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Bovine seminal ribonuclease (BS-RNase) is a 27 kDa homodimeric enzyme and a member of the pancreatic
RNase A superfamily. It is the only RNase with a quaternary structure and it is a mixture of two dimeric
forms. In the most abundant form the active site is formed by the swapping of the N-terminal segments.
BS-RNase is a potent antitumor agent with severe side effects such as aspermatogenicity, and immuno-
suppression. As a first step towards the design of potent inhibitors of this enzyme we mapped its active
site through the study of the binding of uridine 2’-phosphate (U2'p), uridine 3’-phosphate (U3'p), uridine
5’-diphosphate (UDP), cytidine 3’-phosphate (C3'p), and cytidine 5-phosphate (C5'p), by kinetics, and X-
ray crystallography. These phosphonucleotides are potent inhibitors with C3’p being the most potent with
a Kj value of 22 uM. Absorption, distribution, metabolism, and excretion pharmacokinetic property
predictions reveal U2'p, U3'p, and C5'p as the most promising with respect to oral bioavailability. In vivo
studies on the aspermatogenic effect have shown that C3’p and C5'p inhibit significantly this biological
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action of BS-RNase.
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1. Introduction

Bovine seminal ribonuclease (BS-RNase), a 27 kDa homodimeric
ribonuclease with 83% sequence identity to bovine pancreatic
Ribonuclease A (RNase A) is a potent antitumor agent [1]. The
antitumor action of BS-RNase has been attributed to its ability to
permeate only malignant cells and to reach the cytosol [2], where it
degrades ribosomal RNA and blocks protein synthesis, causing cell
death. BS-RNase is a promising antitumor agent and experiments
have shown that administration of BS-RNase to animals with
tumors has led to severe inhibition of neoplastic growth [3-6]. It
has also been shown that BS-RNase selectively kills human multi-
drug-resistant neuroblastoma cells via induction of apoptosis [7].

Abbreviations: BS-RNase, bovine seminal ribonuclease; RNase A, bovine
pancreatic Ribonuclease A; 2’-deoxycytidine-2’-deoxyadenosine-3’,5'-mono-
phosphate, 3',5'-CpA; uridylyl-2’,5'-adenosine, 2',5-UpA; uridylyl-2’,5’-phospho-
guanosine, 2',5'-UpG; PEG, poly(ethylene glycol); rms, root-mean-square; MES,
2-(N-morpholino)ethanesulfonic acid; ADME, Absorption Distribution Metabolism
Excretion; cRI, cytoplasmic RNase inhibitor; IMP, inosine 5’ phosphate.

* Corresponding author. Tel.: +30 210 7273841; fax: +30 210 7273831.

E-mail address: ddl@eie.gr (D.D. Leonidas).
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BS-RNase, like all RNase A homologs, catalyzes the cleavage of
RNA at pyrimidine sites, by a transphosphorylation mechanism.
However, BS-RNase is the only member of the RNase A superfamily
with a quaternary structure and a potential allosteric site [8]. Native
BS-RNase is a homodimer with two subunits (denoted as SA and SB)
linked by a disulfide bridge between cysteines 31 and 32. The dimer
of BS-RNase is a mixture of two quaternary forms, which differ in
the position of the N-terminal a-helix. In the first form (denoted
MxM) the N-terminal a-helix (residues 1-15) is swapped between
the two subunits generating two composite active sites consisting
of residues that belong to different subunits. In the second form,
(denoted M= M) there is no exchange of the helices and each
monomer conforms an independent entity. The two forms exist in
a dynamic equilibrium in the solution with a ratio of MxM/M = M of
2. The conversion of one form to the other entails the exchange of
N-terminal helices between subunits and it has been shown that
the MxM form is responsible for cytotoxicity [9,10]. Despite these
unusual properties, the amino acid sequences of BS-RNase and
RNase A differ only in 23 residues and their active sites share a high
degree of sequence and structural similarity. Their differences
include 4 residues of the hinge peptide (residues 16-22) that
connects the N-terminal fragment to the main body of the protein.
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Table 1
Inhibition of BS-RNase and RNase A by pyridinyl phosphonucleotides at pH 6.0.
Inhibitor Ki (uM)

BS-RNase RNase A
uU2'p 40.8+34 11.6+1.2
U3'p 63.2+45 785+13
uDP 1046.4 +50.2 647.0 +£57.0
C3'p 279+13 201+14
C5'p 1557.9 +84.3 8442 +92.4

The central region of the catalytic sites of BS-RNase and RNase A is
conserved and like in RNase A is composed of different subsites that
bind different parts of the RNA substrate. These subsites are noted
as B, R, or P according to the part of the nucleotide they bind (base,
ribose, or phosphate group, respectively) and a number which
indicates their position with respect to the central subsite where
the hydrolysis of the phosphodiester bond occurs (subsite Py). BS-
RNase, like all members of the RNase A superfamily, has strong
specificity for pyrimidines at B; and prefers purines at B,. Apart
from the ribonuclease activity, another prerequisite for the BS-
RNase antitumor function [11] is the dimeric structure that allows it
to evade the potent cytoplasmic RNase inhibitor (cRI) when
entering the cell [12].

BS-RNase has a potential for therapeutic applications against
cancer since it permeates and destroys only malignant cells.
Conjugation of BS-RNase with polymers decreases its proteolysis in
bloodstream thereby enhancing its antitumor activity [13] while at
the same time reduces its immunogenicity. Furthermore, BS-RNase
attached to nanoparticles made of polylactic acid kills leukemia and
lymphoma cell lines in vitro [14]. However, the antitumor action of
BS-RNase is associated with severe side effects such as asperma-
togenicity, immunosuppression and embryotoxicity [1,15-20]
which together with other factors (bioavailability, cell permeability
etc) render any potential pharmaceutical use of BS-RNase prob-
lematic [21]. To overcome some of these problems various attempts
have been made to transfer some of the structural characteristics
responsible for the antitumor action of BS-RNase to human
pancreatic ribonuclease (HP-RNase) [22,23] or to RNase A [24-27]
or to produce engineered forms of BS-RNase that may cause less
side effects [28-30]. In order to enhance the potential benefits that
these attempts might have once they reach their goal we propose
the ancillary use of a potent and specific BS-RNase inhibitor which
could play the role of an on/off switch acting as an antidote to the
biological actions of BS-RNase. In this way, the attainment of
a delicate balance between effective antitumor activity and side
effect actions might be feasible. This way it might be possible to
inhibit the biological activities of BS-RNase, including however its

Fig. 1. A schematic representation of the BS-RNase molecule with the five inhibitor
molecules superposed bound. Subunits SA and SB are coloured red and cyan,
respectively.

Fig. 2. Diagrams of the sigmaA 2|Fo|-|Fc| electron density maps calculated from the
BS-RNase model before incorporating the coordinates of the ligand, are contoured at
1.0 ¢ level. The refined structures of the inhibitor are shown for U2p (i), U3'p (ii), UDP
(iii), C3'p (iv), and C5’p (v), respectively.

antitumoral action, when the side effects outweigh the beneficial
anticancer action of BS-RNase threatening the patient’s well-being.
Such an approach will be assisting the other strategies which are
outlined above, to overcome the side effects of the BS-RNase anti-
tumor action. A similar strategy is applied successfully nowadays
for the most widely used anticoagulant, heparin and its antidote
protamine. Heparin, a highly sulfated glycosaminoglycan, is widely
used as an injectable anticoagulant in cardiovascular surgeries but
often leads to a high incidence of bleeding complications. Heparin
activates the enzyme inhibitor antithrombin which in turn inacti-
vates thrombin and other proteases involved in blood clotting;
most notably factor Xa [31,32]. Protamine is used to reverse the
anticoagulant action of heparin after cardiac or vascular surgeries
[33] and more recently it has been used in aptamer-antidote pairs
as reversible antagonists for coagulation factor IXa [34].

The high cost in the development of novel drugs has led nowa-
days to rational drug design approaches for the development of
effective treatments to a variety of diseases. The efficiency of the
rational drug design method relies mainly on the in-depth under-
standing of molecular activity, the amount of available experimental
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data, and the structural information about drug targets in complex
with natural ligands. Although the crystal structure of BS-RNase has
been reported sixteen years ago [35], only three BS-RNase-ligand
complex structures have been studied so far. These ligands are all
dinucleotides: 3’,5'-CpA [36], 2',5'-UpA [37], 2/,5’-UpG [8] and their
effect on the BS-RNase activity in the solution has not been studied.
The initiation of a structure-assisted inhibitor design effort requires
a significant number of BS-RNase - inhibitor complex structures to
use as starting templates for further design and optimization. Since
BS-RNase, like RNase A, has a higher affinity for pyrimidine than
purine nucleotides [38], we have initiated our studies by analyzing
the binding of five pyrimidinyl substrate analogues, uridine 2’
phosphate (U2'p), uridine 3’ phosphate (U3'p), uridine 5’ diphos-
phate (UDP), cytidine 5’ phosphate (C5’p), and cytidine 3’ phosphate
(C3’p) by kinetic experiments and X-ray crystallography at high
resolution. The impetus to initiate the efforts towards the design of
potent small inhibitors with binding studies with simple phospho-
mononucleotides also stems from the general concept that in drug
design good quality leads are those that allow faster optimization to
candidate drugs i.e. have a molecular weight less than 250, which
allows compound to “grow” during the optimization process,
display moderate binding affinity (affinity will be added with
growth) and contain polar groups which insure solubility, are
reactive, and pick up hydrogen bonding interactions. These
compounds are more amenable to modifications, have a moderate
hydrophobicity/hydrophilicity profile and chemical complexity
while they need less help to enter cells. The binding of mono-
nucleotides will also provide data to map the active site on the
degree of specificity of subsites such as By, R; and P; since the
binding of small nucleotides to the enzyme is less constrained as
opposed to the binding of dinucleotides whose binding mode is
strongly guided by the architecture of the entire active site of the
enzyme as well as their own chemical structure. Furthermore, the in
depth mapping of the active site of BS-RNase through inhibitor
binding studies can serve as a good working model for the general
understanding of in vivo cellular RNA catalysts.

The five phosphonucleotide ligands, presented in this study, are
competitive inhibitors of the enzyme with U2'p, U3’p and C3'p
displaying K; values in the uM range, bind at the active site of BS-
RNase and their structural mode of binding suggests ways for
further optimization through structure assisted rational design. We
have also evaluated in vivo their potential to act as antidotes for the
side-effects of the BS-RNase anticancer activity. In vivo studies on
the aspermatogenic effect of BS-RNase in mice, after intratesticular
injections of 10 pg of BS-RNase and inhibitors C3’p and C5’p, have
shown that both inhibitors completely inhibit the biological action
of BS-RNase in mice confirming our proposal.

Unfavourable adsorption, distribution, metabolism and excre-
tion (ADME) properties can in many cases lead to the clinical trials
failure of otherwise potentially successful drug candidates. Their
evaluation, therefore, at an earlier stage is desired. Here we also
present the predicted ADME properties of our inhibitors calculated
using the QikProp program which estimates both physically
significant descriptors and pharmaceutically relevant properties.
Fulfillment, or not, of Lipinski’s ‘rule of five’ [39,40], Veber and co-
workers suggested properties for oral bioavailability [41], and the
important physicochemical properties of solubility, polar surface
area, permeability and lipophilicity are reported and analyzed.

2. Results and discussion
2.1. Kinetics

Since, inhibition constant values are strongly dependent on pH
and ionic strength they can be only compared to RNase A inhibition
constants measured under similar conditions. Thus, we measured
the RNase A inhibition constants under the same conditions as we
did for BS-RNase for U2'p, UDP, and C5’p while for U3’p and C3'p
values existed in the literature [42]. The inhibition constants (Kj) of
the inhibitors for BS-RNase and RNase A are listed in Table 1. All five
nucleotides are competitive inhibitors of BS-RNase and RNase A. In
both enzymes U2’p, U3’p, and C3’p are potent inhibitors with Kj;

Table 2

Crystallographic statistics.

BS-RNase complex U2'p U3s’p uDP C3'p C5'p

Soaking conditions
Ligand concentration (mM) 25 25 25 60 125
Soaking time (h) 24 24 30 24 24
pdb entry code 3DJO 3DJP 3DJQ 3DV 3DJX
Resolution (A) 27.7-1.60 27.7-1.60 25.2-1.53 27.6-1.60 27.8-1.70
Outermost shell 1.63-1.60 1.64-1.60 1.57-1.53 1.63-1.60 1.70-1.73
Reflections measured 512,176 330,505 880,739 300,876 310,907
Unique reflections (F > 0) 31,871 31,948 35,718 29,510 25,228
Rsymm® 0.066 (0.466) 0.041 (0.389) 0.043 (0.317) 0.036 (0.273) 0.059 (0.445)
Completeness (%) 99.9 (98.4) 99.8 (96.6) 97.5 (76.1) 97.9 (85.1) 98.1 (98.7)
Redundancy 5.9 (4.1) 4.8 (3.3) 6.3 (4.5) 49 (3.7) 3.9(3.8)
<lIlal> 12.4 (3.0) 19.0 (2.9) 214 (44) 26.2 (5.4) 14.1 (3.4)
Rcrystb 0.184 (0.229) 0.188 (0.243) 0.201 (0.213) 0.177 (0.193) 0.169 (0.199)
Rfree” 0.226 (0.282) 0.229 (0.288) 0.233 (0.239) 0.204 (0.250) 0.204 (0.255)
No. of atoms per asymmetric unit 964 964 968 964 964
No. of solvent molecules 327 291 313 309 307

rms deviation from ideality
In bond lengths (A) 0.008 0.011 0.007 0.007 0.010
In angles (°) 1.2 1.5 1.1 1.3 13

Average B factor
Protein atoms (A2) (mol A/B) 9.9/12.2 14.7/14.1 13.9/14.8 11.1/10.8 11.9/11.9
Solvent molecules (A?) 28.8 32.2 351 28.8 28.6
Ligand atoms (A2?) (mol A/B) 14.3/16.7 29.4/28.2 34.9/35.7 25.0/27.0 22.5/23.3

? Rsymm = ZpZilI(h) — Ii(h)/ 2, Zidi(h) where Ii(h) and I(h) are the ith and the mean measurements of the intensity of reflection h.

b Reryst = Zh|Fo — Fe|/ ZnFo, where F, and F are the observed and calculated structure factors amplitudes of reflection h, respectively.

€ Riree is equal to Ry for a randomly selected 5% subset of reflections not used in the refinement [106]. Values in parentheses are for the outermost shell.
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values in the pM range while UDP and C5’p are low-moderate
inhibitors with K;j values in the mM range. Both RNases show
a preference for cytosine over uracil since the K; values of C3'p
inhibition are lower than those of the U3’p. Also they both show
a preference for a 2’ phosphate group than a 3’ phosphate, while
the preference for either the 2’ or the 3’ phosphate group is much

A
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stronger than the preference for a 5 phosphate or diphosphate
group. A relative comparison of the K; values for RNase A and BS-
RNase shows that the five inhibitors, with the exception of the first
two (C3'p and U2'p), follow the same potency pattern in the two
enzymes. Thus, in BS-RNase the order of potency is
C3'p > U2'p > U3'p > UDP > C5'p, while in RNase A is U2'p> C3'p>

B

Fig. 3. (A, C, D, E, and F) Diagrams of the interactions between BS-RNase subunit SA and U2’p, U3’p, UDP, C3'p, and C5’p, respectively. (B) Diagram of the interactions between BS-
RNase and U2’p in subunit SB. Residues are drawn as ball-and-stick models and water molecules are shown as black spheres labelled with letter “w”. Hydrogen bonds are indicated
as dashed lines.
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U3’p > UDP > C5'p. Overall, all five inhibitors are more potent for
RNase A than for BS-RNase A with the exception of C3’p which
displays a similar potency against the two enzymes.

2.2. Overall structures

Although the crystallization experiment was carried out on
native protein solutions which contain two quaternary forms
(M x M and M = M) of BS-RNase only the swapped dimer (M x M)
exists in the crystal. The hinge peptide region (residues 16-22) is
well defined within the 2Fo-F. electron density map for both
subunits SA and SB. The sigmaA weighted F,-F. and 2F,-F. electron
density maps of the complex structures clearly indicated binding of
one inhibitor molecule at each of the two subunits of the BS-RNase
dimer (referred as SA and SB hereafter) (Fig. 1). All atoms of the
inhibitors are clearly defined within the electron density map
(Fig. 2) and have temperature factors similar to those of the protein
(Table 2). The rms distances between the structures of free BS-
RNase [35] and those of the liganded complexes are 1.16 A, 1.04 A,
1.06 A,1.09 A, and 1.1 A for 248 equivalent Co. atoms of the free BS-
RNase and U2’p, U3’p, UDP, C3'p, and C5’p complexes, respectively.
Structural comparison of the free and the complexed structures
reveals that the binding of the inhibitors induces conformational
changes to the quaternary protein structure and the protein
structure is slightly more compact in the complexed than in the free
structure. This is apparent when comparing the position of the
relative position of the two subunits SA and SB that comprise the
structure of BS-RNase in the free and in the liganded form. Super-
imposition of the two structure forms reveals that the two subunits
rotate with respect to each other pivoting on the interchain disul-
fide bridges that link Cys31 and Cys32 of SA to Cys31 and Cys31 of
SB, respectively, and in the complexed structure approach each
other by approximately 1.0A. Similar variations have been
observed upon ligand binding in all previous BS-RNase complex
structures [8,36,37] and are characteristic of the flexibility of this
enzyme. The structures of the U2'p, U3’p, and C3’p complexes are
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refined at 1.6 A resolution, while those of UDP, and C5'p complexes
are defined at 1.5 A and 1.7 A resolution, respectively.

In all free RNase A and BS-RNase structures reported so far [35,43]
the side chain of the catalytic residue His119 adopts two conforma-
tions denoted as A (y1 = ~160°) and B (1 = ~ approximately —80°),
which are related by a 100° rotation about the Ca~Cf bond and a 180°
rotation about the Cp-Cy bond [35,44-47]. These conformations in
RNase A are dependent on the pH [48] and the ionic strength of the
crystallization solution [49]. Like in all the previously studied BS-
RNase-ligand complexes [8,36,37], His119 in all five complex struc-
tures reported here adopts conformation A with y; = ~160°, in both
molecules of the BS-RNase homodimer.

2.3. The binding of U2'p and U3'p to BS-RNase

The conformation of the phosphouridine in U2’p and U3'p,
when bound at the active site, is similar in both complexes (Fig. 3A
and B). The glycosyl torsion angle is at the anti conformation in both
ligands, while the backbone and phosphate torsion angles have
values that are common for protein-bound nucleotides [50]. The
only exception is the conformation of the ribose in U2’p which
adopts the unusual 04’-endo conformation, while in U3’p adopts
the commonly found [50] C3’-endo conformation (Table 3).

The inhibitor binding mode for U3'p is similar in both active
sites of the BS-RNase homodimer. Thus, the uracil is bound in the
pyrimidines preferring subsite B;, where it forms hydrogen bond
interactions with the main and side chain atoms of Thr45. The rest
of the U3’p molecule binds with the ribose at Ry and the phosphate
group in subsite P; where it forms hydrogen bonds with residues
GIn11, His12, Lys41 and His119 (Table 4, Fig 3C). The binding mode
of U2'p differs in the two active sites of the BS-RNase dimer.
Although in both protein subunits, the uracil binds at B; and
engages in hydrogen bond interactions with Thr45; its orientation
differs by 120°. In subunit SA the ribose and the phosphate group
are not in Ry and Py, respectively, but the inhibitor molecule is
oriented towards the surface of the protein molecule (Fig. 3B)

Table 3
Torsion angles for inhibitors when bound to BS-RNase.
Inhibitor U2'p U3'p UDP C3'p C5'p
BS-RNase subunit SA SB SA SB SB SA SB SA SB
Backbone
torsion angles
05'-C5'-C4-C3’ () 45 (+sc) 57 (+sc) 95 (+ac) 66 (+sc) 107 (+ac) 128 88 76 76 80
(+ac)
C5'-C4'-C3'-03' (0) 83 (+sc) 77 (+sc) 125 (+ac) 127 (+ac) 100 (+ac) 100 113 109 103 89
(+ac)
C5'-C4'-C3'-C2' —159 -162 —-127 -125 -139 —139 -130 —131 —144 —155
C4'-C3'-C2'-02' -72 —63 130 130 —105 —105 148 147 -91 -83
Glycosyl torsion angle
04'-C1’'-N1-C2 (x) —163 (anti) —154 (anti) —150 (anti) —143 (anti) —147 (anti) —148 (anti) —114(anti) —107 (anti) —157 (anti) —156 (anti)
Pseudorotation angles
C4'-04'-C1'-C2' (vo) 6 ) -8 -8 —4 -8 43 40 7 -3
04'-C1'-C2'-C3' (vq) 31 —36 4 6 —6 -3 —46 —43 -19 -18
C1'-C2'-C3'-C4' (vo) 42 48 1 -2 13 12 31 31 23 31
C2'-C3'-C4'-04' (v3) —40 —44 -6 -2 -16 —18 -8 -9 -20 —-34
C3'-C4'-04'-C1’ (v4) 22 22 8 7 12 16 —-21 —18 8 23
Phase 11 8 83 105 33 47 332 334 84 12
(C3’-endo) (C3’-endo) (04’-endo) (04'-endo) (C3’-endo) (C4’-exo) (C2'-ex0) (C2'-exo0) (04’-endo) (C3’-endo)
Phosphate torsion angles
C4'~C3'-03'-P1 (¢) 118 (-ac) —120 (—ac) ~102 ~101
P1-03'-C3'-C2’ 128 128 143 143
C4-C2'-02'-P1 (¢)  —136(—ac) —118 (—ac)
P1-02'-C2'-C1’ 152 170
03A-PA-05'-C5' () ~102 (-ac) —96 (—ac) 68 50
PA-05'-C5'-C4’ () ~138 (—ac) —138 (—ac) 179 177

Definitions of the torsion angles are according to the current IUPAC-IUB nomenclature [107], and the phase angle of the ribose ring is calculated as described previously [108].
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engaging in hydrogen bond interactions with water molecules and
with the side chain atoms of Arg85 (Table 4). In BS-RNase subunit
SB the ribose and the phosphate group of U2'p are bound in Ry and
Py, respectively (Fig 3A), like in the U3’p complex. In RNase A, Arg85
is the sole component of subsite P_; that accommodates the
phosphate of a nucleotide bound in B3 (GIn69) [51]. The existence of
this subsite in RNase A has been inferred by mutagenesis experi-
ments [52] and has been observed in structural studies [53]. In
RNase A replacement of Arg85 by an alanine increases the Km for
poly(cytidylic acid) more than 15 times with respect to the native
enzyme [52]. In the RNase A-IMP complex, the side chain of Arg85
is at a hydrogen-bonding distance from the 5’ phosphate group of
an IMP molecule which has its ribose bound at subsite B3 [53]. The
structural equivalent of this residue in BS-RNase is also Arg85. Since
in subunit SA the 2’phosphate of U2'p is also in a hydrogen bond
distance from the side chain of Arg85 and its ribose is bound at Bs,
for the first time, we have direct evidence for the structural
conservation of this subsite in BS-RNase.

Both ligands, U2’p and U3'p, also engage in a network of water
mediated polar interactions with the protein. Thus, in both subunits
SA and SB the uracil of U2'p is involved in a water-mediated polar
interaction network with Asp83 and Ser123, the ribose with His12,
Val43, Val118, His119, and Phe120, and the phosphate with Lys104
and Ser123. In subunit SA, the uracil of U3'p is involved in water-
mediated interactions with Asp83 and Ser123, the ribose with
Val43, Asn67, His119, and Asp121, and the phosphate with GIn11,
His12, Lys41, and His119. In subunit SB water molecules are

Table 4
Potential hydrogen bonds of inhibitors with BS-RNase in the crystal.

conserved between the complex structures of U2’p and U3’'p and
hence U3'p is involved in similar water-mediated polar interactions
as U2'p.

On binding at the BS-RNase active site, U2'p and U3’p molecules
become buried and participate in a total of 53 and 41 van der Waals
interactions with 16 and 13 different BS-RNase residues in the two
protein subunits, respectively. The solvent accessibility of the free
U2’p molecule is 440 A2. This area reduces to 164 A% and 126 A?,
when U2’p binds to subunits SA and SB of the BS-RNase homo-
dimer, respectively; indicating that 63% and 71% of the U2'p surface
becomes buried upon binding. The greatest contribution comes
from the polar parts of the ligand that contribute 81% of the surface,
which becomes inaccessible for the ligand in subunit SA, whereas
for the ligand in protein subunit SB the non-polar parts contribute
73% of the inaccessible surface. Molecule U3’p has a solvent
accessible area of 453 A%. Upon binding to BS-RNase subunits SA
and SB, this area reduces to 152 A> and 162 A2, respectively. The
polar parts of the ligand contribute the most in this reduction as
they cover 67% and 70% of the ligand surface which becomes
inaccessible upon binding to BS-RNase subunits SA and SB,
respectively.

2.4. The binding of UDP to BS-RNase

The conformation of the bound ligand is very similar in both
active sites of the BS-RNase homodimer. The glycosyl torsion angle
is at the anti conformation while the backbone and phosphate

Inhibitor atom BS-RNase Distance (A)

U2'p U3'p UDP C3'p C5'p

SA SB SA SB SA SB SA SB SA SB
N3 Thr45 Oy1 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
N4 Thr45 Oy1 32 3.1
02 Thr45N 29 29 29 29 29 29 3.0 2.8 2.8
04 Thr45N 23
02/ Lys66 N¢ 2.8
02 Lys41 N¢ 3.1 3.1 29 2.8
02 Phe120 O 23 23
03’ His119 Ne2 2.2 29
03’ Lys41 N¢ 3.0 29
O1A Arg85 Nn1 2.7
O1A His119 Nd1 2.8 2.8
01A His119 Ne2 29
02A GIn11 Ne2 2.6
02A Lys41 N¢ 29
03A Arg85 Nn2 2.5
03A His12 Ne2 2.5
03A Phe120N 29
N4 Water 32 3.0 29 3.0
N4 Water 29 2.8 3.1 32
02 Water 2.5
04 Water 2.8 2.8 2.7 29 29
04 Water 2.7 29 29 29 29
02 Water 3.1 2.7 2.6 3.1 3.1 2.8 2.7
02’ Water 3.0 2.5
04 Water 3.0 3.1 3.0 3.0 32 3.2 29 24
o4’ Water 31
05’ Water 29 2.7 2.7
05’ Water 2.9 2.9
03’ Water 2.7 2.7 32 29
03’ Water 3.1 2.6
O1A Water 2.8 2.6 2.7
02A Water 2.8 2.2 2.8 3.1 2.6 2.8 24
03A Water 3.1 2.6 2.7 3.0 32 32 3.1
03A Water 3.0 32 25 2.7
0O3A Water 2.7
02B Water 29 3.1

Hydrogen bond interactions were calculated with the program HBPLUS [109].
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Fig. 4. (a) A schematic representation of BS-RNase subunit SA in complex with C5'p (coloured) in the active site. The inhibitor C3’p (in grey) is also shown superposed. (b) A
schematic representation of BS-RNase subunit SB in complex with U2'p (coloured) in the active site. The inhibitors U3’p (in grey) and UDP (in green) are also shown superposed.

torsion angles have values that are usually found in protein-bound
nucleotides [50]. The only exception is the conformation of
the ribose which adopts the unusual [50] C4’-exo conformation in
the ligand bound in BS-RNase SB while at the other subunit is at the
C3’-endo conformation (Table 3).

The inhibitor binds similarly in both active sites, with the uracil
in subsite B; taking part in hydrogen bond interactions with Thr45
and in water mediated interactions with atoms from Ser123 and the
side chain of Asp83. The pyrophosphate group is away from the
phosphate recognition subsite Py and points towards the solvent
(Fig. 3D, Table 4). Water molecules are conserved in the active site
of SA and SB, creating a similar network of water-mediated inter-
actions between UDP and protein residues. Thus, atom 04 of the
uracil participates in a water-mediated network of polar interac-
tions with Asp83, Lys104, and Ser123. The ribose of UDP is involved
in water-mediated interactions with Gln11, His12, Val43, His119,
and Phe120. The pyrophosphate atoms form hydrogen bond
interactions with three water molecules (Table 4). Two of them are
at the surface of the protein molecule and the third mediates
interactions with Asp121. UDP participates in a total of 19 and 24
van der Waals interactions with 7 and 8 different BS-RNase
residues in the two protein subunits, respectively. The solvent
accessibility of the free UDP molecule is 490 A%. Upon binding to
BS-RNase this area reduces to 212 A2 indicating that 57% of the UDP
surface becomes buried. The greatest contribution comes from the
non-polar parts of the ligand that cover 85% of the surface, which
becomes inaccessible.

2.5. The binding of C3'p and C5'p to BS-RNase

The conformation of C3’p differs from that of C5'p as indicated
by differences in their torsion angle values (Table 3) and hence their
binding mode to BS-RNase differs (Fig. 3E and F). Superposition of
the C3'p complex onto the C5’'p complex reveals that the two ring
planes of the cytosine in B; have an inclination of 15°. Despite this
difference, in both complexes and in SA and SB, the cytosine forms
hydrogen bond interactions with Trh45 and it is involved in water-
mediated interactions with Asp83, and Ser123 (Table 4). The ribose
of C3’p adopts the rather unusual C2’-exo conformation, while that
of C5’'p is in two different conformations (04’-endo and C3’-endo) in
SA and SB, respectively (Table 3, Fig. 3E). In the C3'p complex in

subunit SA the ribose participates in water-mediated hydrogen
bond interactions with His12 and Val43. In subunit SB the ribose
forms water-mediated hydrogen bond interactions with residues
His12, His119, and Phe120. The ribose of C5’p, in both subunits SA
and SB, is involved in a water-mediated hydrogen bond network
with GIn11, His12, Val43, and Phe120. The phosphate group of C3'p
binds in P; and forms hydrogen bonds with atoms from residues
GIn11, Lys41, and His119 (Table 4) in both subunits SA and SB. In
subunit SA is involved in water-mediated interactions with resi-
dues GIn11, His12, Lys41, and Phe120 but in subunit SB only with
GIn11. In the C5’p complex, the phosphate group does not bind in P4
but it is oriented towards Pg (the closest distance of the phosphate

Fig. 5. Structural comparisons of the BS-RNase-C3'p complex (grey) and BS-RNase-
C3',5'A (black) in subunit SA.
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Fig. 6. Structural comparisons of the BS-RNase-U2'p complex (grey) and BS-RNase-
U2',5'A (black) in subunit SB.

group from atoms of the side chain of Lys66, the sole component of
this subsite, is 4.8 A). In this position, in subunit SA, two water
molecules mediate interactions between the phosphate oxygens
and residues Lys66, and Asp121, while in subunit SB the phosphate
form a hydrogen bond with a single water molecule which does not
mediate any interactions with protein residues.

On binding at the BS-RNase active sites, C3’'p and C5’'p molecules
become buried and participate in a total of 48 and 52 van der Waals
interactions with 13 and 14 different BS-RNase residues in the two
subunits, respectively. The solvent accessibility of the free C3'p
molecule is 455 A2, This area reduces to 138 A% (SA) and 144 A? (SB)
in the BS-RNase-C3’p complex, indicating that 70% and 68% of the
C3'p surface becomes buried upon binding. The greatest contri-
bution comes from the polar parts of the ligand that cover 81% of
the surface, which becomes inaccessible for the ligand in both
subunits. Molecule C5'p has a solvent accessible area of 445 A2,
Upon binding to BS-RNase, this area reduces to 153 A% and 170 A% in
subunits SA and SB, respectively. The polar parts of the ligand
contribute the most in this reduction as they cover 53% and 63% of
the ligand surface which becomes inaccessible upon binding to BS-
RNase subunits SA and SB, respectively.

Table 5
The effect of C3’p or C5'p on the aspermatogenic activity of BS-RNase in mice.

4503
2.6. SAR analysis

The pyrimidine binding subsite By is conserved between RNase
A and BS-RNase. The binding modes of U3’p, C3’p, and U2'p
(subunit SB) in BS-RNase are similar to those observed in RNase A
[54,55]. However, as noted above the binding mode of U2'p in
subunit SA is quite different from that in subunit SB (Fig. 3A and B)
and different from that of U2'p in RNase A [54]. Thus, only the uracil
plane of U2'p superposes in the two complexes, while the rest of
the ligand is oriented towards different directions.

The interactions of 3’,5-CpA [36] 2/,5'-UpA [37], and 2’,5'-UpG
[8] with BS-RNase have been examined by X-ray crystallography.
The interactions between BS-RNase and the cytosine (Fig. 4a) or
uridine (Fig. 4b) of the five inhibitors are similar to those observed
for the pyrimidines of 3/,5'-CpA and 2’,5’-UpA in their respective
complexes with BS-RNase [36,37] indicating the strong specificity
of subsite B (Figs. 5 and 6). However, subsites R; and P; do not
show the same degree of specificity since the binding modes of the
ribose and the phosphate group varies between the dinucleotide
and the mononucleotide complexes (Fig. 4). Only U3'p, U2'p, and
C3'p follow the same binding pattern with 3/,5’-CpA and 2’,5'-UpA
(Figs. 5 and 6). C5'p and UDP bind quite different from these two
dinucleotides since their phosphate groups are away from subsite
P1. The C5'p and UDP binding modes do not resemble the binding
mode of 2/,5'-UpG [8] which binds in the retro-binding mode
observed for RNase A [56]. Furthermore and despite the fact that
we used rather high concentration (60 and 125 mM) for C3’p and
C5’p, we did not observe any binding at the potential allosteric site
of BS-RNase which is located at the interface of the two subunits SA
and SB and where 2/,5'UpG also binds [37].

It seems that the diversity in the structural skeleton of the
inhibitors has a significant impact on BS-RNase inhibition. Although
comparison of keat/Ky values for cytidylyl and uridylyl substrates
has previously [57] led to the proposal that the By site of RNase A has
a small preference for cytidylyl over uridylyl substrates this is not
evident when comparing the K; values of cytidylyl and uridylyl
mononucleotide inhibitors (Table 1). It seems that in the phospho-
monoculeotide inhibitors the binding of the phosphate groups
dominates their potency, as has been seen previously [54,58]. The
primary functional component of the B; subsite is Thr45, which
forms two hydrogen bonds with pyrimidines: its main-chain NH
donates a hydrogen atom to O2 of either base, and its Oy1 can
donate to N3 of cytosine or accept from N3 of uracil. Thus the
preference of both BS-RNase and RNase A for cytidine versus uridine
would imply that the hydrogen bond between the pyrimidine 02
and Thr45 NH is stronger for cytosine and cytosine O2 should carry
a larger partial negative charge, making it a better hydrogen
acceptor. Cytosine might also engage in more favorable stacking
interactions with Phe120 due to the greater delocalisation of elec-
trons throughout its ring [59].

Substances injected in pug/mouse No. of mice Index weight of testes + SEM Width of spermatogenic Diameter of somniferous
layers + SEM tubules & SEM

Injected Non-injected Injected Non-injected Injected Non-injected

testes testes testes testes testes testes
PBS (control) 5 4347 4047 61+7 63+8 15145 152+9
BS-RNase 10 pg 5 40+5 4244 23+67" 61+7 134+£6" 153 +5
BS-RNase + C3'p (1:1)* 5 51+2 51+7 66 £5 62+6 159 +4 154 +5
BS-RNase + C3'p (100:1)* 11 20+67" 41+5 34+£107" 65+8 140 + 8" 159+ 4
BS-RNase 1+ C5'p (1:1)* 5 51+1 44 +3 64+4 62+7 165+7 156 +6
BS-RNase + C5'p (100:1)? 9 31+9¢ 43+6 51+5" 65+5 133 +6* 163+6

*P<0.05, "*P<0.01.
¢ Ratios are w/w.
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Fig. 7. (A) The control picture in which no spermatogenic cells are degenerated in sperm tubule. Spermatogonia, primary and secondary spermatocytes, spermatids and sperms
inside of tubule of testis are visible. (B) The testicular tissue with spermatogenic cells in mice injected with a mixture of BS-RNase and C3’p in ratio 100:1 (w/w) is destroyed fully in
spermatogenic tubules. Most of the testicular tissue cells lacked order with the exception of spermatogenic cells and also partly of Sertoli cells. (C) Chaotic disorder of the testicular
tissue and spermatogenic cells in mice injected with a mixture of BS-RNase and C5’p in a ratio of 100:1 (w/w). Only spermatogonia are presented near basal membrane. Sertoli cells
are presented together with primary and secondary spermatocytes while some cells are mitotically active. (D) The spermatogenic cells in mice injected with a mixture of BS-RNase

and C3’p in the ratio 1:1 (w/w). The width of the layer is in order.

BS-RNase has a preference for cytidine 3’ phosphate versus
cytidine 5’ phosphate and uridine nucleotides. It seems that this is
mainly due to the interactions of the phosphate group of the ligand
with the protein residues in subsite P; and to a lesser extend to the
preference of BS-RNase for cytidine versus uridine. This dominant
role of the phosphate binding to the inhibition potency is more
profound when comparing C3'p to C5'p. C3’p binds with the 3’
phosphate group at P; whereas C5'p binds with its C5’ phosphate
group away from P; (Fig. 3E and F) and as a result C3'p is 10 times
more potent than C5'p (Table 1). U2'p has its phosphate group at P;
but only in SA. However this is enough to compensate for the
preference of BS-RNase for cytidine over uridine and U2'p is 3 times
more potent than C5’p (Table 1). The preference of the enzyme for
cytidine versus uridine is pronounced in the cases of C3'p and U3'p
where both ligands have their phosphate group at Py and C3'p is 2
times more potent than U3’p. Unexpectedly UDP, which has two
phosphate groups, fails to place any of them in P and as a result UDP
is the less potent inhibitor of the other two uridilyl nucleotides.

2.7. In vivo experiments

Table 5 summarizes the results on the effect of C3’p and C5’'p on
the aspermatogenic activity of BS-RNase. The common dose (10 pg)
used in the in vivo studies of BS-RNase [60] alone has a profound
reduction in the width of spermatogenic layers and in the diameter
of seminiferous tubules but not to the index weight of mice testes
with respect to the non-treated testes or to control with PBS. This
reduction is indicative of the degeneration of spermatogenesis
caused by BS-RNase. When BS-RNase was injected as a mixture
together with either C3’p or C5'p in a ratio of 1:1 (w/w) this

degeneration was not evident showing that the inhibitors are
capable to inhibit the aspermatogenic action of BS-RNase in vivo
(Fig. 7). However, using a ratio of BS-RNase:inhibitor 100:1 (w/w)
did not have any effect on the aspermatogenic action of BS-RNase
(Fig. 7) indicating that among others a significant improvement in
the potency of these inhibitors for BS-RNase is required so that
small doses can have an effect in vivo. Nucleoside analogues have
proven to be excellent agents for anticancer and antiviral therapy
[61]. Effective doses in experiments in vivo range from 20 mg/kg/
day to 100 mg/kg/day [62,63] to animals or 100-200 mg/m? in
clinical trials [64]. Such as the doses used in the in vivo experiments
with BS-RNase were within the limits of the effective concentra-
tions of nucleosides used in anticancer and antiviral therapy.

Table 6

Application of Lipinski’s ‘Rule of 5’ to our ligand test set®.

Ligand MW No. H-bond No. H-bond log P Lipinski

acceptors®  donors® (oct/wat) violations

C3'p 3232 14.1 6 -2.063* 2

C5'p 323.2 14.1 6 —1.686 2

U2'p 324.2 13.6 5 —1.803 1

U3’p 324.2 13.6 5 —1.806 1

UDP 404.2 15.6 3 —1.704 2

Range 95% 130.0-725.0 2.0-20.0 0.0-6.0 -2.0 -
known drugs® to 6.5

2 See text for full description. Lipinski violations are highlighted in italics.
Predicted properties outside the range for 95% of known drugs are highlighted with
an asterisk (*). All properties calculated using QikProp.

b Averaged over a number of configurations.

¢ Reference (QikProp version 3.1, U.M.).
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Table 7
Other calculated ADME properties®.
Ligand Rotable bonds Caco-2 permeability QPlogS QPlogKhsa PSA FISA QPlogBB
C3'p 8 0 —1.587 —1.499 188.0 353.6* —3.133*
C5'p 8 0 —1.388 —1.347 178.6 303.6 -24
U2'p 7 0 —1.399 —-1.384 193.7 343.1* —2.724
U3’p 7 0 —1.496 —1.453 190.7 338.0* —2.818
uDP 10 0 —0.662 —2.084* 234.4* 386.9* —-3.571*
Range 95% known drugs® 0-15 <25 poor; >500 good —6.5to 0.5 -15to 1.5 7.0-200.0 7.0-330.0 —3.0to 1.2

2 Calculated using QikProp (QikProp, version 3.1). Properties and descriptors with QPlogS (log S) representing predicted aqueous solubility (S in mol dm—3); PSA, the van der
Waals surface area (A2) of polar N and O atoms; QPlogBB (log BB), the predicted blood/brain barrier coefficient; FISA, the hydrophilic contribution (A%) to the SASA (SASA on N,
0 and Hs on heteroatoms); QPPCaco (PCaco), the predicted Caco-2 cell permeability (nm/s). Property values outside the range for 95% of known drugs are highlighted with an

asterisk (*).
b Reference (QikProp version 3.1, U.M.).

2.8. ADME property prediction

Results from the QikProp ADME predictions are presented in
Tables 6 and 7. Forty-four different properties consisting of prin-
cipal descriptors and physiochemical properties were calculated.
The most important of these are listed in the tables, together with
those for which the property predictions are outside the ranges
observed for 95% of known drugs (QikProp, version 3.1, U.M). If the
predicted value for a property/descriptor was outside the training
set range, it is flagged with an asterisk (*) in the tables.

As a first test of the drug-likeness of the ligands, we applied
Lipinski’s rule of 5 (Table 6) requiring candidates to have no more
than 5 and 10 hydrogen bond donors and acceptors, respectively,
molecular weights (MW) less than 500 amu, and partition coeffi-
cients between octanol and water (QPlog P(oct/wat)) less than 5. An
orally active compound/drug should have no more than one
violation of these rules. Only U2'p and U3’p with the maximum
allowed violation of 1 (QPlogP(oct/wat) in each case) passed the
Lipinski screening test. Poor absorption or permeation are more
likely when a ligand molecule violates Lipinski’s rule of 5 which is
confirmed by the predicted Caco-2 cells permeability - used as
a model for the gut-blood barrier [65,66] - which was 0 for all
ligands. The main problem according to Lipinski’s theory is an
excess of H-bond acceptors for all ligands. Also, the QPlogP(oct/wat)
values as a measure of lipophilicity are only theoretically valid for
unionized species. However, reduced polar surface area correlates
better with increased permeation rate than does lipophilicity
[41,67,68] and is therefore an attractive alternative model for the
prediction of oral drug absorption.

Vebers’ study [41] on oral bioavailability suggested that a can-
didate’s flexibility, measured as the number of rotable bonds (<10),
and polar surface area (<140 A?) could be used as an early stage
filter in drug design, although more recently it has been highlighted
that this approach needs to be treated with caution with respect to
choice of descriptor algorithm used and also because other factors
can have significant influence on bioavailability [69]. With respect
to the polar surface area criterion, however, a total sum of H-bond
donors and acceptors criterion (<12) can be used instead which is
algorithm independent [41]. For our inhibitors set, all but UDP have
a number of rotable bonds <10, but all ligands are much too polar
irrespective of algorithm, or whether measured as sum of H-bond
donors/acceptors (18.6-20.1) or PSA (178.6-234.4 A). Indeed, the
hydrophilic surface area (FISA), for four (338.0-386.9 A?) of our five
inhibitors (C5’'p excepted) exceeds the range observed for 95% of
drugs (7.0-330.0 A?).

The aqueous solubility of a drug candidate is also a crucial
property for its bioavailability [70], and given their excess polarity,
all ligands are satisfactory with respect to their QPlogS values.
QPlogKhsa is the prediction of binding to human serum albumin
and all inhibitors except UDP (—2.084) lie within the expected

range for 95% of known drugs (—1.5 to 1.5). The QPlogBB(brain/
blood) barrier coefficient is satisfactory for C5'p, U2'p, and U3'p.

Of the 44 total QikProp descriptors, 3 ligands had one property
value (C5'p (dipole moment), U2'p (FISA), U3’p (FISA)) outside the
range for 95% of drugs. C3'p (FISA, QPlogP(oct/wat), QPlogBB) and
UDP (FISA, PSA, QPlogKhsa, QPlogBB) were less promising with 3
and 4 property outliers, respectively. With the exception of C5'p,
the inhibitors have hydrophilic (polar) surface areas which are
too large, while C5'p’s predicted dipole moment (16.1 Debye) is too
high (95% of drugs range: 1.0-12.5 Debye). All ligands have
too many H-bond acceptors according to Lipinski. In summary, for
potential drug development using these ligands as scaffolds, the
polar surface area/H-bond acceptor property values need to be
significantly reduced. Reduced polar surface area will correlate
with increased permeation rate with a threshold permeation rate
imperative for oral bioavailability [41,67,68].

3. Conclusion

In the current study we report on the kinetic, crystallographic,
modeling, and in vivo experiments of five pyrimidinyl phospho-
nucleotides with BS-RNase. These compounds are potent inhibitors
of BS-RNase and can be the starting point for the rational design of
new inhibitors with improved potency. Each inhibitor binds at the
catalytic site by anchoring the pyrimidine at the By subsite packed
against the phenyl ring of Phe120 and its 2’-hydroxyl group is in
hydrogen bonding distance from the side chain atoms of Thr45,
while the rest of the ligand adopts a different conformation for each
inhibitor (Figs. 3 and 4). This binding mode shows the strong
specificity of subsite B for pyrimidinyl compounds. The phosphate
groups bind according to their position in the ligand molecule, i.e.
3’ phosphates binds at Py and 5’ phosphates binds at Py following
the pattern that substrate RNA might bind. In addition, the
2'phosphate binds also at Py. Subsite P; shows a clear preference for
3’ phosphate groups over 5’ since in the binding of U3’p, and C3'p
the 3’-phosphate group is bound at P; while in the case of UDP and
C5’p the 5’-phosphate group is bound away from P to Py (Fig. 4).
However, it is not clear whether a 2’- over a 5’-phosphate group is
preferable at Py, as the enzyme could bind both phosphate groups
equally well. It seems that the answer may lie in the conformation
of the bound nucleotide which is always anti, the preferred
conformation for the bound nucleotides [50]. This is also supported
by previous observations in RNase A complexes where the binding
of either the 3’- or the 5’-phosphate group at P; was accompanied
by a change from the anti to the syn conformation of an adenosine
[54,71,72]. The binding of either the 2’- or the 3’-phosphate group
to P; does not seem to affect significantly the binding mode of
uridine to subsite By since the phosphate group, in each case, finds
favorable interactions with the enzyme (Fig. 4A). This has been also
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observed in RNase A complexes with various uridylyl nucleotides
[54,72,73].

The BS-RNase complex structures, described in this work,
suggest how further development of tight binding inhibitors of
RNases could be achieved through structure driven design. The
binding of the 3’ and 5’ phosphates at different subsites implies that
a 3,5’ diphosphonucleotide might have a better potency than the
monophosphate ones since it will allow the exploitation of the
interactions with the protein at both subsites. The high resolution of
the crystal structures in the present study, allowed also the identi-
fication of a large number of water molecules in the active site with
bound inhibitors. Several of these water molecules mediate inter-
actions between the inhibitors and the protein and their positions
could be the starting point for the design of more potent inhibitors.
The uracyl in all complexes is involved in water mediated interac-
tions with Ser123 and the side chain of Asp83 (Table 4). These water
positions are conserved in all five complexes indicating positions
with high potential to form hydrogen bonds with the protein.
Introduction of various substituents to decorate these ligands with
groups that will allow them to reach those water positions and
exploit interactions with the protein could lead to an increase of the
potency. However, the presence of the phosphate groups in the
chemical structure of the studied inhibitors impedes any potential
pharmaceutical use since (i) the biological half-live of phosphate
compounds in vivo is limited [74], (ii) the high charge of phosphate
groups impedes these molecules from achieving high concentra-
tions at the target site due to low oral bioavailability and/or cell
penetration [61] (iii) such compounds occur naturally and bind to
a broad range of proteins [75] and (iv) their instability in vivo due to
the presence of a variety of phosphodiesterases and hydrolases [61].
An alternative solution to the above obstacles might be the
replacement of the phosphate groups by methylene phosphonates
or fluorophosphonates [75] or to use a prodrug strategy such as the
use of phosphonic diamides instead of phosphonates [61].

Although a crystal structure of the human pancreatic ribonu-
clease (HP-RNase) has not been reported yet and the solution
structure of native HP-RNase has recently been reported [76], there
are crystal structures for few HP-RNase variants A [22,28,77-79].
These variants were produced by transferring some of the struc-
tural characteristics of BS-RNase responsible for its antitumor
properties to HP-RNase with the goal to produce a chemothera-
peutic agent tolerated by the immune system. Structural compar-
ison of these mutant structures of HP-RNase with the structure of
each of the five BS-RNase inhibitor complexes revealed that all five
of the ligands could be accommodated within the active site of the
HP-RNase variant without any difficulties. This was anticipated
since the active site of HP-RNase is conserved in BS-RNase. This
finding supports the hypothesis that inhibitors can have a role as
modulators of a potential chemotherapeutic agent based on
a variant of HP-RNase with the antitumor properties of BS-RNase.
However, it also emphasizes the need to introduce modifications to
the inhibitors that will enhance their specificity towards such
a variant. On the other hand it may be possible to introduce some
modifications to the active site of the HP-RNase variant to enhance
its preference for a given inhibitor.

Nevertheless, the studied compounds can only serve as poten-
tial scaffolds for further development. Hence, calculation of their
pharmacokinetic properties and in-vivo activity at an early stage
such as this can help to optimize the design of future inhibitors/
scaffolds in a step-wise manner, with the aim not only to improve
inhibitory potential but also the equally important pharmacoki-
netic and in-vivo properties. ADME property predictions using
QikProp revealed ligands U2’p and U3’'p to have oral drug-like
properties based on Lipinski’s rule of 5. These two inhibitors
together with C5'p have only one property outside the range

observed for 95% of drugs. Previously, we have shown through
molecular dynamics studies that polar phosphate groups increase
inhibitory potential of nucleotide based inhibitors mainly through
electrostatic interactions [80]. However, based on the ADME
criteria of Veber and co-workers and the range in properties for 95%
of known drugs, the number or H-bond acceptors/polar surface
area properties needs to be reduced for oral bioavailability of future
analogues developed based on phosphonucleotide derivatives. In
future work, we will also evaluate potential effects of the applied
dose of nucleotides in vivo experiments and consider any addi-
tional toxic side effect that the nucleotides might present, consid-
ering that nucleotide analogues can be carcinogenic and may also
interact with other nucleases or nucleotide binding proteins.

We also showed that the cytidine inhibitors have a significant
effect in the aspermatogenic effect of BS-RNase in mice (Fig. 7)
confirming our hypothesis that BS-RNase inhibitors may have
a potential as antidotes to the severe side-effects that accompany
the BS-RNase anticancer activity. This finding emphasizes even
further the importance of the continuation of our rational design
efforts towards the development of stable, selective, and potent
inhibitors for BS-RNase.

A high throughput screening of small-molecule chemical
libraries like those used for human angiogenin [81-83] as well as
a proteomic approach to screen and analyze nucleotide binding
proteins could be interesting for future considerations of nucleotide
analogues in the search for potential efficient low-molecular-
weight inhibitors RNase inhibitors and we are currently pursuing
these directions.

4. Experimental protocols
4.1. Kinetic experiments

BS-RNase was purified as described previously [15]. Nucleotide
inhibitors and C>p were obtained from Sigma (Greece).
Concentrations of RNase A, BS-RNase and C > p samples were deter-
mined  spectrophotometrically (€753 =9800 M~ 'cm™! [15,84];
6268 = 8400 M~ ! cm~1 [85]). Enzymatic activity of BS-RNase and RNase
Awas measured by a spectrophotometric method [86]. All assays were
performed in duplicates at 30 °C in 0.1 M MES/NaOH buffer (pH 6.0)
containing 0.1 M NaCl with enzyme concentration of 1.0 uM. The
activity was measured by following the initial reaction velocities, using
the difference molar absorbance coefficient Aey7g =516.4 M~ cm™!
for the hydrolysis reaction of C > p [87]. The inhibition constants (Kj;)
were determined by the Dixon method [88] using non-linear regres-
sion analysis with the program GRAFIT [89] (Table 1).

4.2. Crystallization, data collection and structure refinement

BS-RNase crystals were grown using the vapour diffusion
method with protein concentration of 10 mg/ml in 15% w/v PEG
4000, 50 mM sodium acetate, and 50 mM Tris/HCI buffer pH 8.5
equilibrated against a reservoir solution containing in 30% w/v PEG
4000, 0.1 M sodium acetate, and 0.1 M Tris/HCI buffer pH 8.5 at
16 °C [90]. The crystals belong to space group P212;2; with one
homodimer per asymmetric unit and cell dimensions a =48.6 A,
b=59.0 A and c=82.2 A. Crystals of the inhibitor complexes were
obtained by soaking single BS-RNase crystals with a buffered
solution (30% w/v PEG 4000, 0.1 M sodium acetate, and 0.1 M Tris/
HCI pH 8.5) of each of the inhibitor prior to data collection (Table 2).

Diffraction data for the complexes were collected at 100 K at the
EMBL stations X11 (1=0.8148 A) and X13 (1=0.8088 A) at the
DORIS storage ring, DESY, Hamburg, using a MARCCD detector. Raw
data were processed with the HKL suite of programs [91] and
intensities were transformed to amplitudes with TRUNCATE [92].
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Phases were obtained using the structure of the free BS-RNase [pdb
code: 1r5d; [36]] as a starting model. Alternate cycles of manual
building with the program COOT [93], and refinement using the
maximum likelihood target function as implemented in the
program REFMAC [94], improved the model, while inhibitor
molecules were included during the final stages of the refinement.
A final round of TLS (Translation/Libration/Screw) refinement
within the program REFMAC [94] using TLS groups for the protein,
generated by the TLSMD web server [95] improved considerably
the final model. Details of data processing and refinement statistics
are provided in Table 2. The program PROCHECK [96] was used to
assess the quality of the final structure. Analysis of the Ram-
achandran (¢-y) plot showed that all residues lie in the allowed
regions. Solvent accessible areas were calculated with the program
NACCESS [97]. The atomic coordinates and the X-ray amplitudes for
the BS-RNase - inhibitor complexes have been deposited in the
Research Collaboratory for Structural Bioinformatics Protein Data
Bank, (http://www.rcsb.org) (accession IDs are shown in Table 2).
Figures prepared with the programs MOLSCRIPT [98] or BOBSCRIPT
[99] and rendered with Raster3D [100].

4.3. Spermatogenic toxicity in mice

The effect of the most potent inhibitors C3’p and C5'p on the
aspermatogenic action of BS-RNase was determined on adult male
ICR mice [17,60,101]. The spermatogenic assays have been
performed according to the method established previously [60],
and sexually adult male mice were injected with 10 ug of BS-RNase
(a typical dose) or with a mixture of 10 pg BS-RNase with the
inhibitor (w/w ratios of 1:1 or 1:100) once into left testes. Ten days
after the injection, the animals were sacrificed, their testicles
excised and studied by histology examination. Body weight of the
treated mice was determined in the course of the experiment.
Degenerative effects on the testes were assessed such as decreased
weight of the testes, decreased width of the spermatogenic layers
and reduced seminiferous tubules diameter.

4.4. Modeling

ADME properties of the analogues were predicted using the Qik-
Prop program (QikProp, version 3.1) in normal mode. All the
analogues were prepared in neutralized form for use with QikProp
using Schrodinger’s Maestro Build module and LigPrep. The input
conformation for the QikProp calculations was determined as follows:
500 steps of a Monte Carlo Multiple Minima (MCMM) search [102] for
each molecule in H,0, modeled using the GB/SA continuum model
[103], was first performed. The OPLS-AA (2005) force field was used
[104,105]. An energy window for saving unique conformations of
21.0 kJ/mol (~5 kcal/mol) was used. QikProp shows slight depen-
dence on input conformation with a more extended conformation
yielding better results. Therefore, output conformations from the
Monte Carlo (MC) search were clustered into five groups with the
lowest energy conformer from the most extended conformation
family chosen. Clustering was performed using the XCluster program
(MacroModel XCluster, version 9.6) using heavy atoms for atom
superimposition and comparisons, with redundant/duplicate
conformers eliminated based on a cut-off RMSD criterion of 0.5 A.
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