures with three identical subunits of about 31 kDa. The
are provided. In addition to its role in purine nucleotide sequence of bovine PNP is 86% identical to that of human
erythrocyte PNP, and all residues of the active site are
" This work was supported by Grants GM48874, RR01646, and conserved. Most of the substitutions, except for residue 29

CA67763 from the National Institutes of Health, the W. M. Keck
Foundation, and the Lucille P. Markey Charitable Trust. (lle to Val), are on the surface of the enzyme or at the

+ The Brookhaven Protein Data Bank codes for the structures reportedinterface between subunits.

herein are as follows: native PNP, 1PBN; PNfhosphate, 1a9o; Cryvstals of human ervthrocytic PNP were grown from high
PNP-9-deazainosinephosphate, 1a9p; PNfnosine, 1a9q; PNP Y Yt Yt g 9

inosine-sulfate, 1a9s; PNP9-deazahypoxanthineibose 1-phosphate, ~ concentrations of ammonium sulfate, and the phosphate

p-nucleosidet P, < baset o-ribose 1-phosphate

1a9t; and PNPhypoxanthine, 1a9r. binding site was occupied by a sulfate ion. Consequently,
;CorreSpon_dlng author. E-mail: see3@cornell.edu. the structures of the substrate-free and the ribose 1-phosphate
; F?g'sr‘:r']'t L;g'(‘j’ferssg?"Hughes Institute. Roseville. MN 55112 complex could not be obtained with the human PNP crystals.
5 University of Alabama at Birminghém. ' ' This_prgvented exploration o_f the rolg of phosphate binding
# Albert Einstein College of Medicine. and its impact on other binding subsites. Furthermore, the
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original human PNP crystals only diffracted to 2.8 A by J. Tuttle of Burroughs Wellcome Co.; 9-deazainosine,
resolution, and the structural analyses of most of the which was provided by B. Klein of Montefiore Medical
complexes were performed at 3:8.2 A resolution, although ~ Center; and 7-deazainosine and 9-deazahypoxanthine, which
the bovine PNP-hypoxanthine complex diffracted to a were provided by J. Montgomery of Southern Research
considerably higher resolution. Finally, the human PNP Institute.
crystals were grown under acidic conditions (pH 5.4) far  Crystals were soaked for various periods in 3 mL of a
below the pH for optimum activity. stabilizing mother liguor containing substrates with concen-
We have now grown crystals of bovine PNP from PEG trations ranging from 1.2 to 10 mM. A soak of 1 or 2 h
400 at pH 7.4-8.2, which is near the pH for optimal activity, ~was sufficient for the substrate to diffuse into the crystal
and the structure has been determined and refined at 2.0 Aand bind the enzyme. The crystals were immediately
resolution. In addition, phosphate-free crystals have beenmounted after soaking. For data collection, crystals were
obtained, and structures of various purine and purine mounted in siliconized glass capillaries. Tables 2 and 3
nucleoside complexes, both with and without phosphate or summarize the soaking experiments. Ligands were usually
ribose 1-phosphate, have been ana|yzed_ These highweighed in powder form and transferred to 1.5 mL of 210
resolution structures of complexes with substrates and MM HEPES buffer, which was stirred until most of the ligand
analogues provide information about the structural details dissolved. The solution was then slowly added to 1.5 mL
of the catalytic mechanism, as well as new information about of PEG 400 and the mixture stirred for 30 min.
specific atomic interactions important for structure-based Remaal of Phosphate A Fisher R218 column was used
drug design. The crystal structure data suggest that, in thefor the purification of PEG 400 for phosphate and sulfate
phosphorolytic direction, phosphate and inosine can bind ion contaminants. Phosphate assays were carried out using
PNP in either order but ribose 1-phosphate must be released malachite greenmolybdate assay. This method can detect
before hypoxanthine. In the synthetic direction, however, phosphate concentrations as low asu0. The measure-
ribose 1-phosphate can bind the enzyme only when hypo-ment used for the analyses of the mother liquor and the
xanthine is present. The size and shape of the active sitesoaking solutions was calibrated according to standard
cavity change significantly upon phosphate binding. This samples of sodium phosphate monobasic under the same
observation may he|p exp|ain the dependencerfon buffer conditions of the mother quuor. The mother quuor,
phosphate concentration for many competitive PNP inhibitors using the purified PEG 400 through a Fisher R218 column,
(7). This work also provides a framework for addressing had no detectable phosphate. The measurement was repeated
some fundamental features of catalysis, including (1) the several times for various batches of mother liquor (always
effect of substrate binding on enzyme structure, (2) the 3 mL in volume), each of which typically had been used for
possible role of water in the PNP-catalyzed reaction, (3) just one crystal.
further clarification of the roles for active site residues, (4)  The phosphate concentration of the mother liquor or of
the structural basis of enzyme activity and inhibition, and the ligand soaking solutions is typically around 70 mM. The

(5) the structure of the transition state. precipitant PEG 400 (Fisher Co.) is the major source of
phosphate contamination. The phosphate-free and sulfate-
MATERIALS AND METHODS free conditions were achieved by using purified PEG 400

. ) ) as the precipitant, and the crystals were either transferred
Protein Preparation Bovine spleen PNP was purchased 5 or grown in, Tris buffer.

from Sigma. After dilution in 50 mM TEA at pH 7.5, the Data Collection Data were collected on a Xuong-Hamlin

solution was desalted by passing it over a Sephadex G-25yin detector system (San Diego Multiwire Systems, San
column. The eluant was dialyzed in 10 mM HEPES buffer Diego, CA). Monochromatic Cui X-rays (1.54184 A)

at pH 7.0, and the protein was concentrated 680 Mg/ \yere provided by a Rigaku RU-200B rotating anode genera-

mL by a Centricon-10 concentrator. tor operating at 100 mA and 40 kV. The X-ray beam was
Crystallization Crystals of PNP were obtained by the reflected from a graphite crystal to produce monochromatic

hanging drop method. The precipitating agent was33% radiation and collimated by a 0.3 mm aperture pinhole

PEG 400 in 100 mM HEPES or Tris buffer (pH #8.2) collimator.

and 100 mM MgCL The addition of 1% octyls-p- A PNP crystal measuring slightly more than 0.3 mm on

glucopyranoside resulted in larger crystals. The crystals greweach edge was used for native data collection. The detectors
from precipitate after 2 days and took-8 weeks to reach  were symmetrically offset by 23elative to the direct beam
their maximum size, 0:20.6 mm on an edge. The crystal for the collection of the 2.4 A resolution data and®36r
morphology ranged from tetrahedral to a tetragonal pyramid the collection of the 1.9 A resolution data. The crystal-to-
to a simple trigonal thick plate. The best data usually came detector distances for the two chambers were 560 and 500
from tetrahedral crystals. The protein crystallized in space mm, respectively. The data were collected at room temper-
groupP2;3 with a unit cell length of 94.2 A. Crystals were  ature usingw-scans consisting of 0°Isteps for a total of
prepared for data collection by transferring them to a 50-60°. The intensity data were indexed, integrated, scaled,
stabilizing mother liquor consisting of 50% PEG 400 in 100 gnd merged using San Diego Multiwire softwars,m for
mM HEPES buffer at the growth pH. the native data is 5.2% at 2.2 A and 7.7% at 1.9 A. The
Preparation of PNP-Ligand Complexes The ligands data completeness at 2.0 A resolution is 92%, and the number
used in the soaking experiments included inosine, guanosine of unique reflections with an amplitude cutoff Bf,s >2.00
hypoxanthine, ribose 1-phosphatg32dideoxyinosine, and  is 17 289.
3'-deoxyguanosine, which were purchased from Sigma The data for the crystals that were soaked with various
Chemical Co.; acyclovir diphosphate, which was provided substrates and inhibitors were generally collected by using
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Table 1: Summary of Refinement Statistics for Bovine Spleen PNP and Complexes with Substrates and Analogues

9-deazainosine 9-deazahypoxanthire
native phosphate phosphate inosié  inosine-sulfate ribose 1-phosphate hypoxanthine
soak Tris buffer 70uM 4 mM 9-deazainosine7.3 mM  12.8 mM 4 mM 1.2mM
conditions (phosphate- and and 4 mM inosine inosine and 12  9-deazahypoxanthine hypoxanthine
sulfate-free) phosphate mM sulfate and 4 mM
ribose 1-phosphate
resolution 8.0-2.0 8.0-2.0 8.0-24 8.0-2.0 8.0-2.0 8.0-2.0 8.0-2.0
range (A)
R factor (%) 20 20 19 20 18 19 19
number of 14 137 17289 10457 15990 15 060 14 891 14 482
reflections
completeness 82 92 97 89 83 80 80
(%)
number of 43 35 25 55 52 56 55
waters
averageB 23 16 12 19 14 15 19
factor (A?)
deviations
from ideality
bon}g lengths  0.006 0.007 0.007 0.006 0.006 0.006 0.006
(A
bond angles  1.51 1.64 1.66 1.54 1.53 1.56 1.52
(deg)
improper 1.18 1.24 1.17 1.11 1.12 1.17 1.11
angles (deg)

a Amplitude cutoff was 2.6 for all data sets? Phosphate is normally present in the mother liquor at aboutM0The PEG 400 is the source
of the trace phosphatélnosine soak results in an apparent hydrolysis by PNP; only hypoxanthine is seen in the acti/@uifte contaminant
may come from the HEPES buffer, and it causes a-0.3 occupancy of sulfate in the phosphate binding site.

Table 2: Summary of Difference Fourier Results with Phosphate-Contaminated Crystals

concentratioh  soak time summary ofFcomplex—
ligand (mM) (days) resolution (A) Rym(%)  completeness (%) Fratvemaps
NaSOy 5.3 3 2.2 9.7 91 no peak at the phosphate
binding site
NaHASO,4 4.1 5 3.0 10.0 98 large peak at the
phosphate binding site
acyclovir diphosphate 4.0 7 2.2 8.5 92 acyclovir diphosphate
9-deazainosine 4.0 2 2.2 7.5 92 9-deazainosine
inosine and sulfate 10.0 and 10.0 21 2.2 10.7 91 inosine
inosine 4.0 2 3.0 115 98 hypoxanthine and ribose
1-phosphate
9-deazahypoxanthine and 4.0and 4.0 9 25 11.0 98 9-deazahypoxanthine
ribose 1-phosphate and ribose 1-phosphate
ribose 1-phosphate 4.0 1 25 11.0 98 no density for ribose
1-phosphate
hypoxanthine 4.0 6 3.0 12.7 77 hypoxantkine
hypoxanthine and phosphate 1.2and 1.0 0.04 3.0 10.0 98 hypoxanthine

@ The difference Fourier maps were calculated using the data from the soaked crystal and the data from a native crystal in Tris buffer, which had
no detectable phosphate contaminahtsgand concentrations are based on calculation. For an insoluble sample compound such as ribose 1-phosphate,
the real concentration is a saturated dnglthough the electron density is noisier than the soak with hypoxanthine and 1.0 mM phosphate, the
presence of hypoxanthine is certain.

twin detectors asymmetrically offset by 30 anrd23°. (residues 84, 86, 88, 219, 210, 211, 159, 66, and 64) were
Depending on the quality of the crystals and the soaking changed to Ala or Gly and refitted after simulated annealing
solution, the resolution of the data typically varied from 2.3 refinement. These residues were visible in thg 2 F.
to 3.0 A. map after the initial refinement. Residues 24819 and the
Structure Determination The structure of bovine spleen loop around His64 were completely rebuilt. Refinement was
PNP was solved by molecular replacement, using the carried out by the simulated annealing algorithm in XPLOR
programs AMORE §) and XPLOR 0). The search model with manual refitting after each cycle. The fr&efactor
was the human PNP monomer, and the 40 nonconserved10) was used for cross validation throughout the refinement.
residues were replaced by Gly or Ala residues. The rotation Water molecules were added to the model when density
searches gave peaks with high contrast at an expectedeaks were at leastodin F, — F. maps and when they
orientation, assuming the PNP trimer uses the crystal- formed appropriate hydrogen bond contacts.
lographic 3-fold axis of space grolg2;3. The translation The 9-deazainosine and phosphate substrates were fit into
search also gave a large signal. Following a rigid-body the electron density df, — F. maps and refined by simulated
refinement, the initiaR factor was 38% in the resolution annealing in XPLOR. The initial structure of 9-deazainosine
range of 154 A. The key residues in the active site was taken from the refined human PN®-deazainosine
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Table 3: Summary of Difference Fourier Results with Phosphate-Free Crystals in HEPES or Trig Buffer

ligand concentratidh(mM) resolution (A) Rsym (%) completeness (%) summary dompiex— FnativeMaps
inosine 7.3 1.9 9.3 86 hypoxanthine
guanosine 3.0 1.9 7.7 89 guanine
3'-deoxyguanosine 3.0 1.9 10.0 86 guanine
2',3-deoxyguanosine 3.0 3.0 12.5 98 guanine
7-deazainosine 4.4 25 12.0 97 7-deazainosine
formycin B 1.2 3.0 13.0 95 formycinB
hypoxanthine 1.2 1.9 6.9 76 hypoxanthine
ribose 1-phosphate 15 2.2 9.1 88 phosphate

@ The difference Fourier maps were calculated using the data from the soaked crystal and the data from a native crystal in HEPES buffer, which
had no detectable phosphate contaminants. The soak timé Wwdor all experiments except that with ribose 1-phosphate, in which case it was 8
days.” Ligand concentrations are based on calculation. For an insoluble compound such as ribose 1-phosphate, the real concentration is a saturated
one.¢ Formycin B soaking reproducibly resulted in nonisomorphic data, but the presence of formycin B is édttaisphate presumably derived
from the decomposition of ribose 1-phosphate.

complex at 3.0 A resolution. Stereochemical parameter files the phosphate binding site was occupied by sulfdte To
defined by Engh and Huberll) were used for protein  study unliganded PNP, and the structures of various com-
refinement parameters. The parameter and topology filesplexes in the absence of phosphate, we crystallized phoshate-
were generated for the nucleosides using the tophll.dna andree bovine PNP. These efforts were complicated by
paramll.dna files provided in XPLOR, modified to reflect phosphate contaminants in PEG 400, which was used as the
experimentally derived constants for 9-deazainosine. precipitating agent, and sulfate contaminants in the HEPES
The other complex structures were determined by starting buffer. These contaminants were discovered when the initial
with the refined models of phosphate and 9-deazainosinecrystals of bovine PNP failed to show the expected difference
complexes. One round of simulated annealing refinement Fourier peaks after soaking in either 1 mM phosphate or
in XPLOR (10) against the data of the complex decreased 5.3 mM sulfate. Subsequent analysis of the mother liquor
the R factor well below 30%. By inspection of th&, — F showed that the phosphate concentration wgsM0 These
maps at the d level, the F, — F. maps at the & level, and problems were not encounterd by Koellner et 8).i their
the Fo(complex) — Fo(native) maps, substrates and water crystallographic analysis of the bovine PNRypoxanthine
molecules were fit into density conservatively. Thg complex.

(complex)— Fo(native) maps were calculated using phases  Evidence that phosphate fully binds the enzyme, even at
from refined structures, |n|t|a"y without the three |00p a concentration as low as W, became Convincing after
regions that were considered the most flexible (residues 31 refinement of the initial bovine PNP structure at high
36, 56-66, and 246-266). o resolution. TheF, — F. map calculated at 2.0 A resolution
The freeR factor was used as the major index of the jth the refined protein structure (no phosphate ion in the
refinement progress. The calculated weight on the diffraction model) showed a single tetrahedral molecule in the expected
data was lowered by-23 times to achieve the loweBkee  phosphate binding site. A soak in arsenate also gave one
value. The initial geometry largely relied on the difference |arge peak at this position because of the increased electron
Fourier maps and thE, — F. map phased by the refined  density relative to phosphate. Furthermore, soaking with
structure at 2.0 A. Since the high-resolution electron density acyclovir diphosphate, which is a potent PNP inhibitb)(
provided very good initial coordinates, user-defined param- showed the complete density of the molecule in difference
eters of bond angle and bond length were employed in Fourier maps, except for the terminal phosphate group,

addition to the available force constants, bond angle, andingicating that the presumed unliganded PNP structure was
bond length initially modified from parameter files provided not really phosphate-free.

by XPLOR. The water molecule positions were fixed during Large crystals were eventually grown from phosphate-free

simulated annealing refinement. .A" charges on residues O'bEG 400 and transferred to Tris buffer to remove the sulfate
substrate were set to zero to avoid the bias of strong charge

int ” The final v | v d q lect contaminant derived from the HEPES buffer. These crystals
'(;' era_1:: |%ns. N ﬂ;na geomte ry fargs 3{ tepen j/on N E(I: 'oN \vere shown to be phosphate-free by crystallographic refine-

ensity, because the geometry of substrates and/or ahalogueg o g by analyzing difference Fourier maps between the
such as ribose 1-phosphate could be very different in enzyme

or in solution. phosphate-free crystals and crystals soaked with phosphate

. i Ifate. Th h i ks in th

Refinement The PNP complex structures were refined at girffesruenit: Fourii:srem;npasps showed obvious peaks in the
2.0-2.4 A resolution (Table 1). The freefactor was used ' _ L
to monitor every cycle of the refinement, and the weight on The overall structure of bqvme PNP is similar to that pf
the crystallographic term of refinement calculated in XPLOR Numan PNP 4) and essentially the same as the earlier
was divided by 2.5 to optimizéReee Water molecule structures of bovine PNP complexes reported by Bzowska
positions were fixed during the simulated annealing refine- €t &l- ©) and Koellner et al.§). The enzyme is a trimer
ment. The various ligand molecules were initially placed with identical subunits and one active site per subunit (Figure
according to the peaks in the difference Fourier maps andl)- Each subunit has aw§ structure with a central eight-

then refined. strand mixed sheet and a smaller five-strand sheet. The
statistics of the refined structures of unliganded bovine PNP
RESULTS AND DISCUSSION and various substrate complexes are summarized in Table

Structure of Unliganded Béne Spleen PNP In the 1. On the basis of the sequence alignment, the differences
previously reported structure determination of human PNP, between bovine PNP and human erythrocytic PNP amino
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disordered in unliganded PNP, all the refined structures have
torsion angles in the allowed regions. One exception is

Thr221, which has nonideal torsion angles in almost all of

the structures.

Phosphate Binding in Complexes with Phosphate, Sulfate,
and Arsenate Analysis of the PNP crystals containing
phosphate, sulfate, or arsenate confirmed the participation
of the side chains of Ser33, Arg84, His86, and Ser220 and
the main chain N atoms of Ser33 and Alal16 in the binding
site for phosphate, as was the case for human PHP (
However, when those structures were compared to unli-
ganded PNP, large conformational changes of residues in
the phosphate binding site (336 and 56-69) were also
visible (Figure 2). Figures 3 and 4 show details of the
phosphate binding site. As is the case for human PNP, O3
of phosphate forms hydrogen bonds to the main chain N
atoms of both Ser33 and Alal16, phosphate atom O1 forms
a hydrogen bond with OG of Ser33, and phosphate atom
04 forms hydrogen bonds with an active site water molecule

and Ser220.
Ficure 1: Bovine PNP trimer. Residues that differ from human . : w .
PNP are red. Coordinates for 9-deazainosine and phosphate (yeIIow)n The changes in the I_oop Of. residues-3% are small
are from the bovine PNP complex [Figures 1, 2, 4, 5, and 7 created NOWever, the loop involving residues-569 shows substan-
with RIBBONS @4)]. tial differences from the human PNP model (Figure 2). The

new positions of these loops are consistent in all the
acid sequences are illustrated in Figure 1. Nearly all of thesedifference Fourier maps for PNP complexes containing
difference are located on the surface of the protein and havephosphate. Unlike the analysis of the structure of human
little effect on the overall structure. The only buried PNP, which showed only two positively charged residues
substitution, lle to Val at position 29, is conservative and (Arg84 and His86) involved in phosphate binding, this
does not directly affect the active site. analysis confirms the participation of His64 (Figures 3 and

Thea-carbon atoms in the native structure of bovine PNP 4). The positions of Arg84 and His86 move very little
can be superimposed with corresponding atoms in humanbetween phosphate-bound and phosphate-free enzyme. How-
PNP with a root-mean-square deviation of 2.0 A, using the €ver, His64 moves considerably as a result of the cor_1for_—
superposition method of Kabsch3). However, this rela- matlor_1al change that occurs when the phosphate site is
tively large deviation is primarily due to large differences ©ccupied. Both conformational changes were also observed
in poorly defined loops and the two termini. The residues When the phosphate binding site was occupied by ribose
that differ the most are 1 and 2, 337, 58-66, 180-184, 1-phosphate, acyclovir diphosphate, sulfate, or arsenate.
250-264, and 284-289. When these residues are excluded, The changes in these two regions (residues 32 and
the root-mean-square deviation is only 0.4 A. These 56—69) are associated only with phosphate binding but show
differences may result primarily from random disorder variation depending on the phosphate concentration. In the
because comparisons of complex structures of bovine andabsence of phosphate, these residues assume one conforma-
human PNP reveal much smaller differences. In thesetion. In phosphate at high concentratiorrsl(mM), these
structures, the binding of a substrate or analogue increasesoops are well-ordered and form close contacts between side
the percentage of secondary structure and stabilizes the loops;hains and phosphate ion, especially Ser33 and His64,
making them much better defined in the electron density resulting in a different conformation. At low phosphate
maps. For example, comparison of tecarbon atoms in ~ concentrations (unpublished data), the loops appear at an
bovine PNP-9-deazainosinephosphate (see below) with intermediate position and the electron density maps cannot
those in human PNPguanine-sulfate gives a root-mean- easily be interpreted as a simple average of the two
square deviation of only 1.3 A for all atoms. Even in this conformations. Itis possible that this effect can be explained
case, however, the same loops contribute most of the largeby communication between subunits and that the loops in
differences. The sole exception is the loop containing the phosphate binding site are different depending on whether
residues 3237, which is quite similar in these two struc- all three active sites are occupied. The conformational
tures. changes in the phosphate binding site appear to be indepen-

Examination of the averag® factors in the bovine PNP  dent of purine or purine nucleoside binding.
structures (Table 1) confirms the relatively high mobility of The crystal structure of human erythrocytic PNP suggested
these loop residues. The high&stactors in the molecule  the possibility of a sulfate ion at the entrance of the active
occur in the loop containing residues 24266, althouglB site, providing some evidence for a second phosphate binding
factors of these residues tend to be lower in the complex site @). A recent study of bovine PNP activity as a function
structures. This reflects the increased secondary structureof phosphate concentration also supported a model for two
in this region (from coil to helix) upon binding of purine separate phosphate binding sites in the enzyide (How-
substrates or analogues (Figure 2). Except for the loop ever, the current high-resolution structures with and without
regions involving residues 244266, which are highly  phosphate provide no evidence for a second binding site.
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FiGUre 2: Stereoview of bovine PNP monomer (cyan) with superimposed loops (red) and substrate molecules (yellow) from-the PNP

phosphate 9-deazainosine complex.
V245 Waas
ME'M{ E250 243 gEEEB

Ficure 3: Stereoview of the active site in bovine PNP complexed with inosine and sulfate. Residues 32, 33, 64, 84, 86; B83,14®),

201, 217220, 242, 243, 245, 257, and 259 are from one subunit (blue), and residue 159 from an adjacent subunit is magenta. Two water
molecules are also included. Models of inosine and sulfate are red3-Etrand at the back of the active site (residues-2420) is not

labeled. [Figures 3 and 6 created with CHAIRE]].

Nucleoside Binding in the Presence of Phosphate in PNP
Complexes with 9-DeazainosinPhosphate and Inosine
Sulfate Nucleoside binding in the presence of phosphate
was explored by preparing the ternary complex of PNP,
9-deazainosine (a noncleavable substrate analogue), and
phosphate. Soaking with 4 mM 9-deazainosine (Table 2)
in the presence of phosphate demonstrated clear electron
density for both phosphate and 9-deazainosine. The refined
occupancies for both substrates are near 100%. The expected
conformational change for residues 2466, which position
the purine binding residues, was also observed as were the
conformational changes associated with phosphate binding.
The hydrogen bonding pattern of 9-deazainosine is essentially
the same as that of the human PNIRdeazainosine complex,
except that this model includes participation of His64 and
two water molecules in the active site.

Phosphate-free bovine PNP crystals soaked with 10 mM
inosine and 10 mM sulfate demonstrated both inosine and
sulfate in the active site. Apparently, 10 mM sulfate inhibits Ficure 4: Detailed view of the hydrogen bonding scheme around
the hydrolysis that is normally observed in the absence of the sulfate (phosphate) ion in the bovine PNP complex with inosine
phosphate. The resulting PNiosine-sulfate complex is and _sulfate. Atom§ are coded as follows: carbon, green; nitrogen,

.. . . blue; oxygen, red; and sulfur, yellow.
similar to the PNP-9-deazainosinephosphate complex.
Together, the two ternary complexes described here providebecause of the high catalytic activity of PNP crystals, cannot
an attractive model for the PNBubstrate complex which, be observed directly.
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and possibly an electrostatic interaction (3.3 A) with O1 of
phosphate. On the other hand, Ser33 and they8roxyl
Tm are clearly hydrogen-bonded to phosphate through O1, which
is the oxygen atom expected to attack @dring catalysis.
This suggests that Ser33 and tHeh@droxyl are necessary
;_;“""' I to correctly orient the key atoms of the phosphate and sugar.
i This hydrogen bonding pattern in the PNRucleoside
d v complexes is similar to what has been described in G proteins
e 34 (16, 17). Asn265 in the G protein occupies a position that
’ ',I' .» Water corresponds to Asn243, and atom ND2 forms a hydrogen
L a® Water @ r bond to N7 of the guar_line base. A second hydrogen bond
"-'.u }' from ND2 is formed with a carbonyl oxygen from Ser40,
.,..i - while in PNP, it is the Thr242 side chain. Although this
\"’ we U En places atom OD1 of Asn265 relatively close to 06 (3.2 A),
its position is stabilized by three hydrogen bond interactions
FiGure 5: Detailed view of the hydrogen bonding scheme around With the main chain N atom of Lys266 as well as OG1 from
inosine in the bovine PNP complex with inosine and sulfate. Same Thr320 and the main chain N of Ala322 from an adjacent
color scheme as that in Figure 4. strand. These stabilizing interactions are not present in
bovine PNP. Asp268 in the G protein occupies a position
Interestingly, crystals of human PNP soaked with 4 MM similar to Glu201, but the close contact between OD1 and
inosine resulted in only hypoxanthine bound to the active C2 in the base is not present, because the amino group at
site even though human PNP crystals are grown from 55 2 forms a hydrogen bond with the carboxylate oxygen. The
60% ammonium sulfate. It is possible that the differences function of the two corresponding residues in the G protein
in the rates of hydrolysis could be attributed to the differences (Asn265 and Asp268) was interpreted as alignment of the
in pH of the two kinds of PNP crystals or that some other pase plane. Although they probably serve a similar purpose
reaction is taking place in the case of human PNP. In humanin PNP, it is likely Asn243 has the additional function of
PNP crystals, His64 is probably protonated (pH 5.2) and is donating a hydrogen bond to stabilize the negative charge
away from the active site. In this case, the sugar ring can that accumulates on the purine base during glycosidic bond
still be accessed by solvent and may be hydrolyzed morecleavage ). In the Escherichia coliPNP structure X8),
easily. In bovine PNP crystals (pH 8.0), His64 is probably Asp204 is in the same position as Asn243 and probably is
unprotonated, resulting in a closed loop which may protect required for catalysis.
the substrate in the PNfnosine-sulfate complex from Nucleoside Binding in the Absence of Phosphate in PNP
hydrolysis. Complexes with 7-Deazainosine and Formycin Bative
Site-directed mutagenesis showed that both Asn243 andcrystals treated with inosine, guanosine, and other substrates
Glu201 are key residues for catalysis. Mutation of either of in the absence of phosphate show only the purine base in
these residues to alanine greatly reduces the activity of PNPthe final difference electron density maps (Tables 2 and 3).
(15). Animportant difference between the structures of the Kline and Schramm1(9) reported a similar result in solution
9-deazainosine and the inosine complexes is the conformatiorstudies and demonstrated that PNP catalyzed a phosphate-
of the Asn243 side chain. In the inosine complex, the independent hydrolysis. To further explore nucleoside
Asn243 side chain donates a hydrogen bond from ND2 to binding in the absence of phosphate, we selected two purine
purine N7 and the O6 is linked to Glu201 through a bridging nucleoside analogues that would be resistant to hydrolysis.
water molecule (Figures 3 and 5). The role of Asn243 as a Crystals treated with 7-deazainosine showed clear electron
hydrogen bond donor is consistent with the catalytic mech- density for the intact nucleoside. Furthermore, crystals
anism proposed by Erion et all)( However, in the case of  soaked with formycin B (a noncleavable inosine analogue)
9-deazainosine, the N7 of purine is protonated and conse-showed intact formycin B in the active site. Both inosine
quently the hydrogen bonding scheme is different. In this analogues induced the conformational change in residues
case, Asn243 OD1 accepts a hydrogen bond from purine244—266 previously observed for purines and purine nucleo-
N7, Asn243 ND2 donates a hydrogen bond to purine O6, sides. However, no conformational changes were observed
and the bridging water molecule to Glu201 is not observed. in the phosphate binding site. The overall binding geometry
In addition to the two hydrogen bonds between @2d and nucleoside conformation were similar to those of the
03 of the ribose and phosphate oxygen atoms O1 and O4,ternary complexes, suggesting that the nucleoside binding
there are eight other hydrogen bonds involving the four site is not strongly affected by the phosphate binding site.
phosphate oxygen atoms. Atom O1 of the phosphate Purine Binding in the Presence of Ribose 1-Phosphate in
interacts with both Ser33 and thét8ydroxyl group, while Complexes with Ribose 1-Phosphalttypoxanthine and
02 interacts with Ser220, thé-Bydroxyl group, and a highly ~ Ribose 1-Phosphate9-DeazahypoxanthineWhen a phos-
ordered water molecule. This water molecule, which also phate-contaminated crystal is soakadii4 mMsolution of
forms hydrogen bonds with OH of Tyr192 from the core inosine, the electron density map shows hypoxanthine and
and the carbonyl group of Alall6, is present in complexes a-ribose 1-phosphate (Table 2). This demonstrates that PNP
both with and without nucleoside. The phosphate O2 atom in the crystal is active and, under these conditions, binds
forms three hydrogen bonds with basic residues His64, ribose 1-phosphate in the presence of hypoxanthine. PNP
Arg84, and His86. The orientation of His86 suggests that crystals soaked with 4 mM ribose 1-phosphate and 4 mM
it is likely to form a strong hydrogen bond with 02 (2.9 A)  9-deazahypoxanthine also showed both substrates in the
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FIGUurRe 6: Stereoview of the active site in bovine PNP complexed with ribose 1-phosphate and 9-deazahypoxanthine. The orientation and
residues are the same as those in Figure 3.

active site (Table 2 and Figure 6). Compared to that of native Table 4: Hydrogen Bond Interactions in the Active Site of Bovine
PNP, His257 moves closer to ribose 1-phosphate after thePNP

purine-induced conformational change in the loop containing 9-deazahypo-

residues 244266. On the other hand, soaking a phosphate- inosine- xanthine-ribose hypoxanthine-

contaminated or a phosphate-free native crystal # mM _ S”gate 1'ph%5phate phozphate

solution of ribose 1-phosphate produced no binding of ribose residue ) A )

1-phosphate to the enzyme (Tables 2 and 3). Instead, thebaie1 Glu201 30 28 28

trace amount of phosphate that is formed in the latter case OE2 ’ ' '

from the decomposition of ribose 1-phosphatébo, ac- N7 Asn243 2.9 2.9 2.9

cording to the measured value) occupies the phosphate ND2

binding site. Because ribose 1-phosphate alone does not bind ©6  water 3.4 3.0 3.1

PNP, it may be that hypoxanthine increases the affinity of S0, o o 54 30 N/A

PNP for ribose 1-phosphate by creating new hydrogen bonds o2 phosphate 3.0 ' N/A

that result from the hypoxanthine-induced conformational 04

Change_ 03 Tyr88 OH 2.8 3.0 N/A
The structural details of the two PNPurine-ribose 03 phgslphate 2.6 NIA

1-phosphate ternary complexes are essentially the same and gg His257 28 3.0 N/A

serve as a model for the PNBroduct complex following ND1

phosphorolysis. Furthermore, the structures of the PNP 05 Glu259 31 no bond N/A

product complex and the PNRubstrate complex are very phosphate OE1

similar. A structural comparison reveals that all active site = 5 Ser33 0G 26 30 no bond

residues involved in binding are in about the same position 02 His64 NE2 3.1 no bond no bond

for both substrate and product (Figure 7). Table 4 lists the 02 Arg84NH1 2.8 3.0 2.7

bond distances between the substrates and active site residues. 8% g'sr%g %EZ g? %? no 'goﬂg
Purine Binding in the Absence of Phosphate in PNP 03 AﬁﬂmN 28 29 3.% °

Hypoxanthine and PNPGuanine Purine base binding 04 Ser2200G 2.7 2.6 25

induces the expected conformational change in the loop 04 water 2.7 2.7 no bond

containing resides 244266 irrespective of the presence or aN/A means not applicable in the case of the hypoxanthine/phosphate
absence of phosphate. Analyses of difference Fourier mapscomplex with PNP.
demonstrate that hypoxanthine binding in the absence of
phosphate produces no significant changes in the phosphatelthough inosine hydrolysis by crystalline PNP is consistent
binding site. These data together with the results describedwith the results of Kline and Schrammq), one-third of
above suggest that the two types of conformational changesthe site’s reactivity described in that paper could not be
(i.e., purine-associated and phosphate-associated) are struconfirmed for either the inosine soak or the hypoxanthine
turally independent. soak (Table 2) because, under the conditions used here, the
Complexes of purine bases with PNP can also be prepareddifference Fourier maps showed nearly full occupancy of
directly or indirectly by treating phosphate-free crystals with hypoxanthine.
nucleosides. In solution, phosphate-free PNP catalyzes the The water molecule that forms a hydrogen bond to Glu201
hydrolysis of inosine to hypoxanthine and ribo&8)( Our in nucleosides also forms a hydrogen bond with O6, as seen
results suggest that crystalline PNP can also catalyze thein the hypoxanthine complex structure. This water molecule,
hydrolysis of nucleosides (Table 2). Treatment of a phosphate-which was postulated by Erion et all)( could play a role
free crystal with inosine leads to a hypoxanthine-bound in the reaction mechanism. In the nucleoside complex, the
complex with no indication of ribose 1-phosphate or hydrogen bond is weaker than that for purine base alone.
phosphate binding. This is clearly different from the results This is due in part to the positioning of the purine bases for
of the inosine soak in the presence of phosphate, whichthe two cases. For hypoxanthine, the base is deeper in the
showed binding of hypoxanthine and ribose 1-phosphate.active site and close to the water molecule, while in the
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FIGURe 7: Stereoviews of the superposition of the reactants and products in the active site. Coordinates for inosine and sulfate (orange) and
9-deazahypoxanthingibose 1-phosphate (green) are from the corresponding complexes with bovine PNP. The views in panels A and B
differ by a 90 rotation.

nucleoside complex, the base shifts toward the ribosyl group  Purine Binding in the Presence of Phosphate in Complexes
and away from the water molecule. It should also be noted with Phosphate-Hypoxanthine and Acyclér Diphosphate

that adenosine and adenine, which are very slow substratedn crystalline PNP, purine bases can bind to the active site
for mammalian PNP, have amino groups at the 6-position. whether phosphate is present, even though the resulting
Although the binding geometry is the same as that for purine-phosphate complex is unproductive for catalysis. The
6-oxopurines, the water molecule cannot form the same structure of the hypoxanthirgphosphate complex is es-
hydrogen bonds which could further explain the extremely sentially the same as the structure of human PNP complexed
slow rate of catalysis. In addition to the hydrophilic with sulfate and purined). However, Lys244, which was
interactions with Asn243 and Glu201, there are a number poorly defined in the human PNP structure, clearly does not
of hydrophobic interactions surrounding the purine base, contribute to purine binding in the bovine PNP structure.
including Phe200, Val245, Val217, Met219, residues-116 The specificity for 6-oxopurines is provided by hydrogen
119 of thef5 strand (AAGG), and Phel59 from a neighbor- bonds from N1 of the purine base to Glu201 and from N7
ing subunit (Figure 3). to Asn243. Additional hydrogen bonds are provided by a
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water molecule that bridges Glu201 and O6 of the purine  Transition State Model The crystallographic data provide
base. Acyclovir diphosphate is a potent PNP inhibitor with evidence for the structures along various points of the
a K; of 8 nM when assayed at 1 mM phosphate. Its high reaction coordinate for the PNP-catalyzed reaction. Of
affinity for PNP results from simultaneous occupation of both particular interest are the structures of the enzysbstrate
the purine and phosphate binding sites by groups that areand enzyme product complexes. Figure 7 shows the active
covalently linked. The purine base and terminal phosphate site of PNP with both reactants and products superimposed.
are linked by a seven-atom spacer, and the position of theln phosphorolysis, the active site orients the nucleoside so
purine base resembles that of the hypoxanthine complex.that the attacking phosphate ion is neat @the nucleoside.
Because of the long spacer, the geometry for the PNP As the glycosidic bond breaks, the oxocarbenium intermedi-
acyclovir diphosphate complex is most similar to that of the ate is captured by the negatively charged phosphate, which
PNP—-hypoxanthine-phosphate complex. is located on the other side of the ribose with respect to the
A disordered region (residues 24266) becomes ordered purine base. This positioning of substrates guarantees
and extends helixx7 by a little more than one turn at its inversion at C1lduring product formation. Evidence for an
N-terminal end (residues 25866) when the base site is oxocarbenium intermediate, with bond breaking far ahead
occupied. The conformational change is independent of of bond making in the phosphorolysis reaction, has ac-
phosphate binding as shown by the structures reported herecumulated in the literature through kinetic isotope effect
However, in the presence of high phosphate or sulfate, studies 21—23). However, the secondary isotope effects
hypoxanthine occupancy is reduced while nucleoside oc- also suggest significant involvement of'Cé&ven though this
cupancy is unaffected. Although the conditions and environ- is not apparent from the structural studies.
ment in crystalline PNP may be atypical, it is interestingto ~ When superimposed, the free purine base is closer to
speculate that the negative charge of phosphate may disfavoAsn243, Glu201, and the active site water molecule when
the nonproductive addition of purine base. compared to the corresponding nucleoside (Figure 7). This
Structure-Actizity Relationships The interactions be-  observation holds irrespective of whether phosphate or ribose
tween PNP and the sugar ring in the complex structures arel-phosphate is bound. When the ribose position of ribose
primarily hydrophobic. However, there are also hydrogen 1-phosphate is compared with that of the nucleoside complex,
bond interactions with three residues: Met219, Tyr88, and the C1 position changes most (1.7 A); other changes decrease
His257. In particular, atoms O2nd O3 form hydrogen  in the order C2 (0.8 A), 04 (0.7 A), C3 (0.2 A), and C4
bonds to Met219 and Tyr88, respectively, as well as (0.2 A). The phosphate position differs slightly in the two
important hydrogen bond interactions to the phosphate ion complexes; however, all of the hydrogen bonds remain the
oxygen atoms, while His257 forms a hydrogen bond t6. 05 same, even though phosphate rotates around thePGikis
This hydrogen bonding pattern can be use to explain theby a few degrees. This rotation moves O1 on phosphate
importance of sugar hydroxyls in the reaction mechanism. closer to C1 of the sugar ring (Figure 7), which provides
Both ribonucleosides and-Beoxyribonucleosides are good additional evidence that O1 of phosphate is the oxygen that
substrates; however'-8eoxyinosine is a very poor substrate attacks C1to form ribose 1-phosphate.
(20). In the absence of a'-hydroxyl group, hydrogen The PNP-inosine-sulfate complex and the PNP
bonding occurs only with O3 In the absence of a’'-3 9-deazainosinephosphate complex are good models for the
hydroxyl group, the sugar conformation is distorted to enzyme-substrate complex, and the PN®-deazahypo-
optimize the hydrogen bonds to Q2Zesulting in poor xanthine-ribose 1-phosphate complex and the hypoxan-
geometry for catalysis. Interestingly;,2-dideoxyinosine thine—ribose 1-phosphate complex are good models for the
is a better substrate thari-@oxyinosine but poorer than PNP—product complex after phosphorolysis. The striking
2'-deoxy substrates, probably because the lack of bothsimilarities between the structures of the PNdRbstrate and
hydroxyl groups allows the formation of a weaker but the PNP-product complexes suggest that only small move-
undistorted complex. This hypothesis has been confirmed ments are required to generate the transition state and
by crystallographic studies of human PNP complexed with subsequent intermediate. A simple transition state model
3'-deoxyinosine and'Z'-dideoxyinosine (unpublished re- can be generated by averaging the positions of the two sets
sults). The hydrogen bonds between nucleoside hydroxyl of atoms in the complexes (Figure 7) and then constraining
groups and phosphate suggest that the binding of eitherthe resulting structure such that (1) overall structural changes
nucleoside or phosphate will enhance binding of the other are minimized, (2) hydrogen bonds to substrates are main-
substrate. In the crystallographic analyses, soaking experi-tained, and (3) the C+04 bond and attached atoms of the
ments showed that sulfate occupancy increased in theoxocarbenium ion are restrained to be planar. The transition
presence of 7-deazainosine even though the sulfate concenstate based on this model is shown in Figure 8. The model
tration was held constant. is consistent with the mechanism proposed by Erion et al.
In addition, the structures reported here may help to (1) butincludes the details of hydrogen bonding derived from
explain the dependence &f on phosphate concentration the high-resolution structures of the bovine PNP complexes.
observed for many PNP inhibitorg)( Although in some Comparison of the PNPsubstrate and PNfproduct
cases this effect may be due mostly to direct competition of complexes provides some evidence for the molecular motions
phosphate and inhibitor for the phosphate binding site (e.g.,that take place during the reaction. When PNP binds
acyclovir diphosphate), in other cases the reason is not sophosphate, its position is fixed by the formation of a number
obvious. However, since phosphate binding results in two of hydrogen bonds from main chain atoms, side chain atoms,
conformational changes, it may be that the resulting rear- a water molecule, and thé-2and 3-hydroxyl groups of the
rangement of residues decreases the binding affinity for aribosyl group. One side of the bound phosphate anion is
variety of nucleoside analogues. exposed and faces the nucleoside binding site, which helps
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