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Four 50-deoxy-50-nipecotic acid substituted pyrimidine nucleosides were synthesized and characterized.
Their inhibitory activities towards ribonuclease A (RNase A) have been studied by enzyme kinetics and
docking experiments. All inhibition constants obtained were in the sub-millimolar range. Biochemical
analysis shows that the uridine derivative is more potent than the corresponding thymidine derivatives
and that the inhibition is competitive in nature. For thymidine derivatives, the 30-hydroxy group plays an
important role in binding as well as in inhibition. Docking studies also support the experimental results.
In the docking conformation the uridine derivative was found to bind to the P1P2 subsite with the acid
group within hydrogen bonding distance of the active site histidine residues.

� 2010 Published by Elsevier Ltd.
1. Introduction

Specific members of the RNase A superfamily have received in-
creased attention since they are able to exhibit cytotoxic and
angiogenic properties.1–3 Several chemical modification and site-
directed mutagenesis experiments reveal that the ribonucleolytic
activity of these proteins are responsible in most of the cases for
their physiological actions.4–7 These studies suggest that their bio-
logical activity critically depend on the cleavage of RNA which is
encouraging for new routes of treatment of various diseases. Inhib-
itors of such enzymatic activity could be useful as potential drug
molecules.8 Structure-assisted inhibitor design strategies have
mainly focused on RNase A due to the high degree of conservation
of the active site among the members of this superfamily.

RNase A is an endonuclease that cleaves RNA in two steps—by
transphosphorylation and hydrolysis reactions.9 Various subsites
exist within the central catalytic groove of RNase A, where the sub-
strate, RNA binds. These are defined as P0� � �Pn, R0� � �Rn, and B0� � �Bn
which are the binding sites for the phosphate, ribose and the nucle-
obase respectively of the natural substrate RNA (n indicates the po-
sition of the group with respect to the cleaved phosphate
phosphodiester bond where n = 1). In all RNases the main subsite
P1 is conserved, whereas subsites B1 and B2 on each side of P1

are partially conserved.10 Nevertheless, B1 binds pyrimidines,
while B2 has a strong base preference for purines.

Several nucleoside-based inhibitors of RNase A functionalized
with phosphate or pyrophosphate, which are substrate mimics in-
hibit the ribonucleolytic activity of the enzyme effectively.8,10 The
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best synthetic inhibitor of RNase A identified till date is pdUppA-
30-p (Ki = 27 nM).11 The utility of these nucleotides as inhibitors
is, however, limited. The problem associated with these
compounds is their inherent metabolic instability, as the free phos-
phate groups are susceptible to dephosphorylation by phospha-
tases which markedly diminish their potency.11 Moreover, the
high negative charge on the phosphate groups makes them diffi-
cult to use in vivo because the transport of these molecules across
biological membranes is hindered.8

The pKa values of histidine residues present in the active site
(His12 and His119) of RNase A changes from �5.22/6.78 for the
free enzymes to �6.30/8.10 in case of the enzyme–substrate com-
plex.12 Aminonucleosides with amino groups that have basicities
comparable to those of the imidazole of His12 and His119 are able
to perturb the protonating/deprotonating environment of the P1

site.13 At physiological pH, inhibitors with acidic moieties would
exist in the deprotonated form and would therefore interact elec-
trostatically with the protonated basic groups present at the P1

subsite.13 This would in turn affect the ribonucleolytic activity of
RNase A as the cationic histidine residues contribute significantly
to the stability of the RNase A-single stranded nucleic acid complex
through Coulombic interactions with the anionic phosphoryl
groups of the nucleic acid.14

A few 30- and 50-modified aminonucleosides with varying pKa

values of amines,13 nucleoside-amino acid15 and nucleoside-dibasic
acid16 conjugates have been reported from our laboratory. These
inhibitors show varying inhibitory potency due to different binding
patterns as observed in the docking studies and crystallographic
studies.17,18 The crystallographic studies show that the anchoring
point for all six inhibitors is the pyrimidine base which binds at
subsite B1 in the same manner. The 20-hydroxyl group of 50-
deoxy-50-N-morpholino-, -piperidino-, -pyrrolidino-modified uri-
dine aminonucleosides participates in hydrogen-bond interactions
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with the side chain atoms of P1 residues His12 and Lys41. Further-
more, the 30-hydroxyl group of these compounds is also involved in
interactions with His119 and Phe120 (Fig. 1A). The 30-hydroxyl
group of 50-deoxy-50-N-piperidino-, -pyrrolidino-thymidines par-
ticipates in hydrogen bonding to His119 and Lys41. The 50-substitu-
ent of these compounds points away from the active site (Fig. 1B).18

Moreover, the crystal structure of RNase A-30-nipecotic acid modi-
fied ara-uridine complex indicates that the acid group becomes an
alternative recognition site by binding at subsite B1 other than the
nucleobase but both the free hydroxyl groups are not within hydro-
gen bonding distance (Fig. 1C).17

Molecular recognition being the basis for all biological pro-
cesses, it is logical to consider that molecules with both hydroxyl
groups in addition to the carboxylic moiety would possess greater
ribonucleolytic inhibitory potency. Compounds were chosen in a
manner such that the role of the hydroxyl group could be identified
and the configuration of the hydroxyl group considered. Thus, the
synthesis and biological evaluation of 50-modified uridine nucleo-
sides having 20,30-hydroxyl groups, thymidine with 30-hydroxyl
group and thymidine analogues having 30-b-hydroxy and 20,30-
didehydro-30-dideoxy groups were conducted. Agarose gel electro-
phoresis studies, enzyme kinetics and docking studies were
performed to evaluate the inhibitory power and possible inter-
actions.
Scheme 2.
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Scheme 3.
2. Results and discussion

2.1. Chemistry

Compound 3 was synthesized from compound 118 by base
hydrolysis followed by the treatment of aq TFA (70%) in overall
41% yield (Scheme 1). 50-O-Tosylthymidine 419 was heated with
neat ethyl isonipecotate at 60 �C to synthesize compound 5 which
on base hydrolysis afforded compound 6 (Scheme 2). 30,50-Di-O-
mesylthymidine was treated with neat ethyl isonipecotate for
2 days at room temperature to afford the known 2,30-O-anhydro
compound 720 which was further subjected to base hydrolysis to
produce b-hydroxy compound 8 in 64% yield (Scheme 3). In the
presence of NaOH, a hard base, the anhydro ring was opened selec-
tively at the C-2 position as it preferentially attacked the sp2 aro-
matic C-2 position rather than the softer 30-position. 50-O-tosyl
D4T 921,22 was stirred with neat ethyl isonipecotate at 60 �C for
24 h to form compound 10 in 86% yield which on base hydrolysis
produced compound 11 (Scheme 4).
Figure 1. Schematic representation of the hydrogen bonds of RNase A with (A) 50-amino
carboxyl-30-deoxy-ara-uridine in crystal structure.
2.2. Biology

The inhibitory activity of the synthesized compounds against
RNase A was initially studied by the agarose gel-based assay. In
the agarose gel, bands in lane 1 showed maximum intensity due
to presence of control tRNA (Fig. 2). Due to the degradation of tRNA
uridine nucleosides, (B) 50-aminothymidine nucleosides and (C) 30-N-piperidine-4-



Figure 2. Agarose gel based assay for the inhibition of RNase A (1.26 lM): (lane 1)
tRNA; (lane 2) tRNA and RNase A; (lanes 3, 4, and 5) tRNA, RNase A and 3, 6, 8, and
11 (0.09 mM, 0.18 mM, and 0.27 mM, respectively).
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by RNase A, the band in lane 2 was the least intense. Lanes 3, 4, and
5 of each gel contained tRNA and RNase A with increasing concen-
trations of synthesized compounds 3, 6, 8, and 11. The difference in
intensity between lanes 2 and 3 was more for compound 3 and
these differences gradually increased in lanes 4 and 5. For com-
pounds 6 and 8, the intensity differences in lanes 3, 4, and 5 with
lane 2 were comparable. This intensity change was less prominent
for compound 11.

The inhibition of ribonucleolytic activity of compounds 3, 6, 8,
and 11 was further assessed by the precipitation assay (Fig. 3).
The inhibition of the ribonucleolytic activity by these compounds
for RNase A at the same concentration (0.32 mM) was compared.
The activity of RNase A was reduced by 37% by compound 3 while
compound 6 showed 23% reduction of ribonucleolytic activity. The
Figure 3. Reduction of ribonucleolytic activity of RNase A (1.26 lM) in the presence
of compounds 3, 6, 8, and 11 (0.27 mM) by precipitation assay.
b-hydroxy compound 8 had 18% inhibitory activity. Compound 11
showed comparatively less inhibition of the ribonucleolytic activ-
ity (14%) compared to the other acid derivatives. From the above
observations, it is apparent that the inhibitory activity was maxi-
mum for compound 3 whereas compound 11 was the least potent.
The inhibition potency of compounds 6 and 8 were comparable.

For determination of the inhibition constants by kinetic experi-
ments, the reciprocal of reaction velocity was plotted against inhib-
itor concentration for three different substrate concentrations in
the linear Dixon plot. The nature of the plots is indicative of com-
petitive inhibition. The Dixon plot is used for the determination of
inhibition constants of competitive inhibitors as it is convenient
to directly evaluate the inhibition constant (Ki) from kinetic data.
In such cases, when the binding of inhibitor to the enzyme does af-
fect substrate binding or vice versa, Dixon plots may not be used to
differentiate between competitive and non-competitive inhibi-
tors.23 Steady state kinetic experiments were again performed with
varying inhibitor concentrations and a Lineweaver–Burk plot ob-
tained with compounds 3, 6, 8, and 11 and the inhibition constants
recalculated. The nature of the plots confirms a competitive mode
of inhibition. The Dixon and Lineweaver–Burk plots of compound
3 are given in Figure 4(A) and (B), respectively. A comparison with
the calculated Ki values from both the Dixon plots and the Linewe-
aver–Burk plots (Table 1) indicates that compound 3 was more
potent than compounds 6, 8, and 11 as observed from the precipi-
tation assay.

2.3. Docking studies

In the docking studies, we have attempted to explain the inhib-
itory activity of these compounds by considering possible modes of
binding with RNase A (1FS3). In the docked conformation, com-
pounds 3 and 6 bind at subsite P1 in an almost similar fashion
but compounds 8 and 11 bind away from this subsite. The acid
moiety of the 50-substituent of compound 3 was within hydrogen
bonding distance of active site residues His119, Gln11, and His12
(Fig. 5A). The uracil base was also found to be within hydrogen
bonding distance of Gln11 of subsite P1 and Lys7 and Arg10 of sub-
site P2. Similarly, compound 6 indicated an interaction through the
acid group and the thymine base (Fig. 5B). Here the acid group was
close to active site His12 and Lys41 but away from His119 and the
thymine nucleobase interacted with only Lys7 and Arg10. The 30-
hydroxyl group of this compound was within hydrogen bonding
distance of Arg39. Compound 8 interacted with the enzyme
through the nucleobase in the docked structure whereas the 50-
substituent bound away from it (Fig. 5C). The O4 of thymine base
was close to Arg10 and O2 was within the hydrogen bonding dis-
tance of Lys7 and Gln11. There was also a binding of 30-b-hydroxyl
group of compound 8 with Lys7. The docked conformation of com-
pound 11 showed that the thymine base was close to Arg10 and
Lys7 of subsite P2 but the acid moiety bound away from the active
histidine residues of subsite P1 (Fig. 5D).

In the docked conformation of compound 3, it appeared that the
20- and 30-hydroxyl groups did not take part in any kind of interac-
tion with RNase A. So 20,30-O-isopropylidineuridine compound 2
and compound 3 should show similar activity. But a comparative
agarose gel based assay (Fig. 6) revealed that compound 3 was a
more potent inhibitor than compound 2. The docking experiment
with compound 2 also showed that the 50-substituent of this com-
pound was far away from the active site histidine residues (Fig. 7).
However the 30-hydroxyl groups of compounds 6 and 8 play an
important role in recognition. The possible hydrogen bonding
interaction of the 30-hydroxyl group of compound 6 with Arg39
(which is close to the active site residues) is responsible for the
interaction with the active site P1. However, the interaction of
the 30-b-hydroxyl group of compound 8 with Lys7 of subsite P2



Figure 4. (A) Dixon plots for inhibition of RNase A by compound 3 (0–0.13 mM), 20 ,30-cCMP concentrations of 0.12 (N), 0.18 (j), 0.24 (d) mM and RNase A concentration of
0.98 lM. (B) Lineweaver–Burk plots for inhibition of RNase A by compound 3 of 0.08 (N), 0.03 (j), 0 (d) mM, 20 ,30-cCMP concentrations (0.29–0.17 mM) and RNase A
concentration of 0.99 lM. Calculated Ki values are listed in Table 1.

Table 1
Inhibition constants (Ki) of the inhibitors

Inhibitor Ki (lM)

Dixon plot Lineweaver–Burk plot

3 61 ± 3 75 ± 2
6 121 ± 2 162 ± 6
8 183 ± 3 229 ± 7

11 — 250 ± 10

Figure 6. Comparative agarose gel based assay for the inhibition of RNase A. Lane 1:
tRNA; lane 2: tRNA and RNase A (1.26 lM); lanes 3, 4, and 5: tRNA, RNase A with
compound 2 (0.09 mM, 0.18 mM, and 0.27 mM, respectively), and lanes 6 and 7:
tRNA, RNase A with compound 3 (0.18 mM and 0.27 mM, respectively).
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could create hindrance for the close proximity to subsite P1

(Fig. 5C). In all probability, this unfavorable binding with 30-b-
hydroxyl group of compound 8 renders it a weaker inhibitor
compared to compound 6. Compound 11 interacted through the
thymine base rather than the acid group of the 50-substituent as
it lacks 30-hydroxyl group. This pattern of binding might be cause
of the lower potency of compound 11 compared to compounds 3,
6, and 8.

For rationalizing the docking experiments, the merged struc-
tures of the complexes comprised of the protein and compounds
were further analyzed with PEARLS (Program of Energetic Analysis
of Receptor Ligand System)24 to determine the ‘ Receptor–Ligand
Internal Energy.’ From this value, the equilibrium constant (K) is
calculated for each inhibitor according to DG = �RTlnK. K values
obtained from PEARLS have been plotted against the experimental
inhibition constant values of each inhibitor. From Figure 8 it is ob-
served that there is a positive correlation between the experimen-
tal Ki and theoretically obtained K value (R2 = 0.887).
Figure 5. Docked poses of (A) compound 3, (B) compound 6, (C
3. Conclusion

Several synthetic 50-modified aminopyrimidines carrying free
carboxylic acid group have been identified as RNase A inhibitors
for the first time. Experimental results show that uridine derivative
is more potent than the corresponding thymidine derivatives. In
docking studies, the acid group of the 50-modified uridine deriva-
tive projected itself to the active site P1 suggesting efficient binding
of this molecule with the active site of RNase A compared to the
other thymidine compounds. Between the thymidine inhibitors
the acid group of the 50-modified thymidine derivative is also with-
in hydrogen bonding distance to the active site histidine residues
but that of 30-b-hydroxy thymidine and 20,30-dideoxy thymidine
derivatives is away from the active site. Interestingly, the binding
of thymidine derivatives is directed by the position of 30-hydroxy
group rather than the nucleobase and the acid group. These obser-
vations are in line with the experimental data. Inhibitors having an
acid moiety could be an alternative anchoring site of a nucleobase
) compound 8, and (D) compound 11 with RNase A (1FS3).



Figure 7. Docked pose of compound 2 with RNase A (1FS3).

Figure 8. Plot of Ki (experimental) versus K (calculated from PEARLS) for inhibitors
3, 6, 8, and 11.
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and this anchoring pattern depends mostly on the structure of the
whole molecule rather than the individual functional groups. It
appears therefore that slight modifications in the structures of
nucleoside-based inhibitors can have a direct impact on their mode
of binding with the active sites of RNase A. Further design is likely
to result in lead compounds that may be developed for efficient
inhibition of the ribonucleolytic activity of members of the RNase
superfamily that possess biological activity related to their enzyme
activities.

4. Experimental section

4.1. Chemistry

4.1.1. Materials and general methods
Ethyl isonipecotate was purchased from Sigma–Aldrich and all

other reagents were from SRL India. Column chromatographic sep-
arations were done using silica gel (60–120 and 230–400 mesh).
Solvents were dried and distilled following standard procedures.
TLC was carried out on precoated plates (Merck silica gel 60, f254)
and the spots were visualized with UV light or by charring the
plates dipped in 5% H2SO4–MeOH solution or 5% H2SO4/vanillin/
EtOH or 5% ninhydrin in MeOH solution. 1H NMR (400 MHz) and
13C NMR (100 MHz) spectra were recorded on Bruker NMR instru-
ment unless stated otherwise. All 1H NMR in D2O were recorded
using CH3CN as internal standard. All 13C NMR spectra in D2O were
recorded using DMSO-d6 as internal standard. Chemical shifts are
reported in parts per million (ppm, d scale). DEPT experiments
have been carried out to identify the methylene carbons. Melting
points were determined in open-end capillary tubes and are
uncorrected.

4.1.2. 50-Deoxy-50-N-(4-carboxypiperidinyl)-20,30-O-
isopropylidineuridine 2

A mixture of compound 118 (0.48 g, 1.13 mmol), THF (10 mL)
and aq NaOH (1 M, 10 mL) was stirred overnight. Volatile matters
were removed under reduced pressure and the solution was neu-
tralized carefully with aq HCl (1 M). The solvent was removed un-
der reduced pressure and the residue was dissolved in MeOH
(3 mL). It was then preadsorbed onto silica gel, applied on the
top of the silica gel column, and chromatographed to obtain com-
pound 2 (0.31 g, 70%). [Eluent: 5–20% of MeOH in CHCl3]. Hygro-
scopic solid. 1H NMR (DMSO-d6): d 1.10–1.14 (m, N(CH2CH3)3),
1.26 (s, 3H), 1.45–1.55 (m, 5H), 1.72–1.75 (m, 2H), 1.99–2.17 (m,
3H), 2.43–2.55 (m, 2H), 2.75–2.81 (m, 2H), 2.88–2.93 (m,
N(CH2CH3)3), 4.08–4.12 (m, 1H), 4.61–4.63 (m, 1H), 4.94–4.96
(m, 1H), 5.60 (d, J = 8.0 Hz, 1H), 5.72 (d, J = 1.6 Hz, 1H), 7.77 (d,
J = 8.0 Hz, 1H). 13C NMR (DMSO-d6): d 9.0 (N(CH2CH3)3), 25.6,
27.4, 28.3 (CH2), 40.4, 45.7 (N(CH2CH3)3), 53.1 (CH2), 53.2 (CH2),
60.3 (CH2), 82.7, 83.8, 84.3, 92.3, 102.0, 113.6 (C), 143.0, 150.6
(C), 163.6 (C), 176.4 (C). HRMS (ES+), m/z calcd for (M+Na)+

C18H25N3O7Na: 418.1595, found: 418.1591.

4.1.3. 50-Deoxy-50-N-(4-carboxypiperidinyl)uridine 3
Compound 2 (0.31 g, 0.79 mmol) was stirred with aq trifluoro-

acetic acid (70%, 10 mL) at room temperature. After 3 h, the acid
was evaporated under reduced pressure, co-evaporated with tolu-
ene (2 � 10 mL) and the residue was chromatographed to obtain
compound 3 (0.17 g, 59%). [Eluent: 15–40% of MeOH in CHCl3].
Hygroscopic solid. 1H NMR (DMSO-d6): d 1.47–1.55 (m, 2H),
1.73–1.76 (m, 2H), 2.03–2.16 (m, 3H), 2.45–2.48 (m, 1H), 2.60–
2.65 (m, 1H), 2.77–2.86 (m, 2H), 3.80–3.89 (m, 2H), 3.99–4.02
(m, 1H), 5.61 (d, J = 8.0 Hz, 1H), 5.69 (d, J = 4.0 Hz, 1H), 7.82 (d,
J = 8.0 Hz, 1H), 11.34 (br s, 1H). 13C NMR (DMSO-d6): d 28.6
(CH2), 40.8, 53.7 (CH2), 53.9 (CH2), 60.0 (CH2), 71.4, 73.1, 81.9,
89.3, 102.1, 141.7, 150.9 (C), 163.5 (C), 177.2 (C). HRMS (ES+),
m/z calcd for (M+H)+ C15H22N3O7: 356.1458, found: 356.1457.

4.1.4. 50-Deoxy-50-N-(ethyl isonipecotatyl)thymidine 5
A mixture of 50-O-tosylthymidine 419 (0.80 g, 2.0 mmol) and

neat ethyl isonipecotate (6 mL) was heated at 60 �C. After 24 h,
the reaction mixture was cooled to room temperature and poured
into petroleum ether (50 mL) with stirring and the liquid was dec-
anted. The residue was dissolved in 2–3 mL MeOH. It was then
preadsorbed onto silica gel, applied on the top of the silica gel col-
umn, and chromatographed to obtain compound 5 (0.58 g, 76%).
[Eluent: 0–8% of MeOH in CHCl3]. Hygroscopic solid. 1H NMR
(D2O): d 1.24 (t, J = 7.2 Hz, 3H), 1.69–1.78 (m, 2H), 1.89 (s, 3H),
1.95–2.01 (m, 2H), 2.30–2.52 (m, 5H), 2.76–2.91 (m, 2H), 3.06–
3.09 (m, 2H), 4.08–4.19 (m, 3H), 4.27–4.31 (m, 1H), 6.19–6.22
(m, 1H), 7.47 (s, 1H). 13C NMR (D2O + DMSO-d6): d 13.2, 15.0,
28.1 (CH2), 39.2 (CH2), 41.2, 53.6 (CH2), 53.9 (CH2), 61.3 (CH2),
63.1 (CH2), 73.9, 83.9, 86.8, 112.7 (C), 139.2, 152.9 (C), 167.7 (C),
178.6 (C). HRMS (ES+), m/z calcd for (M+H)+ C18H28N3O6:
382.1980, found: 382.1984.

4.1.5. 50-Deoxy-50-N-(4-carboxypiperidinyl)thymidine 6
Compound 5 (0.45 g, 1.14 mmol) was converted to compound 6

(0.26 g, 66%) following the procedure described for compound 2.
[Eluent: 5–20% of MeOH in CHCl3]. Hygroscopic solid. 1H NMR
(DMSO-d6): d 1.47–1.56 (m, 2H), 1.73–1.83 (m, 5H), 1.95–2.17
(m, 5H), 2.39–2.67 (m, 2H), 2.81–2.84 (m, 2H), 3.80–3.83 (m,
1H), 4.08–4.11 (m, 1H), 6.10 (t, J = 6.8 Hz, 1H), 7.61 (s, 1H), 11.29
(br s, 1H). 13C NMR (DMSO-d6): d 12.6, 28.7 (CH2), 28.8 (CH2),
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38.8 (CH2), 41.4, 53.7 (CH2), 53.9 (CH2), 60.5 (CH2), 72.2, 84.2, 84.3,
109.9 (C), 136.5, 150.8 (C), 164.2 (C), 177.6 (C). HRMS (ES+), m/z
calcd for (M+H)+ C16H24N3O6: 354.1665, found: 354.1669.

4.1.6. 2,30-O-Anhydro-50-deoxy-50-N-(ethyl
isonipecotatyl)thymidine 7

Compound 7 was prepared according to the reported proce-
dure.20 White solid. Mp: 230–232 �C (lit.20 Mp: 230 �C).

4.1.7. 1-[2,5-Dideoxy-5-(4-carboxypiperidinyl)-b-D-threo-
pentofuranosyl]thymine 8

Compound 7 (0.40 g, 1.10 mmol) was converted to compound 8
(0.25 g, 64%) following the procedure described for compound 2.
[Eluent: 5–20% of MeOH in CHCl3]. Hygroscopic solid. 1H NMR
(DMSO-d6): d 1.74 (br s, 5H), 1.82–1.91 (m, 3H), 2.31–2.34 (m,
1H), 2.51–2.59 (m, 3H), 2.64–2.70 (m, 1H), 2.94–3.22 (m, 3H),
4.16 (br s, 1H), 4.22–4.23 (m, 1H), 6.06–6.09 (m, 1H), 7.79 (s,
1H), 11.26 (br s, 1H). 13C NMR (DMSO-d6): d 12.9, 26.5 (CH2),
38.9, 40.4 (CH2), 52.1 (CH2), 52.5 (CH2), 56.9 (CH2), 70.0, 79.7,
83.9, 109.4 (C), 137.6, 150.9 (C), 164.2 (C), 176.0 (C) HRMS (ES+),
m/z calcd for (M+H)+ C16H24N3O6: 354.1665, found: 354.1674.

4.1.8. 50-O-p-Tolylsulfonyl-20,30-didehydro-30-deoxythymidine 9
Compound 9 was prepared according to the reported proce-

dure.22 White solid. Mp: 140 �C, dec. (lit.22 Mp: 138 �C, dec.).

4.1.9. 50-N-(Ethyl isonipecotatyl)-20,30-didehydro-30,50-
dideoxythymidine 10

A mixture of 50-O-tosyl D4T 9 (0.80 g, 2.20 mmol) and neat ethyl
isonipecotate (8 mL) was heated at 60 �C. After 24 h, the reaction
mixture was cooled to room temperature and diluted with EtOAc
(50 mL). The EtOAc layer was washed with 10% NaHCO3 solution
(3 � 20 mL), separated, dried over anhyd Na2SO4 and filtered. The
filtrate was evaporated to dryness and the residue purified over a
silica gel column to afford compound 10 (0.66 g, 86%). [Eluent:
90–100% of EtOAc in petroleum ether]. Brown gum. 1H NMR
(CDCl3): d 1.19 (t, J = 7.2 Hz, 3H), 1.67–1.78 (m, 2H), 1.83–1.86
(m, 5H), 2.08–2.27 (m, 3H), 2.50–2.65 (m, 2H), 2.89–2.99 (m,
2H), 4.07 (q, J = 14.4 Hz, 2H), 4.94 (s, 1H), 5.75 (d, J = 5.6 Hz, 1H),
6.27 (d, J = 5.6 Hz, 1H), 6.95 (d, J = 2 Hz, 1H), 7.13 (s, 1H), 10.10
(br s, 1H). 13C NMR (CDCl3): d 12.5, 14.1, 27.7 (CH2), 27.8 (CH2),
40.6, 53.4 (CH2), 60.3 (CH2), 62.2 (CH2), 84.2, 89.9, 110.9 (C),
125.7, 135.6, 135.7, 150.9 (C), 164.2 (C), 174.8 (C). HRMS (ES+),
m/z calcd for (M+H)+ C18H25N3O5: 364.1872, found: 364.1870.

4.1.10. 50-N-(4-Carboxypiperidinyl)-20,30-didehydro-30,50-
dideoxythymidine 11

Compound 10 (0.27 g, 0.73 mmol) was converted to compound
11 (0.18 g, 72%) following the procedure described for compound
2. [Eluent: 5–15% of MeOH in CHCl3]. Hygroscopic solid. 1H NMR
(DMSO-d6): d 1.49–1.55 (m, 2H), 1.71–1.74 (m, 2H), 1.78 (s, 3H),
1.97–2.10 (m, 3H), 2.40–2.45 (m, 1H), 2.60–2.64 (m, 1H), 2.75–
2.87 (m, 2H), 4.85 (s, 1H), 5.89 (d, J = 6.0 Hz, 1H), 6.45 (d,
J = 6.0 Hz, 1H), 6.77–6.78 (m, 1H), 7.34 (s, 1H), 11.40 (br s, 1H).
13C NMR (DMSO-d6): d 12.6, 28.6 (CH2), 41.1, 53.8 (CH2), 54.3
(CH2), 62.2 (CH2), 85.1, 89.7, 109.9 (C), 125.5, 136.4, 136.5, 151.2
(C), 164.2 (C), 177.3 (C). HRMS (ES+), m/z calcd for (M+H)+

C16H22N3O5: 336.1559, found: 336.1551.

4.2. Biology

4.2.1. General methods
Bovine pancreatic RNase A, yeast tRNA, 20, 30-cCMP, 30-CMP and

human serum albumin (HSA) were purchased from Sigma–Aldrich.
UV–vis measurements were made using a Perkin–Elmer UV–vis
spectrophotometer (Model Lambda 25). Concentrations of the
solutions were estimated spectrophotometrically using the follow-
ing data: e278.5 = 9800 M�1 cm�1 (RNase A)25 and e268 = 8500 M
�1 cm�1 (20,30-cCMP).26

4.2.2. Agarose gel-based assay
(i) Inhibition of RNase A was assayed qualitatively by the degra-

dation of tRNA in an agarose gel. In this method, 20 lL of RNase A
(1.26 lM) was mixed with 20 (0.09 mM), 40 (0.18 mM), and 60 lL
(0.27 mM) of compounds 3, 6, 8, and 11 separately to a final vol-
ume of 100 lL and the resulting solutions incubated for 3 h.
20 lL aliquots of the incubated mixtures were then mixed with
20 lL of tRNA solution (5.0 mg/mL tRNA, freshly dissolved in
RNase free water) and incubated for another 30 min. Then 10 lL
of sample buffer (containing 10% glycerol and 0.025% bromophenol
blue) was added to this mixture and 15 lL from each solution was
extracted and loaded onto a 1.1% agarose gel. The gel was run using
0.04 M Tris–acetic acid–EDTA (TAE) buffer (pH 8.0). The residual
tRNA was visualized by ethidium bromide staining under UV
light.

(ii) Inhibition of RNase A by compounds 2 and 3 were assayed
qualitatively by the degradation of tRNA in a comparative agarose
gel. In this method, 20 lL of RNase A (1.26 lM) was mixed with 20
(0.09 mM), 40 (0.18 mM), and 60 lL (0.27 mM) of compound 2 and
40 (0.18 mM) and 60 lL (0.27 mM) of compound 3 separately and
the resulting solutions incubated for 3 h. Then gel was run accord-
ing to the method described above and the residual tRNA was visu-
alized after ethidium bromide staining under UV light.

4.2.3. Precipitation assay with RNase A
Inhibition of the ribonucleolytic activity of RNase A was quan-

tified by the precipitation assay as described by Bond.27 In this
method 10 lL of RNase A (1.26 lM) was mixed with 40 lL of
compounds 3, 6, 8, and 11 (0.27 mM) individually to a final vol-
ume of 100 lL and incubated for 2 h at 37 �C. Twenty microliters
of the resulting solutions from the incubated mixtures were then
mixed with 40 lL of tRNA (5 mg/mL tRNA freshly dissolved in
RNase A free water), 40 lL of Tris–HCl buffer of pH 7.5 containing
5 mM EDTA and 0.5 mg/mL HSA. After incubation of the reaction
mixture at 25 �C for 30 min, 200 lL of ice-cold 1.14 (M) perchloric
acid containing 6 mM uranyl acetate was added to quench the
reaction. The solution was then kept in ice for another 30 min
and centrifuged at 4 �C at 12,000 rpm for 5 min. Fifty microliters
of the supernatant was taken and diluted to 1 mL. The decrease
in absorbance at 260 nm was measured and compared to a con-
trol set.

4.2.4. Inhibition kinetics with RNase A
(i) By Dixon plot: The inhibition of RNase A by compounds 3, 6,

and 8 were assessed individually by a spectrophotometric method
as described by Anderson et al.26 The assay was performed in 0.1 M
Mes-NaOH buffer, pH 6.0 containing 0.1 M NaCl using 20,30-cCMP
as the substrate. The inhibition constants (Ki) were calculated from
initial velocity data. The reciprocal of initial velocity was plotted
against the inhibitor concentration (Dixon Plot) according to
Eq. (1):

1
v ¼

Km

Vmax½S�K i
½I� þ 1

Vmax
1þ Km

½S�

� �
ð1Þ

where, v is the initial velocity, [S] the substrate concentration, [I]
the inhibitor concentration, Km the Michaelis constant, Ki the inhi-
bition constant, and Vmax the maximum velocity.

(ii) By Lineweaver–Burk plot: The inhibition of RNase A by com-
pounds 3, 6, 8, and 11 were assessed individually by a spectropho-
tometric method as described by Anderson et al.26 The assay was
performed in 0.1 M Mes-NaOH buffer, pH 6.0 containing 0.1 M
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NaCl using 20,30-cCMP as the substrate. The inhibition constants
were calculated from initial velocity data using Lineweaver–Burk
plot. For the Lineweaver–Burk plot the reciprocal of initial veloc-
ity was plotted against the reciprocal of substrate concentration
at a constant inhibitor concentration according to the above
Eq. (1). The kinetics experiments were performed with two fixed
inhibitor concentrations and another in absence of inhibitor with
varying substrate (20,30-cCMP) concentrations. The slopes from the
double reciprocal plot were again replotted against the
corresponding inhibitor concentrations to get inhibition constants
(Ki).

4.2.5. FlexX docking
The crystal structure of the protein 1FS3 (PDB entry for RNase

A) was downloaded from the Protein Data Bank.28 Water molecules
and other ions present in the crystal structures were subtracted to
prepare the protein PDB file for docking. The 3D structures of com-
pounds 3, 6, 8, and 11 were generated in SYBYL6.92 (Tripos Inc., St.
Louis, USA) and their energy-minimized conformations were ob-
tained with the help of the MMFF94 force field with all other de-
fault parameters. The FlexX software as part of the SYBYL suite was
used for docking of the ligands to the protein. The ranking of the
generated solutions was performed using a scoring function that
estimates the free binding energy (DG) of the protein–ligand com-
plex considering specific types of molecular interactions as de-
scribed in Rarey et al.29 Each docked conformation is looked
upon as a possibility of how the ligand may bind with the protein.
We have chosen the pose with the minimum score for the docked
conformation for each inhibitor molecule. PyMol30 was used for
visualization of the docked conformations. The theoretical energy
calculation of the docked structures of the protein–ligand com-
plexes was computed using PEARLS24 which gives the interaction
energies for receptor ligand systems based on molecular-mechan-
ics-based energy functions.31
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