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are tightly inhibited by immucillins. Due to the positive charge on the ribose like part (iminoribitol moiety)
and protonation of the N7 atom of the purine ring, immucillins are believed to act as transition state ana-
logues. Over a wide range of concentrations, immucillins bind with strong negative cooperativity to PNPs,
so that only every third binding site of the enzyme is occupied (third-of-the-sites binding). 9-(5',5'-
difluoro-5'-phosphonopentyl)-9-deazaguanine (DFPP-DG) shares with immucillins the protonation of
the N7, but not the positive charge on the ribose like part of the molecule. We have previously shown that
DFPP-DG interacts with PNPs with subnanomolar inhibition constant. Here, we report additional biochem-
ical experiments to demonstrate that the inhibitor can be bound with the same Ky (~190 pM) to all three
substrate binding sites of the trimeric PNP, and a crystal structure of PNP in complex with DFPP-DG at
1.45 A resolution, the highest resolution published for PNPs so far. The crystals contain the full PNP homo-
trimer in the asymmetric unit. DFPP-DG molecules are bound in superimposable manner and with full
occupancies to all three PNP subunits. Thus the postulated third-of-the-sites binding of immucillins should
be rather attribute to the second feature of the transition state, ribooxocarbenium ion character of the
ligand or to the coexistence of both features characteristic for the transition state. The DFPP-DG/PNP com-
plex structure confirms the earlier observations, that the loop from Pro57 to Gly66 covering the phosphate-
binding site cannot be stabilized by phosphonate analogues. The loop from Glu250 to GIn266 covering the
base-binding site is organized by the interactions of Asn243 with the Hoogsteen edge of the purine base of
analogues bearing one feature of the postulated transition state (protonated N7 position).

© 2009 Elsevier Inc. All rights reserved.

Introduction

purine base and o-b-pentose-1-phosphate. Mammalian purine
nucleoside phosphorylases belong to the so-called low molecular

Purine nucleoside phosphorylases (PNP, E.C. 2.4.2.1) catalyze
the conversion of B-purine nucleoside and orthophosphate to

Abbreviations: PNP, purine nucleoside phosphorylase; DFPP-DG, 9-(5',5'-
difluoro-5’-phosphonopentyl)-9-deazaguanine; DFPP-G, 9-(5',5'-difluoro-5'-phos-
phonopentyl)-guanine; Hx, hypoxanthine; ImmH, immucillin H; Ino, inosine;
Hepes, N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]; U, enzyme activ-
ity unit; Ky, dissociation constant; A.U., arbitrary units
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mass PNPs that are characterized by a homotrimeric architecture
and a strong preference for guanosine and inosine over adenosine.
High-molecular mass PNPs are trimers of dimers and accept all
three nucleosides as substrates [1]. Ribooxocarbenium ion charac-
ter of the pentose is one of the transition state features of low- and
high-molecular mass PNPs. However, the ionic state of the base is
still a point of some controversy, with protonation of the purine
ring position N7 being the most widely accepted mechanism for
hexameric PNPs, and one of the postulated mechanisms for
trimeric PNPs [1-4].
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Human PNP has became an important drug target after it was
shown that lack of its activity leads to selective immunodeficiency
resulting from incorrect T-cell proliferation [1]. For in vivo effi-
ciency, PNP inhibitors require a dissociation constant of 10 nM or
lower [5]. Due to the charged nature of one part of the PNP sub-
strate (orthophosphate), many PNP inhibitors, multisubstrate ana-
logue inhibitors, carry a negative charge. They are therefore
problematic for an in vivo use, because they cannot effectively pen-
etrate cell membranes. By contrast transition state analogue inhib-
itors, immucillins, carry a positive charge, but thanks to the pK of
protonation close to neutral pH (pK = 6.9), they can pass through
the membranes with high efficiency [4]. Most likely they trans-
verse the membrane in the neutral form and get protonated inside
the cell. Immucillins bind to PNP with pronounced negative coop-
erativity. This effect has been called “third-of-the-sites binding”,
because two substrate binding sites of the trimeric enzyme remain
unoccupied over a wide range of inhibitor concentrations. Quanti-
tatively, the dissociation constant for the first site is in the pM
range, while dissociation constants for the two remaining sites
are orders of magnitude higher [6,7]. Thanks to the excellent prop-
erties of these inhibitors (membrane permeability, tight binding),
one of them, immucillin H, is now in clinical trials [8,9] and has re-
cently been reported to be quite efficient in treatment of T-cell leu-
kaemia [e.g. 10].

As a result of our continuous search for efficient PNP inhibitors
for in vivo applications and studies of the enzyme catalytic mech-
anism, we synthesized molecules that combine features of the
transition state (protonated N7 position of the base) and multisub-
strate analogues. Molecules built of the 9-deazaguanine alkyl-
linked to the difluoromethylenephosphonate proved to be potent
inhibitors of mammalian PNPs [11,12]. The promising biochemical
results prompted us to determine the X-ray structure of the recom-
binant calf PNP complexed with one of such compounds 9-(5',5’'-
difluoro-5’-phosphonopentyl)-9-deazaguanine (DFPP-DG). Crys-
tals diffracted to 1.45 A, which is the best resolution reported for
any trimeric PNP. Up to now, all structures of the enzyme in com-
plex with immucillins [13], as well as the only structure [14] of its
complex with 9-deaza multisubstrate analogue inhibitor (PDB code
2ai2), contained one monomer in the asymmetric unit. Therefore,
possible differences between subunits resulting from the third-
of-the-sites binding effect, could not be observed. By contrast,
the full PNP trimer was present in the asymmetric unit of the struc-
ture of DFPP-DG/PNP complex presented here, which thus proved
suitable to study this phenomenon. Even if the effect did not have
influence on the shape of the entire PNP molecule, low occupancy
of the ligand should be detectable.

Materials and methods

Chemicals. Recombinant calf PNP was obtained as described pre-
viously [15]. The enzyme had the specific activity of about 34 U/
mg, i.e. exactly the same as the 100% active non-recombinant calf
spleen PNP [16], which suggests that all its molecules were active.
This was essential to assure that the stoichiometry of binding
reported in this work was correct. DFPP-DG was synthesized as de-
scribed before [11]. Inosine (Ino), Hepes (ultra pure), polyethylene
glycol, B-octylglucopyranoside and xanthine oxidase from butter-
milk (a suspension in 2.3 M ammonium sulfate with specific activ-
ity of 1U/mg at 25°C) were from Sigma, Tris and magnesium
chloride was from Roth. All solutions were prepared with MilliQ
water.

Instrumentation. Spectrophotometric measurements were car-
ried out in 10-mm path length quartz cuvettes (Hellma, Germany),
on the Uvikon 930 (Kontron, Austria) and Cary 100 (Varian, USA)
spectrophotometers with the thermostatically controlled cell com-
partments. The Beckman model ®300 pH-meter equipped with a

combined semi-microelectrode and temperature sensor was used
for pH determination. Fluorescence data were recorded on the Per-
kin-Elmer LS-55 spectrofluorimeter (Norwalk, CT, USA) using
4 x 10 mm cuvettes with continuous stirring of solution.

PNP activity. The specific enzyme activity was measured spec-
trophotometrically with Ino as the substrate using the standard
coupled xanthine oxidase procedure with Ayps=300nm and
Ag=9600 M~! cm~! [17]. One unit of phosphorylase activity is de-
fined as the amount of enzyme that causes phosphorolysis of one
pmol of Ino to Hx and ribose-1-phosphate per minute under stan-
dard conditions (25 °C, 0.5 mM Ino, 50 mM sodium phosphate buf-
fer pH 7.0).

Enzyme and ligand concentrations. PNP and DFPP-DG concentra-
tions were determined spectrophotometrically with the following
extinction coefficients: &%pp(280nm)=9.6cm™! [17], &ppep-
pc(280 nm) =10 100 M~'ecm~"! at pH 7.0 [11]. Molar concentration
of PNP was always given for a monomer for direct comparison with
molar concentration of the ligand. In all calculations, the theoreti-
cal molecular mass of a monomer of the calf enzyme based on its
amino acid sequence (284 residues) was used, M; = 31,654 Da.

Fluorescence titrations. Fluorescence data were collected at
25 °C, with excitation and observation wavelengths, Zexc = 290 nm
and Jgps = 350 nm, respectively. The path length for excitation
was 4 mm and that for emission 10 mm. Dilution did not exceed
15%, and fluorescence intensity was corrected for the dilution fac-
tor. Inner filter effect was negligible.

The binding was well described by a single dissociation con-
stant. The following equation was used to obtain dissociation con-
stant and the stoichiometry of binding [18]:

F(L)=Fo—(fe —fe + 1)

_ 2
([25 (el s VU=l + Koy 4[Emu<d> o

(1)

Parameters fg, fi and fg; are fluorescence coefficients of free PNP,
free DFPP-DG and PNP complexed with DFPP-DG, respectively, [L]
is the total concentration of DFPP-DG, F([L]) is the fluorescence
intensity observed for the ligand concentration [L], [E.] is the to-
tal concentration of the enzyme binding sites, and Fy is the initial
fluorescence intensity of the protein and buffer mixture before
titration. Non-linear regression analysis was used, giving values
for five fitted parameters: Ky, [Eac], Fo, fu and (fe—fgL + f1) (Fig. 1).

Crystallization. Recombinant calf PNP (10 mg/ml, about 310 pM
subunit concentration) was complexed with DFPP-DG (660 ptM).
Hanging crystallization drops were set up at 20 °C temperature
by mixing 3 pl of the PNP inhibitor complex in 1:2 ratio with
3 ul of the reservoir buffer (27% PEG 400, 0.02% sodium azide,
0.1 M Hepes pH 7.9, 0.1 M magnesium chloride) and allowed to
equilibrate against reservoir buffer. Similar crystallization condi-
tions for calf PNP have been described previously [19]. Typically,
small (about 0.2 mm) dome-shaped crystals assigned to the cubic
space group P 2; 3 could be grown. In the case of the DFPP-DG/
PNP complex, in addition to the known crystal form, large crystals
of space group C 1 2 1 appeared in the drop. Particularly fine crys-
tals of the new form were observed when 1% B-octylglucopyrano-
side was present in the buffer.

Crystal structure determination. The C 1 2 1 crystal form dif-
fracted up to 1.45 A on beamline BW6 at DESY (Deutsches Elektro-
nen-Synchrotron, Hamburg, Germany). The diffraction data were
integrated with MOSFLM [20] and scaled with SCALA [21]. Crystals
contained one trimer of calf PNP in the asymmetric unit, and there-
fore test reflections for the R-free calculations were selected in thin
resolution shells using DATAMAN [22]. The structure was solved
by molecular replacement with the program MOLREP [23] using
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Table 1

Data collection and refinement statistics for the crystal structure of calf PNP in
complex with DFPP-DG. The atomic coordinates of the final model together with the
corresponding structure factors were deposited in Protein Data Bank with the
accession code 3fuc.

Space group C121

Unit cell dimensions a=13579A
b=7825A
c=9490A
p=97.19°

No. of monomers/asymmetric unit 3

No. of unique reflections (all/test) 173,360/8787 (R-free set

in thin resolution shells)

Resolution range [A] 10.00-1.45
Completeness (last shell) [%] 99.4 (99.9)
I/a (last shell) 11.7 (3.0)
Rsym (last shell) [%] 8.2 (23.6)
B-factor from Wilson plot [A?] 16.0
R-factor [%] 18.4
R-free [%] 20.7

rmsd bond lengths [A] 0.011
rmsd angles [°] 1.37
Average B [A?] 18.3
Ramachandran core [%] 94.8
Ramachandran allowed [%] 4.8
Ramachandran add. allowed [%] 0.0
Ramachandran disallowed [%] 0.4

the trimeric form of the previously determined calf PNP structure
(PDB code 11v8, [24], ligand removed) as the search model. The
structure was corrected manually in Coot [25] and refined using
REFMAC [26] (Table 1). Non-crystallographic symmetry (NCS)
restraints were not used during refinement. The DFPP-DG topology
and parameter files were generated with the PRODRG web server
[27]. Target parameters were used with standard weights as sug-
gested by the PRODRG server.

Results and discussion
Binding of DFPP-DG to PNP
As a first step, we determined the dissociation constant and

binding stoichiometry of the new ligand, 9-(5',5'-difluoro-5'-phos-
phonopentyl)-9-deazaguanine (DFPP-DG, Fig. 1) with calf PNP in
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Fig. 1. Fluorimetric titrations of PNP with DFPP-DG in 20 mM Hepes buffer pH 7.0,
25 °C. The concentration of the enzyme subunits was (0.9 + 0.1) uM. Titration data
were fitted to Eq. (1) shown in Materials and Methods. The fitted parameters
equaled: Kg=(190 % 90) pM; [E,c¢] = (0.96 £ 0.1) uM; f = (4.89 £ 1.00) A.U., (fg—feL +
fL)=(65.5+£0.3)A.U., Fo=(65.5+0.2) AU. Insert: schematic diagram of DFPP-DG.

solution by fluorimetric titration. To maintain the strong fluores-
cence signal and determine the precise stoichiometry, we used
the receptor concentration over 1000 times higher than the ex-
pected dissociation constant. The dissociation constants of extre-
mely strong inhibitors such as DFPP-DG cannot be obtained by a
single ligand titration approach, but replacement of a weaker li-
gand with the stronger one or a stopped-flow method needs to
be applied. However, our goal was to precisely determine the bind-
ing stoichiometry, and not the dissociation constant. We have
found that the model of non-interacting binding sites properly de-
scribes the binding of DFPP-DG to the enzyme (Fig. 1). The dissoci-
ation constant derived from fitting of this model to the data gives
Kq=(190 = 90) pM. The observed stoichiometry is one ligand mol-
ecule per PNP monomer. A third-of-the-sites effect is not observed,
even though the dissociation constant for DFPP-DG is comparable
to that of immucillins, which show Ky in the pM range [e.g. 6,7].

Overall structure of the PNP/DFPP-DG complex

The C1 2 1 crystals contained one trimer of calf PNP in complex
with DFPP-DG in the asymmetric unit. The overall structure of the
enzyme is very similar to the one previously observed for PNP crys-
tallized in space group P2,2,2; (with two full trimers in the asym-
metric unit) in complex with different ligands, and in the presence
or absence of phosphate (PDB codes 1lvu and 11v8, [24]). Quantita-
tively the main chain residues in these structures (whole trimer,
852 residues) may be superimposed with pairwise rmsd of less
than 1.15 A.

The crystallographic data are in perfect agreement with the
fluorimetric results and also do not support the third-of-the-sites
binding. DFPP-DG molecules are bound to all three subunits.
Superposition of the ligands bound to the three monomers demon-
strates that the enzyme-inhibitor interactions are essentially iden-
tical (not shown). Even if the preference of one site over the others
would not influence the overall shape of the PNP molecule and the
differences between monomers get averaged out in the diffraction
process, we should be able to detect the phenomenon by ligand
occupancies lower than 1 (approximately 0.3), which is not the
case. The group occupancy refinement carried out with the pro-
gram CNS [28] confirms occupancies of around 1 for all three
ligand molecules.

Base-binding site

Since the three ligand-binding sites do not display significant
differences, it suffices to discuss one representative example only
(monomer A, Fig. 2). The base-binding site is occupied by the
9-deazaguanine group of DFPP-DG inhibitor. In the parent com-
pound (guanine), the N9 atom is sp2-hybridized and contributes
a lone pair of electrons to the aromatic system of the base. The
N to C substitution is expected to shift a double bond to preserve
the aromatic state and planarity of the base. The high resolution
of the presented crystal structure made it possible to confirm this
experimentally. Irrespective of the refinement restraints (no
restraint, sp2 or sp3 with standard weight), the base refined to a
planar structure (data not shown). Due to the formally shifted
double bond, 9-deazaguanine has an NH group in the position of
the guanine N7 atom. The extra H atom is thought to mimic a
feature of the transition state (albeit without the positive charge),
and enables the favorable interaction between the Hoogsteen edge
of 9-deazaguanine and Asn243. The interaction involves two
hydrogen bonds with very favorable geometry, one from the NH
group of 9-deazaguanine to the O& atom of the side chain of
Asn243, and another one from the N3 atom of this amino acid to
the 06 atom of the inhibitor (Fig. 2). On the Watson-Crick edge,
9-deazaguanine forms the two hydrogen bonds with Glu201 that
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Fig. 2. (A) Diagram of the interactions between DFPP-DG and calf PNP. For clarity only selected residues are presented in a full atom representation. Composite omit |2F,—F|
electron density map contoured at 2.0¢ is shown for the inhibitor, base binding residues and most important water molecules (denoted as “W"). Hydrogen bonds are
indicated by dashed lines. For the enzyme-base interactions the corresponding interatomic distances are stated. (B) Side view of the DFPP-DG molecule along with the
composite omit map contoured at 2.0¢ level. The planar geometry of C9 position can be clearly seen. The figures were prepared in PyMOL [34]. Simulated annealing
refinement to minimize model bias was performed with CNS [28] with the starting temperature of 500 K.

are routinely seen in co-crystal structures of PNPs with guanine
and acyclic nucleosides with guanine as an aglycone [1].

Phosphate and ribose-binding sites

The phosphate-binding site is occupied by the CF,-phosphonate
as expected. The phosphonate group interacts with the side chains
of Ser33, Arg84, His86 and Ser220, as well as with the main chain
nitrogen atoms of Ser33 and Ala116. These interactions are analo-
gous to the previously observed contacts of calf spleen PNP in the
structures with co-substrates ribose-1-phosphate and phosphate
or its analogue sulfate. The only exception is His64, reported to
be in the vicinity of the active site (e.g. 1a9s, 1a9t [29], 1b80 [13]
and 1fxu [30]), and disordered in the present structure, and also
in the other complexes with phosphonate group mimicking phos-
phate (e.g. 1v48,[31]). A very well-ordered water molecule (W317)
bridges the phosphonate, the Tyr192 OH group and the Ala116 car-
bonyl oxygen atom, as in all other calf PNP structures. The alkyl lin-
ker connecting CF,-phosphonate with 9-deazaguanine occupies
the ribose-binding site. The linker is not engaged in specific inter-
actions with the enzyme. Similar results were obtained for 9-aza
analogue of DFPP-DG, DFPP-G (1v48 [31]).

57-66 loop conformation

The loop from Pro57 to Gly66 could not be reliably traced in our
structure. In previous PNP structures, this loop has been observed
in various states of order. It was disordered in the structure of the
binary complex of PNP with Hx (PDB code 1vfn, [32] and in the
complexes of PNP with multisubstrate analogue inhibitors, in
which phosphonate mimicked phosphate (2ail, 2ai2, 2ai3, [14]).
In contrast, it was ordered in the structures with a phosphate or
sulfate molecule bound in the PNP phosphate-binding site: PNP/
PO, complex (4pnp), PNP/Hx/SO, complex (1a9r), PNP/Hx/SO4
(1a9s), PNP/9-deaza-Ino/SO,4 (1a9p), PNP/ribose-1-phosphate/Hx
(1a9t [29]), PNP/N(7)-acycloguanosine/PO,4 (1fxu [30]), and PNP/
ImmH/PO4 (1b8o, [13])). The loop could also be built with high
B-factors in one structure of unliganded PNP (1pbn [29]) and in
two other structures (1lvu, 1lv8 [24]) where it was trapped by
crystal contacts. Disregarding these special cases, it appears that
binding of phosphate or sulfate anchors His64 and this residue
then “locks in” the entire loop. The present structure together with

the previous complexes of PNP with multisubstrate analogues,
suggest that phosphonate cannot substitute for a sulfate or phos-
phate to stabilize this loop.

250-266 loop conformation
The loop comprising residues Glu250 to GIn266 covers the
base-binding site. In the structure described here the N7 position

of the ligand is protonated and the 250-266 loop appears well-or-
dered (Fig. 3). The loop is anchored by a chain of well-ordered

Glu250

Fig. 3. Composite omit |2F,—F| electron density map (contoured at 2.0¢) for the
region between Glu250 and GIn266. The composite omit map were calculated with
CNS [28]. Prepared in PyMOL [34].
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Fig. 4. Chain of well-ordered water molecules (W333, W379, W412) anchoring
Glu259 and Lys254 to Asn243. Prepared in PyMOL [34].

water molecules with low temperature factors, supported by the
interactions of one of them with Asn243 (Fig.4). It might suggest
that some reduction in the degree of freedom of enzyme and/or
ligand occurs in this case. This would be in agreement with our
earlier calorimetric results suggesting that the entropic contribu-
tion to PNP binding was less favorable for DFPP-DG than for
DFPP-G [33]. The conformation and flexibility of the 250-266 loop
correlates with the presence of a hydrogen bond donor at the N7
position of the base. In all known structures with the N7 atom
protonated, the loop is well organized, and it is usually disordered
in the ones with this position not protonated. The ligands of struc-
tures 2ail [14] and 1a9s [29] should be unprotonated in solution at
neutral pH. However, the conformations of the Asn243 residues in
the co-crystal structures identify the N7 atoms as protonated, and
the loops are ordered in agreement with the rule.

The structure presented here is consistent with the suggestion
derived from previous studies that the NH group at the N7 position
orients the side chain of Asn243. This residue forms two hydrogen
bonds with the Hoogsteen edge of the base part of the ligand,
which in turn “locks in” the 250-266 loop that covers the base-
binding site. The effect may be achieved either as a result of 9-dea-
za modification in analogues of the postulated transition state, or
as a result of the protonation of the natural substrate, inosine, in
the course of catalysis. In the first case the loop is more rigid,
reflecting the stable incorporation of the transition state feature
into the ligand structure. By contrast, in the second case the loop
is a bit more flexible, reflecting the transient nature of the transi-
tion state of the natural substrate during the enzymatic reaction.
This conclusion would be in agreement with the N7 protonation
mechanism of catalysis suggested by Fedorov et al. [13] as one pos-
sible reaction path.
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