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Abstract

Purine nucleoside phosphorylase (PNP) catalyzes the phosphorolysis of the N-ribosidic bonds of purine nucleosides and de-
oxynucleosides. PNP is a target for inhibitor development aiming at T-cell immune response modulation. This work reports on the
crystallographic study of the complex of human PNP-immucillin-H (HsPNP-ImmH) solved at 2.6 A resolution using synchrotron
radiation. Immucillin-H (ImmH) inhibits the growth of malignant T-cell lines in the presence of deoxyguanosine without affecting
non-T-cell tumor lines. ImmH inhibits activated normal human T cells after antigenic stimulation in vitro. These biological effects of
ImmH suggest that this agent may have utility in the treatment of certain human diseases characterized by abnormal T-cell growth
or activation. This is the first structural report of human PNP complexed with immucillin-H. The comparison of the complex
HsPNP-ImmH with recent crystallographic structures of human PNP explains the high specificity of immucillin-H for human PNP.

© 2003 Elsevier Inc. All rights reserved.
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Mutations in the locus encoding for purine nucleo-
side phosphorylase (PNP) cause gradual decrease in
T-cell immunity, though keeping B-cell immunity nor-
mal as well as other tissues [1]. The activation of helper
T cells requires that they recognize a complex formed
between an antigen and a class I MHC protein on the
surface of antigen-presenting cells with appropriate
costimulation. This results in interleukin-2 release
which, in turn, leads to T-cell clonal expansion with
activity against cells exhibiting the stimulatory antigen
[2]. However, most naive T-cells receive no antigenic
signal and undergo apoptosis. Cellular nucleic acids
from the apoptosed cells are recycled. Naive T-cells
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have the ability to transport and phosphorylate deox-
yguanosine to dGTP, which accumulates relative to
normal cells [3]. One proposal is that the absence of
PNP activity leads to the accumulation of deoxygua-
nosine triphosphate, which inhibits the enzyme ribo-
nucleotide reductase and ensuing DNA synthesis
inhibition, thereby preventing cellular proliferation re-
quired for an immune response [4]. Thus, this enzyme
is a potential target for drug development, which could
induce immune suppression to treat, for instance, au-
toimmune diseases, T-cell leukemia and lymphoma,
and organ transplantation rejection [5]. Accordingly, a
transition-state analog (immucillin-H) (Fig. 1) that
inhibits PNP enzyme activity has recently been shown
to inhibit the growth of malignant T-cell leukemia cell
lines with the induction of apoptosis [6]. In addition,
some PNP inhibitors have been tested in combination
with nucleoside antiviral and anticancer drugs showing
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Fig. 1. Molecular structure of immucillin-H [(1S)-1-(9-deazahypoxan-
thin-9-yl)-1,4-dideoxy-1,4-imino-D-ribitol].

the ability to potentiate the in vivo activity of these
drugs [7].

PNP catalyzes the reversible phosphorolysis of N-ri-
bosidic bonds of both purine nucleosides and deoxy-
nucleosides, except adenosine, generating purine base
and ribose (or deoxyribose) 1-phosphate [8]. The major
physiological substrates for mammalian PNP are ino-
sine, guanosine, and 2'-deoxyguanosine [9]. PNP is
specific for purine nucleosides in the B-configuration and
exhibits a preference for ribosyl-containing nucleosides
relative to the analogs containing the arabinose, xylose,
and lyxose stereoisomers [10]. Moreover, PNP cleaves
glycosidic bond with inversion of configuration to pro-
duce o-ribose 1-phosphate, as shown by its catalytic
mechanism [11].

We have obtained the crystallographic structure of
the complex between HsPNP and immucillin-H
(HsPNP-ImmH). To the best of our knowledge, this is
the first structural report of the complex between human

Table 1
Data collection and refinement statistics
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PNP and immucillin-H. Our analyses of the HsPNP-
ImmH structural data and structural differences between
the PNP apoenzyme and HsPNP-ImmH complex pro-
vide explanation for substrate binding, refine the purine-
binding site, and can be used for future inhibitor design.

Materials and methods

Crystallization and data collection. Recombinant human PNP was
expressed and purified as previously described [12]. HsPNP-ImmH
was crystallized using the experimental conditions described elsewhere
[13,14]. In brief, a PNP solution was concentrated to 13mgmL~!
against 10 mM potassium phosphate buffer (pH 7.1) and incubated in
the presence of 0.6 mM immucillin-H (a gift from BioCryst Pharma-
ceuticals, Birmignham, AL, USA). Hanging drops were equilibrated
by vapor diffusion at 25°C against a reservoir containing 19% satu-
rated ammonium sulfate solution in 0.05 M citrate buffer (pH 5.3).

In order to increase the resolution of the HsSPNP-ImmH crystal, we
collected data from a flash-cooled crystal at 104 K. Prior to flash
cooling, glycerol was added, up to 50% by volume, to the crystalliza-
tion drop. X-ray diffraction data were collected at a wavelength of
1.4310 A using the Synchrotron Radiation Source (Station PCr, Lab-
oratorio Nacional de Luz S{ncrotron, LNLS, Campinas, Brazil) and a
CCD detector (MARCCD) with an exposure time of 30 s per image at
a crystal to detector distance of 120 mm. X-ray diffraction data were
processed to 2.6 A resolution using the program MOSFLM and scaled
with the program SCALA [15].

Upon cooling the cell parameters shrank from a =b = 142.90A,
¢=16520A to a=b=13939A, and ¢ =161.31A. For HsPNP-
ImmH complex the volume of the unit cell is 2.714 x 106 A3 compatible
with one monomer in the asymmetric unit with a J, value of
471 A’ Da'. Assuming a value of 0.26cm? g~! for the protein partial

Cell parameters
Space group
Number of measurements with I > 2¢(I)
Number of independent reflections
Completeness in the range from 56.80 to 2.60 A (%)
Rsyma (%)
Highest resolution shell (A)
Completeness in the highest resolution shell (%)
Rym® in the highest resolution shell (%)
Resolution range used in the refinement (A)
szlctorb ((VU)
RfrccC (%)
B valuest ( A?)

Main chain

Side chains

Immucillin-H

Waters

Sulfate groups
Observed r.m.s.d from ideal geometry

Bond lengths (A)

Bond angles (°)

Dihedrals (°)
No. of water molecules
No. of sulfate groups

a=b=13939A, c = 161.31A o = f = 90.00°, y = 120.00°

R32
87,01
16,70
90.1
9.9
2.74-
93.4
37.5
7.0-2
20
27.2

27.34
29.96
34.83
25.11
29.28

0.013
1.89
25.82
64

3

8
N

2.60

.6

*Roym = 100> [I(h) — (I(h)}|/ >_I(h) with I(h), observed intensity and (/(h)), mean intensity of reflection / over all measurement of 7(/).

beaclor =100 x Z |Fobs

— Faicl/ > (Fobs), the sums being taken over all reflections with F/a(F) > 2 cutoff.

© Riree = Ripacior for 10% of the data, which were not included during crystallographic refinement.

4 B values = average B values for all non-hydrogen atoms.
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specific volume, the calculated solvent content in the crystal is 74% and
the calculated crystal density 1.09 gcm™3.

Crystal structure. The crystal structure of the HsPNP-ImmH was
determined by standard molecular replacement methods using the
program AMoRe [16], using as search model the structure of HsPNP
(PDB access code: 1M73) [17,18]. Structure refinement was performed
using X-PLOR [19]. The atomic positions obtained from molecular
replacement were used to initiate the crystallographic refinement. The
overall stereochemical quality of the final model for HsPNP-ImmH
complex was assessed by the program PROCHECK [20]. Atomic
models were superposed using the program LSQKAB from CCP4 [15].

Results and discussion
Molecular replacement and crystallographic refinement

The standard procedure of molecular replacement
using AMoRe [16] was used to solve the structure. After

translation function computation the correlation was of
71% and the R0 of 32%. The highest magnitude of the
correlation coefficient function was obtained for the
Euler angles o = 114.26°, § = 58.45°, and y = 157.79°.
The fractional coordinates are 7, = 0.4965, 7, = 0.2904,
and 7, = 0.1995. At this stage 2F,,s — Frae Omit maps
were calculated. These maps showed clear electron
density for the immucillin-H in the complex. Further
refinement in X-PLOR continued with simulated an-
nealing using the slow-cooling protocol, followed by
alternate cycles of positional refinement and manual
rebuilding using XtalView [21]. Finally, the positions of
immucillin-H, water, and sulfate molecules were
checked and corrected in Fius — Feye maps. The final
model has an Ry,cor 0f 20.0% and an Ry of 27.2%, with
64 water molecules, three sulfate ions, and the immu-
cillin-H.

Fig. 2. Ribbon diagram of HsPNP-ImmH generated by Molscript [40] and Raster3d [41].
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Ignoring low-resolution data, a Luzzati plot [22] gives
the best correlation between the observed and calculated
data for a predicted mean coordinate error of 0.29 A.
The average B factor for main chain atoms is 27.34 A2,
whereas that for side chain atoms is 29.96 A2, B factors
for water molecules range from 13.23 to 58.87 A?, with
an average of 25.11 A”> and the average B factor for
immucillin-H molecule is 34.83 A% (Table 1).

Overall description

Analysis of the crystallographic structure of
HsPNP-ImmH complex indicates a trimeric structure.
Each PNP monomer displays an o/f-fold consisting of
a mixed B-sheet surrounded by o helices. The structure
contains an eight-stranded mixed B-sheet and a five-
stranded mixed B-sheet, which join to form a distorted
B-barrel. Fig. 2 shows schematic drawings of the PNP-
ImmH complex.

Ligand-binding conformational changes

There is a conformational change in the PNP struc-
ture when immucillin-H binds in the active site. The
overall change is relatively small, with an r.m.s.d. in the
coordinates of all Ca of 1.2 A after superimposition of
PNP apoenzyme onto HsSPNP-ImmH complex.

Particularly interesting is the position occupied by the
Lys244 in the present complex structure and in the hu-
man PNP (1M73) [17]. The hydrogen bond between the
Lys244NZ and O6 of the purine ring was previously
predicted from molecular modeling studies [23], since
electron density was not detected for the Lys244 side-
chain atoms in the low-resolution PNP structures
[14,24]. The structure of complex HsPNP-ImmH, here
described, presents clear electron density for the Lys244
region. The g-amino group of Lys244 forms hydrogen
bond with the carbonyl group of Asnl21 (2.77 A), in the
present structure, indicating that the side-chain of
Lys244 is firmly locked in this region. Similar position-
ing for Lys244 is observed in the high-resolution struc-
tures of bovine PNP [25,26] and in the high-resolution
structure of HsPNP (1M73). Furthermore, the same
region of the complex between HsPNP and immucillin-
H indicates small movement of the Lys244 side chain.
Analysis of the same region in the low-resolution
structure of HsPNP complexed with guanine (PDB ac-
cess code: 1ULB) indicates a large movement in the
Lys244 side chain upon binding of guanine, suggesting
that the e-amino group of Lys244 in the HsPNP moves
9.1 A upon guanine binding.

Interactions with immucillin-H

The specificity and affinity between enzyme and its
inhibitor depend on directional hydrogen bonds and

ionic interactions, as well as on shape complementarity
of the contact surfaces of both partners [27-35]. The
atomic coordinates of the HsSPNP-ImmH were used for
structural comparison with the complex between
HsPNP and other inhibitors. We focused our analysis
on three inhibitors: 8-aminoguanine, §-amino-9-benzyl-
guanine, and immucillin-H (trade name BCX-1777).
Values of 0.8 and 0.2 uM for K; have been determined
for 8-aminoguanine and 8-amino-9-benzylguanine, re-
spectively [36]. Immucillin-H is an inhibitor of human
PNP based on the transition-state structure and exhibits
slow-onset tight-binding inhibition with a rapid initial
binding phase and a K;* value of 72 pM [37]. Fig. 3
shows the intermolecular hydrogen bonds for the com-
plex HsPNP-ImmH. Analysis of the hydrogen bonds
between immucillin-H and PNP reveals eight hydrogen
bonds, involving the residues His86, Tyr88, Glu201,
Met219, Thr242, Asn243, and His257. It was identified
only four hydrogen bonds between 8-aminoguanine and
the PNP, involving the residues Alall6, Glu201,
Asn243, and Lys244. For the complex between PNP and
8-amino-9-benzylguanine a total of five hydrogen bonds
are observed, involving the residues Glu201, Asn243,
and Lys244. However, the hydrogen bond involving
g-amino group of Lys244 is highly questionable, as
discussed. Analysis of the three complexes strongly in-
dicates that additional binding affinity, observed for

Fig. 3. Intermolecular hydrogen bonds for the complex HsPNP-Immh.
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immucillin-H, may result from hydrogen bonds between
03’ and His86, and O2' and the amide nitrogen of
Met219. These results are in accordance with structural
studies on bovine PNP showing that the increase in
binding affinity of ImmH involves improved H-bond
distances at seven or more sites in the PNP complex with
ImmH relative to Michaelis complex with inosine [38].
The electrostatic potential surface of the immucillin-H
complexed with HsPNP was calculated with GRASP
[39] (figure not shown). The analysis of the charge dis-
tribution of the binding pockets indicates the presence of
some charge complementarity between inhibitor and
enzyme, though most of the binding pocket is hydro-
phobic.

The atomic coordinates and the structure factors for
the complex HsPNP-ImmH have been deposited in the
PDB with the accession code: 1PF7.
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