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Abstract

Docking simulations have been used to assess protein complexes with some success. Small angle X-ray scattering (SAXS) is a
well-established technique to investigate protein spatial configuration. This work describes the integration of geometric docking with
SAXS to investigate the quaternary structure of recombinant human purine nucleoside phosphorylase (PNP). This enzyme catalyzes
the reversible phosphorolysis of N-ribosidic bonds of purine nucleosides and deoxynucleosides. A genetic deficiency due to mu-
tations in the gene encoding for PNP causes gradual decrease in T-cell immunity. Inappropriate activation of T-cells has been
implicated in several clinically relevant human conditions such as transplant rejection, rheumatoid arthritis, lupus, and T-cell
lymphomas. PNP is therefore a target for inhibitor development aiming at T-cell immune response modulation and has been
submitted to extensive structure-based drug design. The present analysis confirms the trimeric structure observed in the crystal. The

potential application of the present procedure to other systems is discussed.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Geometric docking; SAXS; Purine nucleoside phosphorylase; Bioinformatics

Recent developments in the algorithm for protein
docking allowed the prediction of the conformation of
quaternary structures of several proteins. Among all
available algorithms for docking of biological macro-
molecules the geometric docking has been proved to
generate reasonable models of several macromolecular
assemblies [1,2]. Small angle X-ray scattering (SAXS)
technique provides information on the structural char-
acteristics of macromolecules in solution at a super-
atomic scale. One of the procedures to obtain structural
information from SAXS results is based on the
comparison between structure functions of proposed
models with different configurations of monomers or
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subdomains with those determined from experiments.
Even though this technique cannot guarantee the
uniqueness of the model, it is widely used and was
demonstrated to yield useful information on the struc-
ture, on structural variations, and on the quaternary
structure of a number of macromolecules of biological
interest [3]. The Guinier analysis of SAXS intensity
provides a structural parameter, the radius of gyration
of the macromolecule in solution, which is independent
of any a priori model. The SAXS method also yields
information on the spatial configuration of the macro-
molecular subdomains but ignores internal structural
details and dynamics features such as, vibration, rota-
tion or internal conformational changes [4].

Purine nucleoside phosphorylase (PNP) catalyzes the
reversible phosphorolysis of the ribonucleosides and
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2'-deoxyribonucleosides of guanine, hypoxanthine, and
a number of related nucleoside compounds [5], except
adenosine. Human PNP is an attractive target for drug
design and it has been submitted to extensive structure-
based design. PNP inhibitors could be used in the fol-
lowing applications: (1) treatment of T-cell leukemia;
(2) suppression of the host versus graft response in
organ transplantation recipients; (3) treatment of sec-
ondary or xanthine gout by restricting purine catabo-
lites to the more soluble nucleosides; and (4) in
combination with nucleosides to prevent their degra-
dation by PNP metabolism [6]. More recently, the
structure of human PNP has been solved using cryo-
crystallographic techniques at 2.3 A resolution, which
allowed a redefinition of the residues involved in the
substrate binding sites [7,8]. The crystallographic
structure is a trimer, however, there is a report of di-
meric structure for the human enzyme [9], which may
change the subunit interface. Since the active site is
located near the interface of two subunits, changing the
putative interactions between enzyme and inhibitors
should have a bearing on structure-based inhibitor
design.

Here we report the combination of geometric docking
simulations and SAXS studies to assess the human PNP
quaternary structure in solution. The general procedure,
here described, may be used to study the spatial con-
figuration of the macromolecular subdomains of other
proteins in solution.

Materials and methods

Integration of geometric docking simulation and SAXS experiments.
In order to assess the quaternary structure of PNP a scheme was used
that involved both geometric docking simulations and SAXS experi-
ments. A flowchart describing the overall strategy is shown in Fig. 1.
This procedure was used to generate the dimeric models for PNP and
the trimeric structure was built using the crystallographic symmetry. In
order to speed up the geometric docking simulations, a parallel version
of the program GRAMM [10] was used to generate the dimeric models
for human PNP. Each step of the procedure is described in the
following sections.

Geometric docking simulations. In order to obtain the dimeric
structure of human PNP, docking simulation was performed using the
geometric recognition algorithm, which was developed to identify
molecular surface complementarity. The monomeric structure of hu-
man PNP (PDB access code: 1M73) [7] was docked against its own
structure. It generated a total of 100 dimers. The geometric recognition
algorithm is based on a geometrical approach and involves an auto-
mated procedure including: (i) a digital representation of the molecules
by three-dimensional discrete functions; (ii) the calculation of a cor-
relation function that assesses the degree of molecular surface overlap
and penetration upon relative shifts of the molecules in three dimen-
sions; and (iii) a scan of the relative orientations of the molecules [10].
The procedure is equivalent to a six-dimensional search but consid-
erably faster by design, and the computation time is only moderately
dependent on molecular size. This procedure has been applied to assess
protein—protein and protein-ligand interactions. The geometric rec-
ognition algorithm was implemented in the program GRAMM [10].
All geometric docking simulations were performed on a Beowulf
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Fig. 1. Flowchart describing the overall strategy to assess protein
complex conformations.

cluster, with 16 nodes (BI6/AMD Athlon 1800+; BioComp, Sao José
do Rio Preto, SP, Brazil).

SAXS studies. X-ray scattering data were collected at room tem-
perature using Cu Ko X-rays radiation generated by a Rigaku RU300
rotating anode generator operated at 50 kV and 90 mA and collimated
with a block slit system [11]. The scattering intensity was measured
using a linear position sensitive detector (CBPF-Brazil).

The SAXS measurements were performed within an angular range

defined by 0.02A7" < h < 0.450A " where h = (4nsin) /A, 20 being the
angle between the incident and the scattered X-ray beam and /1 the
X-ray wavelength. The contributions to the scattering intensity from
the solvent, capillary, and air were subtracted from the total intensity.

Recombinant human PNP was expressed and purified as previously
described [12]. The SAXS measurements were carried out using human
PNP solution, which was concentrated to 12mgml~! against 10mM
potassium phosphate buffer (pH 7.1). The counting time was 12h. The
extrapolated experimental SAXS intensity function was desmeared to
suppress the influence from the slit collimation system yielding the
corrected intensities, /(A).

A structural parameter related to the overall size of the macro-
molecule, the radius of gyration R,, was determined by using the
Guinier equation [13]

hR?
I(h)l(O)exp{;} (1)

Eq. (1) applies to macromolecules in the limits of a dilute solution and
small / values. More detailed information of the molecular structure
can be obtained from the distance distribution function p(r), which is
related to the SAXS desmeared (free from geometrical collimation
effects) intensity /(%) by
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The p(r) function is proportional to the number of pairs of electrons
separated by the distance r, which is encountered by combinations
between all the elements of the macromolecule. The radius of gyration
of macromolecules in solution is usually determined by applying Eq.
(1). The distance distribution function, pe,(r), has been determined by
indirect Fourier transformation using the ITP program [11]. This
program was also used to determine the intensity /(4), free from
smearing collimation effects. The theoretical function pypeo(r) was cal-
culated using the program MULTIBODY [11], modified in order to
make molecular model building easier [4]. The program MULTI-
BODY calculates the resulting function p(r) of the complete set of
atomic coordinates of each structural model for the macromolecule. In
the present study we calculated the pueo(r) for monomer, for the
dimers, generated by geometric docking, and for the trimer, obtained
by application of crystallographic rotations.

Correlation between geometric docking simulations and SAXS
experiments. To assess the correlation between theoretical and exper-
imental distance distribution function pey,(r) and peo (), respectively,
we have calculated the linear correlation coefficient (CC), which is
defined as follows [14]:

S0 [ (1PewsF = 1ep(IF ) % (IPunosF = oo ) |
= [(\pﬁp.f(r)\z ~ o)) 7 (st - |pmeo<r)|2)2}

CC=

1
3

3)

where |pexp(r)|z is the mean of the |pexp_i(r)\2, |Peo (7| is the mean of
Ipmco,i(i’)\z, and sums are made over all available p(r). When a corre-
lation is known to be significant, CC is one conventional way of
summarizing its strength. The complex, which generates the highest
correlation coefficient, is considered the right macromolecular con-
formation. In the present work, we calculated the CC for all dimeric
models obtained from the geometric docking simulations and for the
monomeric and trimeric structures.

Results and discussion

Guinier plot (log/(h) versus 4?) of the desmeared
scattering function is displayed in Fig. 2. The slope of
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Fig. 2. Guinier plot of the SAXS intensities, /(%), for human PNP. The

straight line was obtained by least-squares fitting in the region
W < 18.1073 A2,

linear portion of this plot was determined to obtain the
radius of gyration of human PNP. The R, value was
29.8A.

PNPs from most mammalian and some of the bac-
terial sources appear to be trimeric although dimeric
quaternary structures have been proposed for the
human enzyme [9]. Analysis of the crystallographic
structures of human PNP indicates a trimeric structure
(PDB access codes: lULA, 1ULB, 1M73, and 1PWY)
[6-8,15]. However, in a number of instances the qua-
ternary structure observed in the crystalline state is not
conserved in solution [3]. Furthermore, in the case of
human PNP the low pH used in the crystallization
condition [16] may generate differences in the spatial
configuration of the macromolecular subdomains ob-
served in the crystal when compared to the structure in
physiological pH. In addition, since the active site of the
PNP is located near the interface of two subunits within
the trimer, the precise information about the biological
unit in solution is of capital importance to guide the
structure-based design of inhibitors because its target is
a structure as close as possible to the structure found in
the physiological conditions, where the drug will act. Up
to now all structure-based designs of PNP inhibitors
have used the low-resolution structures of human PNP
(PDB access codes: 1TULA and 1ULB) and consider the
trimer as the target for molecular modeling studies.

Three families of theoretical models, based on the
high-resolution crystallographic structure (PDB access
code: 1M73) [7], were used to determine the theoretical
distance distribution function, pueo(7), using the pro-
gram MULTIBODY and then compared with the ex-
perimental function p(r) determined using the ITP
program from SAXS data. Figs. 3A—C show structural
models and the experimental distribution function
against the theoretical distribution function for
the monomer, dimer, and trimer, of human PNP,
respectively.

The atomic coordinates for monomeric structure
were obtained from the asymmetric unit content of the
crystallographic structure of human PNP solved at 2.3 A
resolution [7]. Previous statistical analysis of low-reso-
lution docking indicated that gross structural features of
protein—protein interactions could be identified for a
significant percentage of protein complexes [1]. There-
fore, the low-resolution protocol of the GRAMM pro-
gram [10] was used to generate the dimeric models. A
total of 100 models for the dimeric structure were built,
only the complex, which generated the highest correla-
tion coefficient between theoretical and experimental
distance distribution function is shown in Fig. 3B. The
trimeric structure was built applying two successive
rotations of 120° along z-axis on the atomic coordinates
of the monomer. The radii of gyration for the structural
models are 18.7, 26.5, and 28.7 A, for the monomer,
dimer, and trimer, respectively.
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Fig. 3. Proposed structural models for human PNP and the corresponding theoretical (continuous line) and experimental (dotted line) distance
distribution functions, p(r), for: (A) monomer, (B) dimer, and (C) trimer. The model figures were generated by MOLSCRIPT [27] and Raster3D [28].

The value CC lies between —1 and 1. It has a value of
1, when the data points lie on a perfect straight line with
positive slope. If the data points lie on a perfect straight
line with negative slope, then CC has the value —1 [14].
The correlation coefficient between theoretical and ex-
perimental distance distribution functions ranges from
0.591 to 0.995, and the highest correlation coefficient
was obtained for the trimeric structure, which also

presented the radius of gyration closer to the experi-
mental radius of gyration.

The contact area at interface between each subunit in
the PNP trimer is 1124 A2, which indicates that the
subunits are strongly bound to each other. Fig. 4 shows
the electrostatic potential surface at subunit interface of
the trimeric structure generated using GRASP [17].
Analysis of the electrostatic potential surface at the



W.F. de Azevedo Jr. et al. | Biochemical and Biophysical Research Communications 309 (2003) 923-928 927

Fig. 4. Electrostatic potential surface at subunit interface of human PNP, calculated with GRASP [17] and shown from —10 to +10kT. Uncharged

regions are white.

subunit interface indicates good shape complementarity
and some charge complementarity; however, most of the
contacts are hydrophobic and involve residues TyrS§8,
Phel41, Phel59, Phe200, and Leu209.

The trimeric PNP structure has been extensively used
for structure-based studies of PNP inhibitors [5,6,18—
25]. However, the quaternary structure of human PNP
in solution and in physiological pH has not been pre-
viously investigated using low-resolution methods, such
as SAXS. The present analysis of the SAXS experiments
integrated with geometric docking simulation strongly
indicates that human PNP is a trimer in solution, the
agreement found between the experimental and theo-
retical p(r) functions for the trimer suggests that struc-
ture in solution adopts approximately the same
conformation identified in the high-resolution crystal-
lographic structure (PDB access code: 1M73) [7]. The
radius of gyration determined for the trimeric structure
is slightly smaller than that determined from the Guinier
plot (logZ(h) versus h*) of the desmeared scattering
function. The possible reasons for this discrepancy may
be the cryogenic conditions used to solve the high-res-
olution structure of human PNP and the absence of
solvents in the theoretical model.

The integration of a high-efficient algorithm for
geometric docking with SAXS experiments allowed the
investigation of the possible quaternary structures not
observed in the crystalline state, such as the putative
PNP dimeric structure [9]. The procedure adopted to
analyze the interaction between PNP subunits can be
used for other protein complexes. The main applications
of the present methodology are: (1) analysis of interac-
tions between biological macromolecules using struc-
tural models obtained from crystallography or NMR,
(2) validation of structural models obtained from
molecular modeling [26] of complexes of biological
macromolecules, and (3) analysis of complexes of

biological macromolecules in conditions closer to the
biological environment.

Geometric docking simulations may be omitted from
the strategy if the atomic coordinates for the complexes
are available. We are applying the procedure, here de-
scribed, to assess the quaternary structure of a number
of protein complexes, such as hemoglobins, PNPs, and
crotoxin.
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