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Purine Nucleoside Phosphorylase (PNP) catalyzes the reversible phosphorolysis of N-glycosidic bonds of
purine nucleosides and deoxynucleosides, except for adenosine, to generate ribose 1-phosphate and the
purine base. PNP has been submitted to intensive structural studies. This work describes for the first time a
structural model of PNP from Streptococcus pyogenes (SpPNP). We modeled the complexes of SpPNP with six
different ligands in order to determine the structural basis for specificity of these ligands against SpPNP.
Molecular dynamics (MD) simulations were performed in order to evaluate the overall stability of SpPNP
model. The analysis of the MD simulation was assessed mainly by principal component analysis (PCA) to
explore the trimeric structure behavior. Structural comparison, between SpPNP and human PNP, was able to
identify the main features responsible for differences in ligand-binding affinities, such as mutation in the
purine-binding site and in the second phosphate-binding site. The PCA analysis suggests a different behavior
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for each subunit in the trimer structure.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Streptococcus pyogenes is a member of Group A beta-hemolytic
streptococcus gram-positive spherical bacterium that produces a number
of somatic constituents like M-protein and capsule, enzymes like strep-
tolysin O, DNase B, and streptoquinase, and toxins like erythrogenic toxins
A to C. The pathogen-host interactions play an important role in the
development of diseases [1]. In children, S. pyogenes is responsible for
30% of pharyngitis cases children aged from 5 to 15 years, and also in 10%
of adult cases. However, the most important complications of infection
are acute rheumatic fever, acute glomerulonephritis, and peritonsillar
abscess. Antimicrobial therapy alleviates pharyngeal symptoms and
sometimes prevents some of the sequelae of infection.

Purine Nucleoside Phosphorylase (PNP) has been proposed as target
for development of antibacterial drugs [2]. PNP catalyzes the cleavage
of N-ribosidic bonds of the purine ribonucleosides and 2-deoxyribo-
nucleosides in the presence of inorganic orthophosphate as a second
substrate. This reaction generates the purine base and ribose(deoxyr-
ibose)-1-phosphate [3,4]. PNP is specific for purine nucleosides in the

* Corresponding author. Av. Ipiranga, 6681, CEP 90619-900, Porto Alegre, Rio Grande
do Sul, Brazil. Tel.: +-55 51 33203500/4529.
E-mail addresses: luis@azevedolab.net (L.F.S.M. Timmers), rafael@azevedolab.net
(R.A. Caceres), raquel@azevedolab.net (R. Dias), luiz.basso@pucrs.br (L.A. Basso),
diogenes@pucrs.br (D.S. Santos), walter@azevedolab.net (W.F. de Azevedo).

0301-4622/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2009.02.006

3-configuration and cleaves the glycosidic bond with inversion of
configuration to produce a-ribose-1-phosphate [5]. PNP is a ubiquitous
enzyme of purine metabolism that functions in the salvage pathway,
including those of Apicomplexan parasites [6]. PNP is classified as
belonging to the class I of Nucleoside Phosphorylase (NP-I) [7]. Drugs
that inhibit human PNP activity have the potential of being utilized as
modulators of the immunological system, to treat leukemia, auto-
immune diseases, and rejection in organ transplantation [8,9].

In the present work we modeled the structure of PNP from S. pyogenes
(SpPNP). Since there is no crystallographic for PNP from S. pyogenes we
used the crystallographic structures available for human PNPs to model
SpPNP. We modeled the complexes of SpPNP with six different ligands
in order to determine the structural basis for specificity of these ligands
against SpPNP. Comparative analysis of the model of SpPNP and the
structure of human PNP allowed identification of structural features
responsible for differences in the computational determined ligand
affinities. It was analyzed three binding sites present in the structures of
human PNP and SpPNP. The analysis was carried out with different
ligands in order to identify the structural basis for the specificity of
different ligands against PNPs. Furthermore the Molecular Dynamics
(MD) simulations was performed to evaluate the overall stability of
SpPNP model. The analysis of the MD simulations was assessed mainly
by principal component analysis (PCA) to better explore the trimeric
structure behavior, because this kind of analysis consider only the
significant conformations during the simulation. The understanding of
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the rules governing the specificity of different ligands against PNP could
be used to help in the design of more specific inhibitors, and in the case
of SpPNP help in the development of new drugs against S. pyogenes.

2. Materials and methods
2.1. Molecular modeling

When the crystallographic structure of a protein target is not
available the homology modeling could be a potential method to build
its tertiary structure. To use the atomic coordinates of a crystallographic
structure (template) the sequences of protein target and template need
to share at least 30% of identity. For modeling of the SpPNP complexed
with acyclovir, guanine, 7-methyl-6-thio-guanosine, 3-deoxyguanosine,
guanosine and inosine the following crystallographic structures were
used as templates, 1PWY [10],1V2H [11],1YRY [12],1V45[13], 1RFG [14]
and 1RCT [13], respectively. The web server PARMODEL was used to
model the binary complexes [15]. PARMODEL is a parallelized version
of the MODELLER [16]. The modeling procedure begins with alignment
of the sequence to be modeled (target) with related known three-
dimensional structures (templates). This alignment is usually the input
to the program and the output is a three-dimensional model for the
target sequence containing all main-chain and side-chain non-hydrogen
atoms [17].

The high degree of primary sequence identity between SpPNP (target)
and of Human PNP(HsPNP) indicates that these crystallography structures
are good models to be used as templates for SpPNP enzyme (target). The
alignment of the SpPNP (target) and human PNP is shown in Fig. 1 [18].

A total of 1000 models were generated for each binary complex
and the final models were selected based on stereochemical quality.
All optimization process was performed on a Beowulf cluster with 16
nodes (BioComp, AMD Athlon XP 2100+, BioComp, Brazil).

2.2. Evaluation of binding affinity

The affinity and specificity between a ligand and its protein target
depend on directional hydrogen bonds and ionic interactions, as well
as on shape complementarity of the contact surfaces of both partners
[19-21]. We used the program XSCORE [22] to evaluate the binding
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affinity of the ligands against HsPNP and SpPNP. According to this
method, the binding affinity of the ligand can be decomposed to the
contribution of individual atoms. Each ligand atom obtains a score, called
the atomic binding score, indicating its role in the binding process. The
program reads the structure, assigns atom types and parameters, per-
forms the calculation, and gives the dissociation constant of the given
protein-ligand complex. The computational results are fed into a text file
in which the detailed information of each ligand atom, including the
atomic binding score, is tabulated. This data were used to evaluate the
correlation coefficient between the affinities against both PNPs to verify
possible resemblance in the structural basis for specificity against these
enzymes.

2.3. Analysis of the models

The overall stereochemical quality of the final models for each
enzyme of the SpPNP was assessed by the program PROCHECK [23].
Atomic models were superposed using the program LSQKAB from
CCP4 [24] and the intermolecular hydrogen bonds were assessed by
the program LIGPLOT [25].

2.4. Molecular docking protocol

Rigid-body docking simulations (RDS) were performed using ZDOCK
2.3 [26], which is used for the prediction of the three-dimensional (3D)
structure of a protein—-protein complex from the coordinates of its
components structures, it is classified as bound docking or unbound
docking [27]. This method is important for the development of new
drugs, as summarized in previous works [28-38] because RDS is based
on three basic tasks, which are: (1) characterization of the binding site;
(2) positioning of the ligand into the binding site; and (3) evaluating the
strength of interaction for a specific ligand-receptor complex [39].

The RDS was performed with 3-deoxyguanosine (3DG) against
SpPNP. Before running this simulation, it was carried out a validation
with the HsPNP crystallographic structure (PDB access code: 1PF7) [40].
In the validation, the ligand of the HsPNP crystallographic structure, was
rotated 180° along z axis and translated 1 (fractional coordinates) along
the three axis, using the program LSQKAB [24]. After this, the protein
was kept fixed and the binding site was restricted. The residues Gly115,
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Fig. 1. Sequence alignment for Human Purine Nucleoside Phosphorylase and PNP from Streptococcus pyogenes. The multiple alignment was performed using ClustalW [17] and edited
with BioEdit [16]. (*) indicates positions which have a single, fully conserved, (:) indicates that one of the following ‘strong’ groups is fully conserved, and (.) indicates that one of the

following ‘weaker’ groups is fully conserved.
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Phe151, Tyr200, Glu201, Val207, Met209 Thr232, Asn233 and His244
were selected to direct molecular docking simulations to the active site.
The ligand was allowed to translate around the target. A 128 x 128 x 128
point grid with a spacing of 1.2 A was employed. We used six rotational/
translational degrees of freedom. A total of 100 docked structures were
generated, and root mean square deviations (RMSD) were calculated
against the modeled structure (SpPNP:3DG). The docking of 3DG against
SpPNP was performed following the same procedure used for the
validation with the crystallographic HsPNP structure.

2.5. Statistical analysis

Spearman p correlation coefficients were used to assess the associa-
tion between the Ky values and RMSD. This method is specific for
nonlinear relationship between two continuous variables, which take on
values between —1 (uncorrelated or negatively) and +1 (positively
correlated). The Spearman p is the simple correlation coefficients of
ranks (the relative order) based on continuous data [41]. The ranked
Spearman p coefficients correlation is expressed the equation as follow:

65" {r(RMSD]) - r(de)z}

j—1

1
NN (1)
where n (in our case n = 100) is the number of pairs, r(x;) and r(y;) are
the rank of the activity and the interaction energy of the ith sample in
the testing set [42].

2.6. Molecular Dynamics simulations

Molecular Dynamics (MD) simulations were performed with the
GROMACS [43] package using the Gromos 96.1 (53A6) force field [44].
The Guanine (GUN) topology was generated with the PRODRG
program [45]. Accurate force fields are essential for reproducing the
conformational and dynamic behavior of condensed-phase systems,
the Gromos 96.1 force fields well parameterized for proteins but the
parameters for small molecules are still limited for simulations of
more complicated biological systems so the atomic charges in the 3DG
molecule was used GAMESS [46] which were submitted to single-
point ab initio calculations at RHF 6-31G* level (E) in order to obtain
Lowdin derived charges. Manipulation of structures was performed
with Swiss-PDBViewer v3.7 program [47]. The first system was composed
by apoenzyme SpPNP (system A) and the second by SpPNP enzyme, three
sulfate ions and 3DG ligand (system B). The simulations of two systems
were performed by a time period of 5 ns. In both systems were added Na™
counter ions (thirty-nine Na™ ions on the system A and fifty-seven Na™
ions on the system B) using Genion Program of the GROMACS simulation
suite to neutralize the negative charge density of the systems. Each
structure were placed in the center of a cubic box filled with Extended
Simple Point Charge (SPCE) water molecules [48], containing 32526 for
the system A and 32465 water molecules for the system B. The initial
simulation cell dimensions were 80.13 A x 80.83 A x 49.15 A for the system
A and 80.03 Ax79.38 Ax50.75 A for the system B, and had the protein
solvated by a layer of water molecules of at least 10 A in all directions in
both systems. During the simulations, bonds lengths within the proteins
were constrained by using LINCS algorithm [49]. The SETTLE algorithm
was used to constrain the geometry of water molecules [50]. In the MD
protocol, all hydrogen atoms, ions, and water molecules were first
subjected to 1000 steps of energy minimization by steepest descent
followed 500 steps of conjugate gradient to remove close van der Waals
contacts. The systems were then submitted to a short molecular dynamic
with position restrains for period of 20 ps and afterwards performed a full
molecular dynamics without restrains. The temperature of the system
was then increased from 50 K to 300 K in 5 steps (50 K to 100 K, 100 K to
150 K, 150 K to 200 K, 200 K to 250 K, 250 K to 300 K), and the velocities
at each step were reassigned according to the Maxwell-Boltzmann

distribution at that temperature and equilibrated for 10 ps except the last
part of termalization phase where we used a period of 40 ps. Energy
minimization and MD were carried out under periodic boundary
conditions. The simulation was computed in the NPT ensemble at 300 K
with the Berendsen temperature coupling and constant pressure of
1 atm with isotropic molecule-based scaling [51]. The LINCS algorithm,
with a 107 A tolerance, was applied to fix all bonds containing a hy-
drogen atom, allowing the use of a time step of 2.0 fs in the integration
of the equations of motion. No extra restraints were applied after the
equilibration phase. The electrostatic interactions between nonligand
atoms were evaluated by the particle-mesh Ewald method [52] with a
charge grid spacing of ~1.0 A and the charge grid was interpolated on
a cubic grid with the direct sum tolerance set to 1.0x10~°. The
Lennard-Jones interactions were evaluated using a 9.0 A atom-based
cutoff [53]. All analysis were performed on the ensemble of system
configurations extracted at 0.5-ps time intervals from the simulation
and MD trajectory collection was initiated after 1 ns of dynamics to
guarantee a completely equilibrated evolution. The MD simulation and
results analysis were performed on in a personal computer with an Intel
Core 2 Duo E6300 CPU of 1.86 GHz clock speed and with 4 Gb of RAM.
The convergence of the different simulations was analyzed in terms of
the secondary structure, RMSD from the initial models structures.

2.7. Essential dynamics analysis

Essential Dynamics (ED), also known as principal component anal-
ysis (PCA), is a method commonly used for dissecting the dynamics
of proteins and their importance in biological processes, like protein
folding or substrate binding. The ED analysis is a technique that reduces
the complexity of the data and extracts the concerted motion in sim-
ulations that are essentially correlated and presumably meaningful for
biological function [54]. In the ED analysis, a variance/covariance matrix
was constructed from the trajectories after removal of the rotational and
translational movements. A set of eigenvectors and eigenvalues was
identified by diagonalizing the matrix. The eigenvalues represented
the amplitude of the eigenvectors along the multidimensional space,
and the displacements of atoms along each eigenvector showed the
concerted motions of protein along each direction. An assumption of ED
analysis is that the correlated motions for the function of the protein are
described by eigenvectors with large eigenvalues. The movements of
protein in the essential subspace were identified by projecting the
Cartesian trajectory coordinates along the most important eigenvectors
from the analysis.

3. Results and discussion
3.1. Quality of the models

There is no crystallographic structure available for SpPNP, however
the similarity between SpPNP and HsPNP sequence makes HsPNP
structure a reasonable template for modeling of SpPNP. Furthermore,
there are several binary complexes between human PNP and different
ligands, which make available templates to model binary complexes of
SpPNP against these ligands. The atomic coordinates of crystallography
structures of templates were used as basic models for modeling of the
SpPNP. The atomic coordinates of all waters were removed from the
templates.

The analysis of the Ramachandran diagram ¢ — s plots for the
templates (HsPNP) was used to compare the overall stereochemical
quality of the SpPNP structures against those of templates solved by
biocrystallography. The homology models present over 89% of the
residues in the most favorable regions. The RMSD values for super-
position the active binding sites and proteins human PNP and SpPNP
are presented in Table 1.
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Table 1
The amino acid identity, and RMSD value after superposition of HsPNP (template) and
SpPNP (target).

Enzyme PDB access Resolution References Sequence identity =~ RMSD site/
code (A) (%) protein (A)
PNP 1PWY 2.8 [10] 43.40 0.1/0.5
1RCT 2.8 [13] 43.40 0.2/0.4
1RFG 29 [14] 43.40 14/0.5
1 V45 2.86 [13] 43.40 0.1/0.4
1 V2H 2.7 [11] 43.60 0.1/0.5
1YRY 2.8 [12] 43.60 0.1/0.5

3.2. Overall description

The structural model of SpPNP follows the same folding as the
human PNP. Fig. 2 [55] shows schematic drawing of the SpPNP
structure (monomer). Fig. 3 shows a representation of the active-site
of SpPNP. The binary complexes were modeled with six ligands
(guanine, guanosine, 3-deoxyguanosine, 7-methyl-6-thio-guanosine,
inosine and acyclovir). The high identity between human HsPNP and
SpPNP (~46%) classifies SpPNP as a member of the Nucleosides
Phosphorylase-I group, more specifically as Low-molecular-mass
(low-mm) homotrimers, with M, ~80-100 kDa, specific for catalysis
of 6-oxopurines and their nucleosides. The SpPNP (EC 2.4.2.1) consists
of 269 amino acids with a molecular weight of 28881.1 Da and a
theoretical pl of 4.98. The HsPNP consists of 288 amino acids with a
molecular weight of 32016.7 Da and a theoretical pI of 6.50. Analysis
of the structure of both PNPs indicates that, despite conservation of
the ribose-binding site, three mutations were observed in other sites,
one in the purine-binding site and two in the second phosphate-binding
site. Phe200, Arg148 and GIn144 in the human PNP [29] were replaced
by Tyr190, lle140 and Asn136 in SpPNP, respectively, these differences
are shown in Table 2 (HsPNP) and Table 3 (SpPNP). Furthermore,
superposition of the SpPNP onto HsPNP indicates that a small region
involving residues 247-251 presents a small helical region not observed
in the HsPNP structure (residues 261-263) Fig. 4 shows the superposition
of SpPNP against HsPNP. The sequence alignment indicates that this
region is not conserved in both PNPs, as shown in Fig. 1. Analysis of the
propensities to form helix using Chou and Fasman scale [56] and PsiPred
[57] was not conclusive, it indicates only a slightly higher propensity to
form turn in the HsPNP sequence.

3.3. Differences in the apoenzyme and the binary complexes

In order to evaluate the possible differences in the SpPNP structure
due to ligand binding we superposed the structure of the apoenzyme,
modeled using HsPNP as template (PDB access code: 1 M73) [40], against
the six binary complexes. The RMSDs for C-a superposition range from
0.8 A to 0.9 A. The highest values are observed for the PNP-acyclovir
complex 0.9 A. This region undergoes a conformational change due to
the ligand binding. The RMSDs for the atoms from the binding site are
presented in Table 1 and they range from 0.1 A to 1.4 A. These confor-
mational changes could be by the losses of secondary structure and by
loop movement close to the purine binding site. Fig. 5 illustrates the
superposition of SpPNP apoenzyme against the complex SpPNP-acyclovir.

3.4. Interactions with ligands

The binding affinity of a protein-ligand complex for human PNP
and SpPNP were calculated with the program XSCORE. The affinities
of HsPNP and SpPNP are shown in Table 4. There is a low correlation
coefficient between the affinity constants for HsPNP and SpPNP. The
affinity of the six ligands against HsSPNP and SpPNP strongly indicates
that there is no correlation between the affinities against both PNPs.
The ligand 3-deoxyguanosine presents the highest affinity against both

PNPs. Tables 2 and 3 shows the intermolecular hydrogen bonds for all
complexes studied in this article. We can clearly see that the inter-
molecular hydrogen bonds involving Glu201/Glu191 and Asn243/Asn233
are conserved in all complexes. Furthermore, these residues are strongly
conserved among several PNPs, as e.g. Streptococcus agalactiae [58],
Bacteroides fragilis [59), Listeria monocytogenes [60]. The main rule of
these residues is to anchor the ligand into the binding pocket. The lack of
correlation between the affinities calculated for all ligands against both
enzymes is probably due to differences in the binding pocket, especially
at positions GIn144®Asn136 and Argl48®Ile140, and Phe200®-
Tyr190, where the first residues are those for human PNP, and the
second are those for SpPNP.

3.5. Dynamics simulation

The SpPNP is biologically functional as a trimer so to better under-
stand, the structure and dynamics features were submitted a molecular
dynamics simulation (MD). The trimer of SpPNP was built following the
crystallographic HsPNP [61].

To understand the stability and the MD trajectory quality conver-
gence of the trimer, the backbone RMSD from the starting models
structures was calculated (Fig. 6). After a rapid increasing during the
first 300 ps, the trimeric protein backbone RMSD average and standard
deviation over the last 2 ns of the system A trajectory was 2.4 4+ 0.4 and
the system B 2.64-0.3. The both systems MD simulations achieved a
plateau within 1000 ps, suggesting that 5000 ps are sufficient for sta-
bilizing fully relaxed models.

The stability of the quaternary structure during the MD simulation
was assessed by the radius of gyration (Rg) (data not shown). The
mean values of the Rg averaged over the period from 0 to 5 ns were
determined and given (28.5+ 0.1 A and 28.3 0.2 A for the systems 1,
2, respectively), remaining essential constant after 2000 ps for those

Fig. 2. Tertiary structure of the SpPNP (light grey) superimposed with the HsPNP (dark
grey). The structure is presented as ribbon diagram. The structure contains an eight-
stranded mixed p-sheet a five-stranded mixed R-sheet, which join to form a distorted
3-barrel. The image was generated using Pymol [23].



LES.M. Timmers et al. / Biophysical Chemistry 142 (2009) 7-16 1

Met 209

Tyr 190

30 _ -

"

Glu 191 28

Val 207

Asn 233

His 244

@

7

Ser 30

Thr 232

Fig. 3. The image presents the active site of the SpPNP with 3-deoxyguanosine. The residues are presented in light gray and the inhibitor (3-deoxyguanosine) is presented in dark gray.

The image was generated using Pymol [23].

systems, suggesting that the molecular conformation was significantly
preserved as a whole.

3.6. Principal components analysis

To support our results and investigate the most significant col-
lective modes of motion occurring during the simulations of the
uncomplexed and complexed SpPNP, the covariance matrix corre-
sponding to the Ca-atom coordinates was calculated and PCA was
performed. By diagonalizing the covariance matrix, the anharmonic
and large-scale motions of the protein are isolated from the mostly
harmonic and small-scale motions. Because the large-scale anharmo-
nic motions in the essential subspace are often correlated to the vital
functions of the protein, we only focus on these movements. The 3N
eigenvalues (807) of the covariance matrix were ranked in a de-
creasing order of magnitude. The analysis of the apo simulation has
shown that the total positional fluctuations described by the first 50
eigenvectors are 82.1%, 81% and 84.4% for subunits A, B and C
respectively. The results of the first 3 eigenvectors alone represent 46%

Table 2
Intermolecular contacts of HsPNP with ligands.

(subunit A), 41.1% (subunit B) and 46.9% (subunit C), of the total motion
of the protein. This data are shown in Fig. 7A. For the SpPNP:3DG
complex simulation, the analysis has shown that the first 50
eigenvectors total positional fluctuations described 88.8%, 82.4% and
92.3% for subunits A, B and C respectively. The results of the first 3
eigenvectors alone represent 58% (subunit A), 44.6% (subunit B) and
69.2% (subunit C), of the total motion for the protein. This data are shown
in Fig. 7B.

The significant fluctuations are shown in Fig. 8. The main fluc-
tuations are presented for the regions R1, R2 and R3. The residues
involved in R1 are Ile45 to Ile55 for the monomer B. This region is close
to the first phosphate binding site. R2 involving residues from Asn138
to Lys148 for the monomer C that is a region localized in the interface
between the subunits B and C, and this region could be responsible to
keep the stability of the trimeric structure. The region R3 involves
residues from Glu245 to Lys255 for the monomer C. The analysis of
these results confirms that in the flexible regions are involved in losses
of secondary structures, mainly in substrate entrance and exit (Fig. 8).
Furthermore, the PCA results confirm that the analysis with the

Residues/ligands Guanine Guanosine

3-deoxyguanosine

7-methyl-6-thio-guanosine Acyclovir Inosine

Glu201 OE2-N1->2.46 A OE2-N1->2.49 A OE2-N1->2.78 A
OE2-N2->2.80 A OE1-N2->2.63 A OE1-N2->2.75 A
Asn243 ND2-06->2.81 A ND2-N7->3.16 A ND2-06->3.34 A
ND2-06->2.89 A OD1-N7->2.78 A
His257 - - ND1-05"->2.80 A
Tyr8s = OH-03*->3.28 A =
Alal16 = 0-02*->3.19 A -
Met219 - N-02%->3.08 A N-02"->3.07 A

OE2-N1->2.91 A
OE1-N2->2.70 A

OH-03*->2.76 A

N-02%->3.05 A

OE2-N1->3.03 A
OE1-N2->2.55 A
ND2-N7->291 A
ND2-06->2.65 A

OE2-06->3.33 A

ND2-06->2.87 A
ND2-N7->3.30 A
ND1-05%->2.99 A
OH-03*->3.03 A
0-02*->3.42 A
N-02%->3.05 A




12

Table 3

Intermolecular contacts of SpPNP with ligands.

LES.M. Timmers et al. / Biophysical Chemistry 142 (2009) 7-16

Residues/ligands

Guanine

Guanosine

3-deoxyguanosine

7-methyl-6-thio-guanosine

Acyclovir

Inosine

Asn233

OD1-N7->2.61 A
ND2-06->2.77 A

ND2-06->2.89 A
ND2-N7->3.18 A
OD1-N7->2.77 A

OD1-N7->2.84 A
ND2-06->3.29 A

Glu191 OE2-N1->2.59 A OE2-N1->2.58 A OE2-N1->2.80 A
OE2-N2->2.85 A OE1-N2->2.90 A OE1-N2->2.98 A

Tyr190 = = OH-05'->2.44 A

Met209 - N-02*%->3.13 A N-02'->3.04 A

Tyr85 - OH-03*->3.20 A -

His244 = = ND1-05'->2.83 A

OE2-N1->2.96 A
OE1-N2->2.81 A
OH-05%->2.64 A
N-02%->3.10 A

OH-03*->2.69 A

ND2-N7->2.88 A
ND2-06->2.76 A

OE2-N1->2.94 A
OE1-N2->2.71 A

ND2-06->2.80 A
ND2-N7->3.28 A
OD1-N7->2.64 A
OE2-N1->2.62 A

N-02*%->3.09 A
OH-03*->3.04 A
ND1-05%->2.99 A

trimeric structure is pivotal to better understand the behavior of the
SpPNP. This kind of analysis suggests that the MD simulations for a
single monomer is not conclusive for PNPs, due to the fact that
monomers present a different behavior in the binding pockets and
interfaces regions during the simulation.

According to the Fig. 8 (PCA), we may suggest a different behavior
for each subunit during the simulation. Analyzing the same figure
(PCA) we can observe that the PNP presents different behavior in
several regions, mainly in the binding pocket and the interface regions.
Therefore, this flexibility is presented in different subunits, if the figure
(PCA) is analyzed taking into account, the subunits, two by two, we can
clearly observe that the a couple of monomers present a similar behavior
(in this simulation the monomers A and B), when compared with the
other (in our case monomer C).

3.7. Analysis of average length distances

To corroborate with the PCA results was assessed by classical
dynamics the atoms average length distance for each subunit. This

Fig. 4. This figure illustrates the superposition of complex HsPNP-acyclovir (light gray)
against the complex SpPNP-acyclovir (dark gray). The image was generated using
Pymol [23].

analysis could confirm the results obtained with the PCA. Fig. 9 shows
the average length distances for each atom which composed each
subunit (A, B and C). The data of this analysis suggests that the
monomers A and B remain more stable than the monomer C, the same
result that was obtained with PCA. We can approximate the trimer as
mass-spring system, where each sphere represents a monomer of the
system. These results could be interpreted as a normal mode of
vibration (NMV), where the both similar monomers (A and B) are
closer, suggesting that could be a pattern for this kind of protein.
Molecular simulation for longer periods may capture the behavior of
alternative modes of vibration.

3.8. Docking simulations and funnel-shaped energy surface

The main goal in the present analysis of the molecular docking
results is to identify the lowest RMSDs between the docked structure
and the crystallographic structure (validation test). It is expected that
the best results will generate the lowest estimated Ky. The concept of
a funnel-shaped energy surface, which was originally proposed for
protein folding simulation, may be applied to analyze the protein-
ligand interaction. It has been proposed that protein-ligand com-
plexation is a similar process, because the ligand can always find the
binding pocket on the protein and bind in a unique way [62]. To verify

Fig. 5. This figure illustrates the superposition of SpPNP apoenzyme against the complex
SpPNP-acyclovir. The image was generated using Pymol [23].
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Table 4
pK4's for HsPNP and SpPNP. The results were generated using XSCORE [22].

PNPs/ligands HsPNP SpPNP
Acyclovir 4.04 5.07
Guanine 5.22 4.92
Guanosine 4.92 5.72
3-deoxyguanosine 5.76 5.91
7-methyl-6-thio-guanosine 3.44 5.87
Inosine 4.39 5.72

the correlation between RMSD and estimated Ky's we used
Spearman's rank order correlation coefficient (p) (Eq. (1)), since
there is no direct relationship between both variables (RMSD and
pKa).

The shape of the energy surface is defined by the scoring function,
in this study the function employed by XSCORE. In this study, 100
docked conformations of each ligand represent 100 grip points on
the protein-ligand complexation energy surface. Considering that the
global minimum in the energy surface corresponds to the crystal-
lographic position for ligand, it is expected that the lower Ky is as-
sociated with a smaller RMSD and vice versa. The Spearman's rank
order correlation coefficient between the predicted Ky and RMSD for
XSCORE is 0.39. This value obtained (p=0.39) is higher than 0.326,
which is the critical value at the 0.0005 level of significance. Our
analysis indicates a correlation between RMSD and Ky, throughout
the whole conformational ensemble, which suggests a picture of a
wide smooth funnel on the protein-ligand complexation energy surface.
These results, obtained with XSCORE, by docking simulations, strongly
indicate that it could be a good way to predict the binding pocket of
SpPNP.

3.9. Cross redocking

In order to assess the goodness of the docked complexes, four
different snapshots were selected from the MD complexed with
3-deoxyguanosine (1 ns500 ps, 2 ns, 2 ns500 ps and 3 ns) and
compared with the initial model. We performed 100 docked simulations
for each moment. The docking simulations were able to predict the
correct position for the ligand. The RMSD and kg values were analyzed

employing the Spearman coefficient, as previously described for the
initial model. The results for the four snapshots, 1 ns 500 ps, 2 ns, 2 ns
500 ps and 3 ns, from the MD simulation reveals a correlation of the 0.38,
—0.28, —0.40 and —0.80 respectively. These results suggest that the
conformational changes in the binding pocket of the SpPNP are of
pivotal importance in estimating ligand-binding affinity. The accom-
modation of the ligand into the active site during MD simulation
leads to structural changes in the side-chain of residues close to the
ligand. One possible reason for this observation may be the poor
evaluation of entropic factors in the program employed to estimate
ligand-binding affinity. The presence of solvent molecules in the
system for MD simulations adds further complexity to the system,
which was not well modeled by empirical scoring functions implemen-
ted in the program XSCORE.

4. Conclusions

Structural analysis of human PNP and SpPNP have shown three
mutations in the binding-pocket, one in the purine-binding site and
two in the second phosphate-binding site, which may justify the dif-
ferences observed for affinity constants against both PNPs. Further-
more, computationally determined affinity constant of the inhibitor
3-deoxyguanosine against SpPNP and HsPNP strongly indicates that
this inhibitor presents high affinity against SpPNP. In addition, MD
simulation indicated that structural models of SpPNP in apo form and
SpPNP:3DG complex display a stable trimer that is fully maintained
over the entire simulation time. MD simulations of both systems
provide information on structural and dynamical characteristics in
term of flexibility. The main differences were observed, when we
compared the structural model in apo form with the complexed one.
The regions that are involved the binding pocket and interface of the
monomers, as expected, were flexible in the protein free form
presented higher stability in the complexed form. The PCA analysis
corroborated with the data of the flexibility, mainly in the regions R1,
R2 and R3. It could be observed with the average length distances
analysis a different behavior for each monomers, as a NMV. This NMV
is analyzed taking into account, the subunits, two by two, we can
clearly observe that a couple of monomers present a similar behavior
during the simulation. We suggest that the identical monomers of
PNP trimeric structure present different behaviors during the whole

0 . | . |

| | | |

0 1000 2000

3000 4000 5000

Time (ps)

Fig. 6. Graphical representation of root-mean-square deviation (RMSD) of all Ca from starting structure of models as a function of time. The solid black line represents RMSD of

SpPNP free form and dotted line SpPNP:3DG.
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Fig. 7. a. The analysis of the apo simulation has shown that the total positional fluctuations described by the first 50 eigenvectors are 82.1%, 81% and 84.4%for subunits A, B and C
respectively. The results of the first 3 eigenvectors alone represent 46% (subunit A), 41.1% (subunit B) and 46.9% (subunit C), of the total motion of the protein. b: For the SpPNP:3DG
complex simulation, the analysis has shown that the first 50 eigenvectors total positional fluctuations described 88.8%, 82.4% and 92.3% for subunits A, B and C respectively. The
results of the first 3 eigenvectors alone represent 58% (subunit A), 44.6% (subunit B) and 69.2% (subunit C), of the total motion for the protein.

20, T T T T T T
Subunit A

100+ i i _

o 2

Eingenvalues (A)
S

=)

o
S

15
Eingenvectors index

Fig. 8. The most significant fluctuations are shown in this figure. The main fluctuations are presented for the regions R1 (Ile45-1le55), R2 (Asn138-Lys 148) and R3 (Val245-Ala255).
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Fig. 9. The average length distances, for each atom which composed each subunit A (solid black line), B (dotted black line) and C (dashed black line).

5 ns simulation which seems to form a pattern of movements. In
addition, molecular docking simulations of ligands against the
binding site of PNP indicates a RMSD-Ky correlation, which suggests
a funnel-shaped energy surface for protein-ligand complexation, and
the docking methodology, here described, could be used for virtual
screening initiatives.
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