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Abstract—The binding of a moderate inhibitor, 3 0-N-piperidine-4-carboxyl-3 0-deoxy-ara-uridine, to ribonuclease A has been studied
by X-ray crystallography at 1.7 Å resolution. Two inhibitor molecules are bound in the central RNA binding cavity of RNase A
exploiting interactions with residues from peripheral binding sites rather than from the active site of the enzyme. The uracyl moiety
of the first inhibitor molecule occupies the purine-preferring site of RNase A, while the rest of the molecule projects to the solvent.
The second inhibitor molecule binds with the carboxyl group at the pyrimidine recognition site and the uridine moiety exploits
interactions with RNase A residues Lys66, His119 and Asp121. Comparative structural analysis of the 3 0-N-piperidine-4-carbox-
yl-3 0-deoxy-ara-uridine complex with other RNase A–ligand complexes provides a structural explanation of its potency. The crystal
structure of the RNase A–3 0-N-piperidine-4-carboxyl-3 0-deoxy-ara-uridine complex provides evidence of a novel ligand-binding
pattern in RNase A for 3 0-N-aminonucleosides that was not anticipated by modelling studies, while it also suggests ways to improve
the efficiency and selectivity of such compounds to develop pharmaceuticals against pathologies associated with RNase A homologues.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In the human genome 13 distinct vertebrate-specific
ribonuclease (RNase) genes have been identified, all
localized in chromosome 14.1 Ribonucleases (RNases)
are enzymes that control, post-transcriptionally, the
RNA population in cells. The RNase A superfamily is
the only enzyme family restricted to vertebrates.2 Recent
studies indicate that there has been a rapid divergence
under an unusual evolutionary pressure and suggest that
the lineage might have started as host defence proteins.1

Several homologues of the mammalian pancreatic
RNase A (EC 3.1.27.5) superfamily are also involved
in various human pathologies and RNase activity in
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serum and cell extracts is elevated in a variety of cancers
and infectious diseases.3 Angiogenin, a potent inducer of
neovascularization, displays pathological side effects
during cancer.4 It has been proposed that the RNase
A superfamily started off from a progenitor with struc-
tural similarities to Angiogenin.2 Two other homo-
logues, eosinophil cationic protein (ECP) and
eosinophil derived neurotoxin (EDN), are both involved
in the immune response system and inflammatory disor-
ders.5–7 The pathological functions of these RNase A
homologues are linked to their enzymatic activity, a fact
that renders them as attractive targets for rational ligand
design of potent and selective inhibitors, that could be
useful as potential pharmaceutics to combat cancer
and inflammatory disorders. Several rational inhibitor
design efforts8–10 that target these enzymes are currently
in progress.
The RNase A superfamily comprises pyrimidine-specific
secreted endonucleases that degrade RNA through a
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two-step transphosphorolytic–hydrolytic reaction.11

Several subsites exist within the central catalytic groove
of RNase A, where substrate RNA binds, that are
defined as Po . . . Pn Ro . . . Rn, and Bo . . . Bn according
to the phosphate, ribose and base of RNA that bind,
respectively, (n indicates the position of the group with
respect to the cleaved phosphate phosphodiester bond
where n = 1).12 The central region of the active site
(B1R1P1R2B2) is conserved in all RNases and therefore,
structure-assisted inhibitor design studies have focused
mainly on the parental protein, RNase A, since inhibi-
tors developed against this enzyme could also inhibit
other members of the superfamily.8 Today several inhib-
itors, mainly substrate analogues, mono and diphos-
phate (di)nucleotides with adenine at the 5 0 position,
and cytosine or uridine at the 3 0position of the scissile
bond, have been studied.8,13,14 All these compounds
are rather marginal inhibitors with dissociation con-
stants in the mid-to-upper micromolar range. The best
inhibitor so far is pdUppA-3 0p with Ki values of
27 nM, 180 nM and 360 lM for RNase A, EDN and
Angiogenin, respectively,8,15,16 whereas transition state
theory predicts picomolar values for genuine transition
states.3

The majority of small molecule RNase A inhibitors
studied thus far have acidic groups such as phosphate,
carboxylate, or sulfate.10,14 Aminonucleosides like
3 0-N-piperidine-4-carboxyl-3 0-deoxy-ara-uridine (3e)
have been selected for inhibition studies with the view
that uridine derivatives with amino groups that have
basicities comparable to those of the imidazole of
His12 and His119 might be able to perturb the proton-
ating/deprotonating environment of the P1 subsite and
hence inhibit the enzymatic activity of RNase A and
Angiogenin.17 Thus, biochemical and biological studies
have led to the identification of 3 0-N-alkylamino-3 0-de-
oxy-ara-uridines as a new class of inhibitors of the enzy-
matic activity of RNase A and the Angiogenin induced
angiogenesis.17 These compounds are the first that do
not have a phosphate or a sulfate group which are
reported to inhibit the enzymatic activity of RNase A
and Angiogenin induced angiogenesis. Here we present
the high resolution (1.7 Å) crystal structure of the
RNase A-complexed with 3e, the most potent RNase
A inhibitor from the series of the 3 0-N-alkylamino-3 0-de-
oxy-ara-uridines that were tested,17 which reveals the
structural basis for its potency and indicates ways for
improving its selectivity and efficiency. In the crystal
structure two molecules of compound 3e bind at the
peripheral binding sites of RNase A rather than the cen-
tral active site in a mode that differs strikingly from the
one anticipated by modeling studies based on previous
RNase A complex structures.17
Figure 1. A schematic diagram of the RNase A molecule with the two

inhibitor molecules bound.
2. Results and discussion

2.1. Overall structures

The crystallographic asymmetric unit of the monoclinic
RNase A crystals used in this study contains two pro-
tein molecules (A and B).18 For comparison reasons
and due to the lack of a crystal structure of free RNase
A from monoclinic crystals at cryogenic conditions
(100 K) [the previous crystal structure of free RNase
A from monoclinic crystals (pdb entry 1AFU) was
determined at 2.0 Å, at room temperature18], we have
determined the structure of free RNase A at 1.5 Å res-
olution, at 100 K. The 100 K free RNase A structure is
similar to that reported previously at 2.0 Å at room
temperature.18 The rms distances between the earlier
and the present free RNase A structures are 0.60/
0.27, 0.55/0.28 and 0.83/0.70 Å (molecule A/molecule
B of the RNase A non-crystallographic dimer) for
Ca, main chain atoms and all atoms of 124 equivalent
residues, respectively. Most of the amino acid residues
in the new structure are very well defined in the elec-
tron density map with the exception of the loop region
between residues 16 and 24, which has higher temper-
ature factors (average B factor = 23.0 Å2) compared
to the rest of the protein residues (average B factor
excluding 16–24 loop = 12.1 Å2). This loop appears to
be flexible, as in the room temperature structure,18 even
at 100 K. The side chains of Ser59, Gln69 and Asp83
are found in two alternative conformations. The cata-
lytic site in the free RNase structure is occupied by
18 water molecules which participate in a network of
hydrogen bonds involving residues Gln11, His12,
Lys41, Asn44, Gln69, Asn71, Val118, His119 and
Phe120.

Two inhibitor molecules (I and II) were bound at the
peripheral binding sites of molecule A (Fig. 1) of the
non-crystallographic RNase A dimer but none in mole-
cule B. This partial binding has also been observed in
previous binding studies with monoclinic crystals of
RNase A13,18,19 and might be attributed to the lattice
contacts that limit access to the RNA binding sites of
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molecule B in the asymmetric unit. In all free RNase A
structures reported so far the side chain of the catalytic
residue His119 adopts two conformations denoted as
productive (v1 = �160�) and non-productive
(v1 = ��80�), which are related by a 100� rotation
about the Ca–Cb bond and a 180� rotation about the
Cb–Cc bond.20–23 These conformations are dependent
on the pH24 and the ionic strength of the crystallization
solution.25 In the cryogenic free RNase A structure
reported here His119 adopts the non-productive confor-
mation in protein molecule A (v1 = �51�) but the pro-
ductive conformation (v1 = 173�) in protein molecule
B of the non-crystallographic dimer indicating the diver-
sity of this side chain in the unliganded enzyme struc-
ture. Previous studies26 have shown that binding of
ligand groups in P1 induces the productive conformation
of the side chain of His119 and even though in 3e ligand
does not bind at P1 the side chain of His119 adopts this
conformation (v1 = 159�).

Upon binding to RNase A, each of the inhibitor mole-
cules I and II displaces six water molecules from the
peripheral binding sites of the free enzyme. With the
exception of the side chain of His119 that was discussed
above, there are no other significant conformational
changes in the catalytic site of RNase A upon ligand
binding. The rms distances between the structures of free
RNase A and the RNase A–3e complex are 0.29 Å,
0.31 Å and 0.77 Å for Ca, main chain and all atoms of
124 equivalent residues in RNase A molecule A,
respectively.

2.2. The binding of 3e to RNase A

All atoms of the two 3e molecules (I and II) are well
defined within the sigmaA weighted 2Fo � Fc electron
density map of the RNase A–3e complex (Fig. 2).

Upon binding to RNase A, each inhibitor molecule
adopts a different conformation. The glycosyl torsion
angle v in both molecules I and II adopts the frequently
observed27 anti conformation (Table 1). The ribose
adopts the quite rare O4-endo puckering in 3e molecule
I, while in molecule II it is found in the preferred, for
free and protein bound nucleotides,27 C2-endo confor-
mation. The rest of the backbone torsion angles are in
the common range for protein bound pyrimidines27 with
the exception of the torsion angle c in ligand molecule II
which is at the unusual +ac range (Table 1). The 4-car-
boxypiperidine moiety in molecule I adopts the chair
conformation, whereas in molecule II it is found in the
half-chair conformation (Fig. 2). The numbering scheme
used for compound 3e is shown in Scheme 1.

Inhibitor molecule I binds to RNase A by anchoring its
uracyl group to subsite B2 where it is involved in hydro-
gen-bond interactions with the side chains of Asn67,
Asn71 and Glu111 (Fig. 3A and Table 2). Although
the B2 subsite has been shown to exhibit a strong base
preference in the order A > G > C > U,28 only the inter-
actions of purines in the B2 site have been examined by
crystallography or NMR [complexes with d(Ap)4,29

d(CpA),30,31 UpcA,32,33 2 0,5 0, CpA,31,34 d(ApTpApA),35
ppA-3 0-p, ppA-2 0-p18, 3 0,5 0 ADP, 2 0,5 0 ADP, 5 0ADP,13

dUppA-3 0-p,36 pdUppA-3 0-p,15 and IMP19], thus far.
The RNase A–3e complex provides the first structural
insights of uracyl binding to B2. The ribose binds away
from subsite R2 towards the N-terminus of the protein
and it is held in place by participating in an extended
water-mediated hydrogen-bonding network along with
the protein. The 4-carboxypiperidine group is pointing
towards the solvent in a location that is probably im-
posed by the stereochemistry of the ligand (Fig. 3A).

Inhibitor molecule II binds, with the 4-carboxypiperi-
dine moiety, at the subsite B1 where it is involved in
hydrogen-bond interactions through its carboxyl group
with Thr45. The uracyl group binds close to subsite P0

almost parallel to the side chain of Lys66 involved in
hydrogen-bond interactions with the side chains of
His119 and Asp121 (Fig. 3B and Table 2). RNase A res-
idues and inhibitor atoms are involved in a total of 55
van der Waals contacts (Table 3).

The structural mode of binding of 3e to RNase A does
not resemble any previous binding patterns for other
RNase A inhibitors. However, it seems that in 3e mole-
cule II the carboxyl group imitates the carbonyl groups
of uracyl and binds to subsite B1, whereas the uracyl
group binds close to P1 engaging in hydrogen-bond
interactions with His119 and Asp121 and van der Waals
interactions with Lys66 (the sole component of subsite
P0). The interaction with Asp121 is also of importance
from a mechanistic view since it has been shown that
Asp121 serves primarily to orient His119 properly to
fulfill its catalytic function,37 while replacement of
Asp121 by Ala in mutation studies37 diminishes
kcat/Km values for transphosphorylation by about
�100-fold. Thus, it seems that the binding of 3e to the
peripheral binding sites stabilizes the productive confor-
mation of the side chain of His119 through this interac-
tion with Asp121 even though it does not bind directly
to subsite P1. This also provides an explanation to the
fact that the side chain of His119 is in this conformation
in the ligand complex despite the fact there is no group
bound at subsite P1. The binding of 3e molecule I seems
to be dictated by the docking of uracyl to subsite B2,
while the rest of the molecule projects to the solvent.

Upon binding to RNase A, 3e molecules I and II
become buried (Fig. 4). The solvent accessibilities of
the free ligand molecules I and II are 509 Å2 and
506 Å2, respectively. When bound these accessible
molecular surfaces shrink to 254 Å2 and 218 Å2, respec-
tively. This indicates that approximately 50% and 57%
of the ligand molecule I and II surfaces become buried.
The greatest contribution for 3e molecule I comes from
the polar groups that contribute 159 Å2 (62%) of the
surface, which becomes inaccessible, whereas for 3e
molecule II, the greatest contribution comes from the
non-polar groups that contribute 198 Å2 (69%). On the
protein surface, a total of 392 Å2 solvent accessible
surface area becomes inaccessible on binding of the
two inhibitor molecules. The total buried surface area
(protein plus two ligand molecules) for the RNase A–
3e complex is 909 Å2. The shape correlation statistic



Figure 2. Stereo diagrams of the sigmaA 2|Fo| � |Fc| electron density maps calculated from the RNase A model before incorporating the coordinates

of the ligand are contoured at 1.0 r level. The refined structures of the inhibitor are shown for 3e molecules I (A), and II (B), respectively.
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Sc, which is used to quantify the shape complementarity
of interfaces and gives an idea of the ‘goodness of fit’ be-
tween two surfaces,38 is 0.72, and 0.69, for the associa-
tion to the enzyme of 3e molecules I and II,
respectively, and 0.71 for the combined molecular sur-
face of the two inhibitor molecules.

Although the structure presented here is based on a
soaking experiment, data from RNase A co-crystallized
with 10 mM 3e were also available at 2.0 Å resolution.
Preliminary analysis of this structure showed that the
inhibitor is bound in exactly the same way as in the
soaked crystal.

Kinetic studies showed that 3e is a competitive inhibitor
of the enzyme with a Ki = 103 lM at pH 6.0.17 An elec-
tron density map calculated from X-ray data of RNase
A crystals, soaked with 0.7 mM of compound 3e (the
highest concentration used for the kinetic experiments17)
in the crystallization medium for 2 h, showed only 3e
molecule II bound at the peripheral binding site of the
enzyme. It seems that this site has a higher affinity for
the ligand molecule than the site where ligand molecule
I binds, and therefore the inhibition profile observed in
the kinetic experiments for compound 3e corresponds
only to the binding of 3e molecule II to RNase A.

2.3. Comparative structural analysis

Structural superposition of the RNase A–3e complex
onto the RNase A–pdUppA-3 0-p complex reveals that
the uridine part of 3e molecule I superimposes onto
the adenosine part, while the 4-carboxypiperidine and
the ribose of 3e molecule II are close to the positions
occupied by the uracyl and the 5 0phospate group of
pdUppA-3 0-p (Fig. 5A). The superposition of the RNase



Figure 3. Stereo diagrams of the interactions between RNase A and 3e

molecules I (A), and II (B). The side chains of protein residues involved

in ligand binding are shown as ball-and-stick models. Bound waters

are shown as black spheres. Hydrogen-bond interactions are repre-

sented as dashed lines.
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Table 1. Torsion angles for 3e when bound to RNase A

Inhibitor molecule I II

Backbone torsion angles

O5 0–C50–C40–C3 0 (c) 68 (+sc) 138 (+ac)

C50–C40–C3 0–N7 (d) 113 (+ac) 137 (+ac)

C50–C40–C3 0–C20 �128 �109

C40–C30–C2 0–O2 0 114 104

Glycosyl torsion angle

O4 0–C10–N1–C2 (v) �133 (anti) �166 (anti)

Pseudorotation angles

C40–O40–C10–C2 0 (v0) �18 �6

O4 0–C10–C20–C3 0 (v1) 13 14

C10–C20–C3 0–C40 (v2) �4 �16

C20–C30–C4 0–O4 0 (v3) �6 13

C30–C40–O4 0–C1 0 (v4) 15 �4

Phase 103 (O4 0-endo) 162 (C20-endo)

Definitions of the torsion angles are according to the current IUPAC-

IUB nomenclature,51 and the phase angle of the ribose ring is calcu-

lated as described previously.52 For atom definitions, see Scheme 1.
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A–pdUppA-3 0-p complex onto the RNase A–3e com-
plex indicates also ways for improving the potency of
3e. Thus, following the molecular architecture between
atom C4 0 of the ribose in the adenosine part to the 5 0

phosphate group in the uridine part of pdUppA-3 0-p
(Fig. 5A) we could propose a suitable linker between
the 5 0 hydroxyl group of 3e molecule I to the 2 0 hydroxyl
group of 3e molecule II. Such a linker might exploit
additional interactions with subsite P1 of the RNase A
catalytic site which are not utilised by 3e.

Superposition of the 3e complex onto the 3 0CMP com-
plex30 shows that only the carboxyl group of 3e mole-
cule II superimposes onto the cytidine of 3 0CMP
(Fig. 5B). Similarly, structural comparison of the bind-
ing of 3e to the binding of araUMP to RNase A, anoth-
er class of non-natural 3 0nucleotide RNase inhibitors
identified recently,14 shows that only the carboxyl moie-
ty of 3e molecule II binds closely to position of the ura-
cyl ring in the araUMP complex. Both 3 0CMP and
araUMP exploit interactions with subsite P1 through
their phosphate group which cannot be utilised by com-
pound 3e since it is lacking such a group. However, the
affinity of 3e for RNase A is comparable to that of
3 0CMP (Ki = 103 lM)39 but much lower than that of
araUMP (Ki = 6 lM).14 The weaker binding of 3e com-
pared to araUMP could be attributed to the phosphate
interactions of araUMP with residues in subsite P1

which 3e does not exploit. Based on the similar binding
affinities of 3e and 3 0CMP it seems that the binding of
the carboxyl group to subsite B1 imitates well enough
the cytidine binding at this subsite, while the hydro-
gen-bond interactions between the uracyl of 3e and the
side chains of His119 and Asp121 compensate for the
lack of interactions with other RNase A residues in sub-
site P1 that 3 0CMP utilises upon binding to RNase A.

2.4. Modelling

Although the present structure provides a promising
starting point for the rational design of tight-binding
RNase inhibitors, it also reveals that this process may



Table 3. Potential van der Waals interactions of 3e upon binding to RNase A

Inhibitor atom Ribonuclease A atoms (molecule A)

3e molecule I 3e molecule II

N1 — Lys66, Cd
O2 Asn71, Cd His119, Ce1
C2 Ala109, Cb Lys66, Cb
N3 Ala109, Cb —

C4 Asn67, Nd2; His119, Cc, Cd2 Lys66, Cb, C

O4 Asn67, Cc Asn67, Ca, Cb
C5 His119, Cb, Cc, Nd1, Ce1, Cd2 Lys66, Cb
C6 His119, Cb, Cc Lys66, Cb, Cd
C10 Glu111, Cd, Oe1, Cc2 Lys66, Cd
O4 0 Val118, Cc2 Lys66, Cd
C40 Val118, Cb, Cc2 —

C20 Glu111, Cd, Oe1, Oe2 —

C8 Glu111, Cd, Oe1 Asp12, C, O

C9 Glu111, Oe1 Phe120, Cd1

C10 — Phe120, Cd1

C11 — Asn44, Ca, N; Thr45, Cb,

Oc1; Phe120, Cd1, Ce1

C12 Ala4, Cb —

C13 Ala4, Cb —

O12 — Thr45, Cb, Oc1

O13 — His12, Ce1; Asn44, Ca, C

Total 28 contacts (7 residues) 27 contacts (7 residues)

Table 2. Potential hydrogen-bond interactions of 3e when bound to RNase A in the crystal

Inhibitor atom Ribonuclease A atoms (molecule A)

3e molecule I Distance (Å) 3e molecule II Distance (Å)

O2 Asn71 Nd2 2.9 His119 Ne2 3.0

N3 Water 2.3 Water 2.8

N3 — — Water 3.3

O4 Water 2.6 — —

O4 Water 2.9 — —

O4 Water 3.1 — —

N7 Glu111 Oe1 3.3 Water 3.1

N7 Water 3.4 — —

O2 0 Water 2.6 — —

O4 0 — — Water 3.1

O5 0 Water 3.2 Water 2.7

O12 — — Thr45 Oc1 2.4

O12 — — Water 2.6

O13 — — Thr45 N 2.9

Hydrogen-bond interactions were calculated with the program HBPLUS.53 For ligand atom definitions, see Scheme 1.
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not follow a predictable course. Initial modelling of the
3e complex17 based on the RNase A–3 0CMP complex30

had suggested that only one 3e molecule would bind to
the central active site with the carboxylic group in sub-
site P1 and the uridine moiety in subsite B1. From the
present complex structure it is not clear why the uridine
part of the 3e molecule does not bind to the pyrimidine
recognition site B1. Nonetheless, as we have shown, the
actual complex structure is quite different indicating that
the phosphate recognition subsite P1 has a low, if any,
specificity for carboxyl groups. Furthermore, the previ-
ous docking studies17 estimated a theoretical Ki of
0.09 lM, a value considerably lower than the experi-
mental one (103 lM). Docking studies based on the
crystal structure of the 3e complex are in close agree-
ment with the binding mode observed in the crystal
(Fig. 6) and estimate a theoretical Ki of 47 lM, a value
that is in a much better agreement with the experimental
Ki. These findings may have important implications for
RNase inhibitor development as well as for rational de-
sign efforts in general and emphasize the importance of
obtaining direct structural information on each new
inhibitor complex on the optimization pathway.

2.5. Conclusions

The structural basis of the inhibition of RNase A by
30-N-piperidine-4-carboxyl-30-deoxy-ara-uridine (3e) has
been revealed by X-ray crystallography at 1.7 Å resolu-
tion. Two ligand molecules bind to RNase A peripheral
binding sites in a novel binding mode. Ligand molecule
I binds with its uridine moiety in subsite B2, while the rest



Figure 4. The molecular surface of RNase A calculated using the

program GRASP55 in the vicinity of the RNA binding sites. The

inhibitor molecule is shown as a ball-and-stick model. RNase A

residues interacting with 3e are labelled and shown in purple.
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of the molecule projects to the solvent. Ligand molecule II
binds by anchoring its carboxyl group to subsite B1,
whereas its uracyl group binds close to P0. Comparative
structural analysis of the RNase A–3e complex with other
RNase A–ligand complexes suggests ways to improve the
potency of 3e and this study could be a starting point for
the design of a novel family of inhibitors. Thus, we pro-
pose that by connecting the two ligand molecules with a
suitable linker that can form additional interactions with
the P1 subsite a much more potent inhibitor can be
produced.
Figure 5. Structural comparisons of the RNase A–3e (grey) complex and R

Ligand molecules are shown in colour; 3e green, pdUppA-30p and 3 0CMP r
3. Materials and methods

3.1. Materials

Bovine pancreatic RNase A (type XII-A) and other
chemicals were obtained from Sigma–Aldrich (Athens,
Greece). The synthesis of compound 3e (Scheme 1)
was described previously.17

3.2. Crystallization, data collection and structure
refinement

Crystals of RNase A were grown at 16 �C using the
hanging drop vapour diffusion technique as described
previously.18 Crystals of the inhibitor complexes were
obtained by soaking the RNase A crystals in 20 mM
sodium citrate, pH 5.5, 25% PEG 4000 containing
46 mM 3e for 5.5 h, prior to data collection.

Diffraction data for the free RNase A and the inhibitor
complex to 1.5 Å and 1.7 Å resolution, respectively,
were collected on station X13 (k = 0.8068 Å) EMBL/
DESY, Hamburg, at 100 K, using a MAR CCD detec-
tor. Data were processed using the HKL package40

and intensities were transformed to amplitudes by the
program TRUNCATE.41 Phases were obtained using
the structure of free RNase A from monoclinic crystals
at 100 K as starting model. Alternate cycles of manual
building with the program O,42 and refinement using
the maximum likelihood target function as implemented
in the program REFMAC,43 improved the model.
Inhibitor molecules were modelled using the Dundee
PRODRG server (http://davapc1.bioch.dundee.ac.uk/
programs/prodrg/) and they were included in the refine-
Nase A–pdUppA-3 0p (A), RNase A –3 0CMP (B), complexes (white).

ed.

http://davapc1.bioch.dundee.ac.uk/programs/prodrg
http://davapc1.bioch.dundee.ac.uk/programs/prodrg


Figure 6. The interactions of the docked (A) and bound (B) inhibitor molecule II of 3e with protein residues. Selected distances are represented as

dashed lines and numbers shown are in angstrom.
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ment procedure during its final stages. A final round of
TLS (Translation/Libration/Screw) refinement within
the program REFMAC43 using TLS groups for the pro-
tein generated by the TLSMD web server44 improved
considerably the final model. Details of data processing
and refinement statistics are provided in Table 4.

The program PROCHECK45 was used to assess the
quality of the final structure. Analysis of the Ramachan-
dran (u–w) plot showed that all residues lie in the
allowed regions. Solvent accessible areas were calculated
with the program NACCESS.46 Atomic coordinates of
the free RNase A and the inhibitor complex have been
deposited in Research Collaboratory for Structural Bio-
informatics Protein Data Bank, (http://www.rcsb.org)
with accession numbers 2G8Q and 2G8R, respectively.
Table 4. Crystallographic statistics

Structure

Resolution (Å)

Outermost shell (Å)

Reflections measured

Unique reflections

Rsymm
a

Completeness (%)

hI/rIi
Rcryst

b

Rfree
c

No of solvent molecules

rms deviation from ideality

in bond lengths (Å)

in angles (�)

Average B factor

Protein atoms (Å2) (molecule A/molecule B)

Solvent molecules (Å2)

Ligand atoms (Å2) (molecule I/molecule II)

a Rsymm = RhRi|I(h) � Ii(h)/RhRiIi(h), where Ii(h) and I(h) are the ith and the
b Rcryst = Rh|Fo � Fc|/RhFo, where Fo and Fc are the observed and calculated
c Rfree is equal to Rcryst for a randomly selected 5% subset of reflections not use
Figures were prepared with the programs MOL-
SCRIPT47 or BOBSCRIPT48 and rendered with
Raster3D.49

3.3. Docking

The Cartesian coordinates (protein and molecule II of li-
gand 3e) obtained from the crystal complex were used
for the docking analysis using the program AutoDock
3.0.50 Water molecules were removed from the protein
PDB file, polar hydrogen atoms were added and Koll-
man United Atomic (KOLLUA) charges were assigned.
A grid size of 90 · 90 · 90 Å3 with a grid spacing of
0.25 Å and centered at atom C3 0 of ligand, that was
automatically chosen as the rigid root by the program,
was used. Ligand docking was carried out with the
RNase A RNase A–3e complex

30.0–1.5 30.0–1.7

1.54–1.50 1.75–1.70

268,419 471,750

37,534 24,227

0.029 (0.130) 0.071 (0.450)

99.3 (99.7) 99.3 (98.7)

3.7 (3.7) 4.5 (3.2)

0.185 (0.200) 0.191 (0.286)

0.218 (0.223) 0.230 (0.337)

373 262

0.008 0.009

1.2 1.3

12.7/13.7 20.3/17.9

29.1 33.1

— 34.3/24.9

mean measurements of the intensity of reflection h.

structure factors’ amplitudes of reflection h, respectively.

d in the refinement.54 Values in parentheses are for the outermost shell.
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AutoDock 3.0.5 Lamarckian Genetic Algorithm
(GA).50 The ligand conformation was kept rigid, that
is, the ligand had only translation and orientation move-
ment but no torsional movement. The approximate
binding free energies calculated by this program are
based on an empirical function derived by linear regres-
sion analysis of protein–ligand complexes with known
binding constants. This function includes terms for
changes in energy due to van der Waals, hydrogen bond-
ing and electrostatic forces, as well as ligand torsion and
desolvation. The docked energy also includes the ligand
internal energy or the intramolecular interaction energy
of the ligand. Since the ligand was considered as a rigid
one, the two energy terms ‘final internal energy of
ligand’ and ‘torsional free energy’ become zero. For this
reason ‘estimated free energy of binding’ and ‘final
docked energy’ are same. This value is �5.90 kcal/mol
and ‘estimated inhibition constant’ Ki is 4.7 · 10�5 M
at 298.15 K. The root mean square deviation (rmsd) val-
ue for the ligand molecule between the model and the
crystal structure is 0.47 Å.
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