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Daniel A. Harki} Jason D. Gradi,Victoria S. Korneeva,Saikat Kumar B. Ghoshzhi Hong!
Craig E. Camerof,and Blake R. Petersori*

Department of Chemistry and Department of Biochemistry and Molecular Biology, The Remigy$tate Uniersity,

University Park, Pennsylnia 16802, and Drug Dise@ry, ICN Pharmaceuticals, Costa Mesa, California 92626
Receied May 13, 2002; Résed Manuscript Recegéd June 10, 2002

ABSTRACT. Synthetic small molecules that promote viral mutagenesis represent a promising new class of
antiviral therapeutics. Ribavirin is a broad-spectrum antiviral nucleoside whose antiviral mechanism against
RNA viruses likely reflects the ability of this compound to introduce mutations into the viral genome.
The mutagenicity of ribavirin results from the incorporation of ribavirin triphosphate opposite both cytidine
and uridine in viral RNA. In an effort to identify compounds with mutagenicity greater than that of ribavirin,
we synthesized B-p-ribofuranosyl-3-nitropyrrole (3-NPN) and the corresponding triphosphate (3-NPNTP).
These compounds constitute RNA analogues of the known DNA nucleosidel&e(@y£-p-ribofuranosyl)-
3-nitropyrrole. The 3-nitropyrrole pseudobase has been shown to maintain the integrity of DNA duplexes
when placed opposite any of the four nucleobases without requiring hydrogen bonding. X-ray
crystallography revealed that 3-NPN is structurally similar to ribavirin, and both compounds are substrates
for adenosine kinase, an enzyme critical for conversion to the corresponding triphosphate in cells. Whereas
ribavirin exhibits antiviral activity against poliovirus in cell culture, 3-NPN lacks this activity. Evaluation

of 3-NPNTP utilization by poliovirus RNA-dependent RNA polymerase (RdRP) revealed that 3-NPNTP
was not accepted universally. Rather, incorporation was only observed opposite A and U in the template
and at a rate 100-fold slower than the rate of incorporation of ribavirin triphosphate. This diminished rate
of incorporation into viral RNA likely precludes 3-NPN from functioning as an antiviral agent. These
results indicate that hydrogen bonding substituents are critical for efficient incorporation of ribonucleotides
into RNA by viral RARPs, thus providing important considerations for the design of improved mutagenic
antiviral nucleosides.
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into ribavirin triphosphate, which is a substrate of poliovirus

1 Abbreviations: 3-NPN, B-p-ribofuranosyl-3-nitropyrrole; 3-Np-  RARP. This enzyme recognizes ribavirin as a mimic of purine
NTP, 1p-b-ribofuranosyl-3-nitropyrrole triphosphate; RdRP, RNA- nucleosides (G and A) and incorporates ribavirin into the

dependent RNA polymerase; A, adenosine; G, guanosine; C, cytidine; i i
U, uridine; EtO, diethyl ether; DMFN,N-dimethylformamide; PFU, ylral genome OppOSIt-e-C and U in the RNA te_mplate. Once
plaque-forming units; PMSF, phenylmethanesulfonyl fluoride; EDTA, IN the genome, ribavirin templates incorporation of both C

ethylenediaminetetraacetic acid. and U with equal efficiency, thus promoting A to G and G
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FIGURE 2: Base pairing between two conformations of the purine
mimic ribavirin and the pyrimidine bases cytosine and uracil. R is
ribofuranosyl phosphate or triphosphate.

to A transition mutations during multiple rounds of viral
replication. Ribavirin mimics the purines by presenting two
distinct isoenergetic hydrogen bonding conformations to
complementary bases through rotation of the exocyclic
carboxamide moiety (Figure 2B

We hypothesize that ribonucleoside analogues more highly ¢,

mutagenic than ribavirin have the potential to exhibit more
potent antiviral activity. Ribonucleoside analogues that
template all four bases (“universal bases”) may provide useful
lead compounds in this regard by enabling the introduction
of more mutations per round of viral genome replication.
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silica gel-coated plates coated with silica gel 6Q,KEM
Science, 25Q:m thick). ICN SiliTech Silica Gel (3263
um) was employed in column chromatography. HPLC
purification was performed on a Hewlett-Packard 1100 series
instrument equipped with a Zorbax 300SB-C18 semiprepara-
tive column (9.4 mmx 250 mm, 5um). The HPLC gradient

for purification of 4 (2 mL/min flow rate) was as follows:

2 to 15% acetonitrile in 0.1 M triethylammonium bicarbonate
(TEAB) (pH 7.5) from 0 to 30 min, 15 to 40% acetonitrile
in 0.1 M TEAB from 30 to 45 min, and 40 to 70%
acetonitrile and 0 to 20% MeOH in 0.1 M TEAB from 45
to 50 min. Bruker CDPX-300, DPX-300, AMX-360, DRX-
400, and AMX-2-500 MHz spectrometers were employed
in nuclear magnetic resonance (NMR) spectroscopy. Internal
solvent peaks were referenced in each case. Chemical shifts
13C NMR and®P NMR analyses performed in,D were
indirectly referenced to 10% acetone in@M (CH; set to
30.89 ppm) 80) and 85% HPO, (0 ppm), respectively. Mass
spectral data was obtained from either The University of
Texas at Austin Mass Spectrometry Facility (ESI and CI)
or The Pennsylvania State University Mass Spectrometry

Previous work on universal bases has focused almostrqgiliyy (ESI).” Elemental analyses were performed by
exclusively on deoxyribonucleosides; few investigations have \iqwest Microlab. LLC (Indianapolis, IN). Melting points
been conducted on analogous ribonucleosides even though, e yncorrected. ' '

RNA polymerases are generally more promiscuous in their
ability to incorporate synthetic analogues (reviewed in ref
12). The synthetic deoxyribonucleoside I-(Zoxy{-D-
ribofuranosyl)-3-nitropyrrole?) (13, 14) is perhaps the best
characterized universal DNA base analogu).( This
compound 2) was designed to circumvent the restrictive
hydrogen bonding patterns controlling typical purine
pyrimidine hydrogen bonding motifs by incorporating the
weakly hydrogen bonding nitro substituent. By reducing both
favorable and unfavorable contributions from hydrogen
bonding, compound® can hybridize with all four DNA
nucleobases and function as a universal ba3g I addition,

2 confers stability within oligonucleotide duplexes by
maximizing favorable aromatig-stacking interactions be-
tween adjacent bases in the DNA dupl&X)( The universal-

ity of 2 has been utilized for diverse applications in
hybridization of duplex DNA 15-22), oligonucleotide
probes and primerslg, 23—26), peptide nucleic acid{,

28), and sequencing by MALDI mass spectromet2@)(

We report here the chemical synthesis, structural charac-

terization, biochemical analysis, and antiviral evaluation of
1--pb-ribofuranosyl-3-nitropyrrole (3-NPNB), which is the
RNA analogue of the corresponding universal DNA base
(2). We further describe the synthesis of the triphosphate
derivative of3 (3-NPNTP,4) and analysis of the kinetics of
incorporation of this compound into RNA by poliovirus
RARP.

MATERIALS AND METHODS

General Synthesis Informatioll reactions were per-

Synthesis of 1-(5-O-teButyldimethylsilyl-2,3-O-isopro-
pylideneg-p-ribofuranosyl)-3-nitropyrrole 9). The stereo-
selective chlorination o6 was performed as previously
described 31—35). Briefly, anhydrous CGI(0.75 mL, 7.77
mmol) was added to a solution 6f(1.5113 g, 4.96 mmol)
in anhydrous THF (16 mL). The mixture was cooled-t@2
°C, and hexamethylphosphorus triamide (HMPT, 1.2 mL,
6.60 mmol) was added slowly via syringe. The reaction
mixture was stirred at-70 °C for 2 h. Periodically, the
mixture was briefly warmed to 25C to solubilize the formed
gel phase, and then recooled+t@0 °C as needed to enable
stirring. After 2 h, the reaction mixture was concentrated in
vacuo (25°C) and vented to atmospheric pressure with dry
argon. This chloro sugar (crudé) was triturated with
anhydrous diethyl ether (2 10 mL), concentrated in vacuo
(25°C), and vented to atmospheric pressure with dry argon.
The resulting orange-brown solid (crudg was dissolved
in anhydrous acetonitrile (3 mL) and employed immediately
in the subsequent coupling step. To a solution of 3-nitro-
pyrrole (1.0847 g, 9.68 mmol)36) (8) in anhydrous
acetonitrile (15 mL) cooled to 2C was added NaH (95%,
175.6 mg, 7.32 mmol). To the resulting bright yellow solution
was added the chloro sugar (crudg via cannula, with
additional anhydrous acetonitrile (2 mL) used in the transfer.
The reaction mixture was then warmed to room temperature
and stirred for 40 h. The reaction mixture was poured into
dH,O (60 mL) and extracted with Gi&l, (3 x 60 mL). The
organic layers were combined, diluted with g, (to 300
mL), and washed with saturated NEl (aqueous, Ix 300
mL) and saturated NaCl (aqueousx 1300 mL). The organic

formed under an argon atmosphere unless otherwise notedlayer was dried over MgSQfiltered through a pad of Celite,

Commercial grade reagents (Aldrich) were used without
further purification unless specifically noted. Tetrahydrofuran
and diethyl ether were distilled from sodium benzophenone
ketyl under nitrogen. Acetonitrile was distilled from calcium
hydride under nitroger\,N-Dimethylformamide was dried
by treatment with 48 mesh, 1% molecular sieves. Thin-

and concentrated in vacuo. Column chromatography (10%
Et,O in hexanes) provided theanomer (393.9 mg, 20%)

as a light yellow oil."H NMR (300.13 MHz, CDCJ): &
7.75 (m, 1H, ArH-2), 6.78 (dd) = 2.44 Hz,J = 3.30 Hz,

1H, ArH-5), 6.70 (ddJ = 1.80 Hz,J = 3.31 Hz, 1H, ArH-

4), 5.59 (d,J = 3.22 Hz, 1H, H-1), 4.79 (dd] = 2.18 Hz,

layer chromatography (TLC) was performed on glass-backedJ = 6.05 Hz, 1H, H-3), 4.64 (_dd] = 3.22 Hz,J = 6.05 Hz,
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1H, H-2), 4.37 (ddJ = 2.52 Hz,J = 4.98 Hz, 1H, H-4),
3.87-3.73 (m, 2H, H-5y), 1.55 [s, 3H, C(CH),], 1.32 [s,
3H, C(CHy)], 0.85 [s, 9H, C(CH)], 0.05 (s, 3H, SiCh),
0.04 (s, 3H, SiCH). %C NMR (75.47 MHz, CDCJ): o

Accelerated Publications

to afford4 (15.7 mg, 47% yield) as a yellow-brown powder.
H NMR (D20, 500.13 MHz): 6 8.09 (m, 1H, ArH-2), 7.17
(m, 1H, ArH-5), 6.89 (ddJ = 1.69 Hz,J = 3.37 Hz, 1H,
ArH-4), 5.69 (d,J = 6.39 Hz, 1H, H-1), 4.564.47 (m, 2H,

137.40, 119.24, 118.76, 114.14, 105.88, 95.22, 86.21, 86.14H-2, H-3), 4.37 (m, 1H, H-4), 4.294.20 (m, 2H, H-5)).

81.04, 63.44, 27.20, 25.77, 25.19, 18.26.61,—5.71. IR
(film): vmax2930.7, 2857.9, 1535.6, 1494.3, 1385.1, 1299.1,
1126.0, 1086.0, 835.4 crh Mass calcd for GH3oNOgSi:
398.19. Found [M+ H]™: 399.1 (16%, ESI). Anal. Calcd
for C1gH30N>O6Si: C, 54.25; H, 7.59; N, 7.03. Found: C,
54.38; H, 7.62; N, 6.99.

Synthesis of B-p-Ribofuranosyl-3-nitropyrrole 3). To
1-(5-O-tert-butyldimethylsilyl-2,3O-isopropylidenes-p-ri-
bofuranosyl)-3-nitropyrrole9, 331.7 mg, 0.83 mmol) was
added a solution of trifluoroacetic acid and AH(1:1, 10
mL) (37, 38). The reaction mixture was stirred for 40 min
at 25°C, concentrated in vacuo, and triturated with MeOH
(3 x 10 mL). Column chromatography (5% MeOH in gH
Cl,) afforded3 (196.3 mg, 97%) as a pale-yellow solitH
NMR (MeOH-ds, 400.13 MHz): 6 8.01 (m, 1H, ArH-2),
7.04 (dd,J = 2.44 Hz,J = 3.32 Hz, 1H, ArH-5), 6.72 (dd,
J=1.83 Hz,J = 3.35 Hz, 1H, ArH-4), 5.54 (dJ = 4.86
Hz, 1H, H-1), 4.20 (m, 2H, H-2, H-3), 4.06 (dd,= 3.28
Hz,J = 6.58 Hz, 1H, H-4), 3.833.71 (m, 2H, H-5}). °C
NMR (MeOH-ds, 75.40 MHz): ¢ 138.42, 121.56, 121.13,
106.20, 94.22, 87.14, 77.72, 72.04, 62.76. IR (KBP)ax

13C NMR (D0, 125.76 MHz): 6 139.76, 125.65, 123.60,
109.50, 94.99, 87.40, 78.16, 73.85, 68.7P. NMR (D0,
145.79 MHz): 6 —9.94 (br s),—10.61 (d),—22.08 (br s).
UV: Amax (H20) 200 nm ¢ = 3431 M~ cm?%). Mass calcd
for CoH11N2Na,O5Ps: 571.90. Found [M— Na]—: 548.7
(100%, EST, acetonitrile, HO, 1% AcOH). Found [M—
4Na+ 3H]™: 483 (100%, ESI, MeOH, HO, TEA).
Propagation of Cells and Procedures for Palitus
Infections.HelLa S3 cells were propagated in D-MEM/F-12
medium (Invitrogen) supplemented with dialyzed fetal bovine
serum (2%, Invitrogen). For cytotoxicity assays, cells<(2
10% were plated in each well of a 24-well dish 24 h before
addition of the compound3(or 1). A final volume of 0.5
mL of medium was used. After the cells had been exposed
for 6 days, viable cells were evaluated for Trypan Blue
exclusion and counted with a hemacytometer. For poliovirus
infection assays, cells were plated in 24-well dishes<(1
1P cells/well) 48 h before the experiment. Compounds (
or 1) were preloaded 24 h before the experiment, and cells
were infected with 2000 PFU poliovirus per well. Upon
reaching 100% cytopathic effect (CPE), virus was harvested

3345.9, 2944.0, 1528.6, 1480.0, 1386.3, 1293.5, 1126.5,by freeze-thaw, and serial dilutions were plaqued on six-

1048.0 cm?!. Mp: 139-141 °C. Mass calcd for
CoH1oNoOg: 244.07. Found [M+ H]*: 245 (100%, Ct).
Anal. Calcd for GH12N,Os: C, 44.27; H, 4.95; N, 11.47.
Found: C, 44.11; H, 4.97; N, 11.19.

Synthesis of 1-(5Triphosphates-p-ribofuranosyl)-3-ni-
tropyrrole @). This compound was prepared via modification
of a previously reported procedur@%-45). Briefly, a
solution containin@ (14.4 mg, 0.059 mmol), Proton-Sponge
(21.3 mg, 0.099 mmol), and trimethyl phosphate (0.6 mL,
5.127 mmol) was cooled to ZC, and POG (11 L, 0.118

well dishes of confluent HeLa S3 cells. After 72 h, cells
were stained with Crystal Violet (0.2% in 20% ethanol) to
visualize plaques. Time to 100% CPE was recorded as the
number of days required for Mahoney strain poliovirus (2000
PFU) to visibly cause complete cell death.

Expression and Purification of CHO Adenosine Kinase.
A previously reported Chinese hamster ovary (CHO) ad-
enosine kinase (AK) expression vector (GenBank accession
number P55262) was employed6]. This AK gene is
approximately 90% homologous to the human AK gene, and

mmol) was added dropwise. The resulting solution gradually the CHO AK was purified te~90% purity for kinase assays.

turned lavender in color and was stirred for 2 h. Tributyl-
amine (0.06 mL, 0.252 mmol) was injected into this mixture,
followed by a solution of tributylammonium pyrophosphate
(147.8 mg) in DMF (0.5 mL). The reaction mixture was

Escherichia coliBL21(DE3) was transformed with the
pPET15b CHO AK expression plasmid and grown overnight
at 25°C in NZCYM medium (Invitrogen Life Technologies,
100 mL) supplemented with 1Q@y/mL ampicillin (A100).

stirred for 2 min, and then the reaction was quenched by the This culture was used to inoculate NZCYM medium (1 L

addition of TEAB (6 mL, 0.2 M, pH 8). The mixture was
warmed to 25C, diluted with dHO (5 mL), and lyophilized.
The crude reaction products were purified by RP-HPLC to

afford the triphosphate as the triethylammonium salt (reten-

supplemented with A100) to an Qf3of 0.05. The cells were
then grown at 37C to an ORy of 1.0, cooled to 25C,
and induced by addition of isopropyl 1-thigalactopyra-
noside (50Q«M final concentration). After 4 h, the cells were

tion time, 18.8 min). Excess salts were removed by loading harvested by centrifugation using a Sorvall GS-3 rotor (6000

this material onto a Waters Light C18 Sep-Pak syringe
column and eluting dropwise with @B (material off the
column was fractionally collected; the first few drops
contained excess salts followed by elutiordf Residual
was eluted with acetonitrile. Fractions containing the tri-

rpm for 10 min), washed once with TE (200 mL, 10 mM
Tris, 1 mM EDTA), and harvested by centrifugation. This
cell paste corresponded te-8 g/L of culture. The cells were
frozen (=80 °C) for storage prior to protein purification. The
frozen cells were thawed and suspended in lysis buffer [100

phosphate (identified as UV-active material at 254 nm) were mM potassium phosphate (pH 8.0), 0.5 mM EDTA, 20%
pooled and lyophilized. The triphosphate was converted from glycerol, 10 mM 2-mercaptoethanol, 5u@/mL pepstatin

the triethylammonium salt to the sodium salt by passing it
through a DOWEX 50WX8-100 ion exchange column {Na
form, activated by equilibration with saturated NaH{£O
(aqueous) followed by removal of salts with gB], and
fractions containingt were combined and lyophilized. The
resulting material was then resuspended in@Hfiltered
through an Acrodisc syringe filter (02n), and lyophilized

A, and 4.0ug/mL leupeptin] at 4 mL/g of cell weight. The
suspended cells were disrupted by extrusion through a French
pressure cell (1000 psi), and PMSF (2 mM final concentra-
tion) was then added to the cell lysate. The lysate was
centrifuged in a Beckman 60-Ti rotor (30 000 rpm). This
clarified lysate was diluted with buffer A [50 mM Tris (pH
8.0), 20% glycerol, 1 mM 2-mercaptoethanol, 0.1% NP-40,
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and 500 mM NacCl] to a protein concentration of 1 mg/mL
and applied to a NiNTA column (Qiagen, 1 mL) at 100
uL/min, which was equilibrated with buffer A. The column
was then washed with 10 column volumes of buffer B [50
mM Tris (pH 8.0), 20% glycerol, 1 mM 2-mercaptoethanol
0.1% NP-40, 500 mM NacCl, and 5 mM imidazole]. The
protein was eluted with 3 column volumes of buffer C [50
mM Tris (pH 8.0), 20% glycerol, 1 mM 2-mercaptoethanol,
0.1% NP-40, 500 mM NacCl, and 500 mM imidazole]. An
SDS-PAGE gel illustrating this purification is provided in
the Supporting Information. The protein concentration was
determined from the absorbance at 280 nm in guanidine-
HCI (6 M, pH 7.0) using a molar extinction coefficient of
25460 Mt cmt. The purified protein was stored at80
°C.

Phosphorylation Assayhe assay conditions were modi-
fied from a previous reporéd@) wherein [2,8%H]adenosine

Biochemistry, Vol. 41, No. 29, 2002029
Scheme 1: Synthesis of 3-NPIS)(and 3-NPNTP 4)
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was replaced with nonradioactive adenosine and the isotope (two steps)

that was used wasaf®?P]JATP. Additionally, thin-layer
chromatography was substituted for glass filter binding.
Reactions were carried out at 3 for the indicated reaction
times. Each reaction mixture contained HEPES (100 mM,
pH 7.5), adenosine (@M, control) orl or 3 (500uM), ATP

(1 uM), MgCl; (1.5 mM), and §-*2P]JATP (0.001uM, NEN

Life Science Products). Adenosine kinase (0.@M) and
ddH,O were added to afford a final volume of 5.
Reactions were quenched by the addition of EDTA (0.5 M)
to a final concentration of 80 mM. Samples gL) of the
quenched reaction mixtures were spotted on a TLC PEI-
cellulose F plate (EM Science) and resolved with potassium
phosphate buffer (0.3 M, pH 7.0). The TLC plate was
removed from the buffer, air-dried, and exposed to a

phosphorimager screen. Phosphorimager and ImageQuanE

software from Molecular Dynamics were used for imaging
and quantitation, respectively. KaleidaGraph software (Syn-
ergy) was employed for further data analysis.

3-NPNTP Incorporation by 3®'. The 30’ polymerase
was expressed and purified as previously repord&yl All

1) POCl3, (CH30)3P=0
Proton-Sponge 3-NPNTP (4) 47%
2) BusN, tributylammonium () 47%
pyrophosphate

3) DOWEX Na*

shift (0 0.23 ppm) between the isopropylidene methyl
substituents of3-substituted nucleosides observed ty
NMR spectroscopyd7, 54, 55). Final removal of protecting
groups with 50% trifluoroacetic acid in wateB%, 398)
provided the free 3-nitropyrrole nucleosi@eAs shown in
Figure 3, the structure of 3-NPI8)(was confirmed by small
molecule X-ray crystallography.

As shown in Scheme 1, the triphosphate derivativ& of
3-NPNTP, 4) was also prepared for investigation of the
kinetics of incorporation of this non-natural nucleoside by
poliovirus RNA-dependent RNA polymerase (B This
compound was synthesized by adaptation of previously
described chemical methodologB9%-45) that initially
involved conversion oB into the corresponding phospho-

primer extension experiments were carried out as previously rodichloridate by treatment with POCtrimethyl phosphate,

described 48). Complexes of 3PP-sym/sub were preas-
sembled for at least 3 min and then mixed with the
appropriate nucleotide to initiate the reactions. Reactions
were quenched by the addition of 50 mM EDTA.

RESULTS

Chemical Synthesis of 3-NPN)(@nd 3-NPNTP 4). The
synthesis of the 3-nitropyrrole nucleoside (3-NP3),em-
ployed glycosylation methodology described by Ramasamy
et al. for the synthesis of the analogous 3-cyanopyrrole
nucleoside 37) (Scheme 1). This methodology installed on
ribose the known heterocyclic base 3-nitropyrrdg which
was prepared as previously reportdé)(from commercially
available 1-(triisopropylsilyl)pyrrole. The previously reported
protected ribose derivative was synthesized in two steps
from p-ribose ) (38, 49—53). The stereoselective chlorina-
tion of protected suga8 with CCl, and hexamethylphos-
phorus triamide (HMPT)31—35) was followed by coupling
with the anion derived from 3-nitropyrrole to yield the
desireds-substituted 3-nitropyrrole nucleosi@ién 20% yield
from alcohol6. This compound was assigned asffrenomer
on the basis of the characteristic difference in the chemical

and Proton-Sponge. This unstable intermediate was im-
mediately reacted with tributylamine and tributylammonium
pyrophosphate in DMF to afford the triphosphdtas the
triethylammonium salt. Subsequent HPLC purification and

Ficure 3: ORTEPII plot of the X-ray structure of fg-p-
ribofuranosyl-3-nitropyrrole (3-NPN3).
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Table 1: Effects of 3-NPNJ) and Ribavirin () on Adenosine = 3-NPN(3) _ Ribavirin _
Poliovirus-Infected HeLa Cefls 1111 .. T11 14 ADP
cell viability time to 100% reduction
nucleoside (%) CPE (days) in titer (x-fold)

3-NPN (100uM) 106 2 -

3-NPN (100QuM) 54 2 -

ribavirin (100xM) 28 3 14 Time
ribavirin (1000.M) 3 6 1900 0 03810 030 0Bl

@ Cell viability represents the number of live HelLa S3 cells after Figure 4: Phosphorylation of the ribonucleosides adenosine,
treatment for 6 days compared to an untreated control (100% viability). 3-NPN @), and ribavirin () by adenosine kinase. Substrate
Cells were plated at a density 08210* cells/well 24 h before treatment  efficiency was determined by analysis of the conversion of ATP
with compounds; data are the averages of at least four wells. The to ADP by thin-layer chromatography.
average number of days required for 2000 PFU poliovirus to completely
kill a confluent HeLa S3 monolayer is shown as the time to 100% 0.8

CPE. Titer was deFermined by a plaq.ue assay after 100% CPE was 07t ®
reached. Changes in titer ef2-fold relative to control are denoted. . ° @
0.6} ®

ion exchange chromatography provided the tetrasodium salt %_0‘5 i ¢
of 3-NPNTP ). 2 04}

Evaluation of Cytotoxicity of 3-NPN3j toward HeLa S3 E: 03t ®
Cells in Culture An evaluation of the cytotoxicity of 3-NPN 02} ® A
(3) to HeLa S3 cells grown in culture revealed surprisingly o'lp‘ AA AA
large populations of viable cells following treatment for 6 0
days. As shown in Table 1, HelLa cells grown for 6 days in 0 2 4 6 8 10 12
the presence of 100M 3-NPN (3) showed no decrease in Time (min)

cell viability. A 10-fold increase in the concentration &f Ficure 5: Quantitative comparison of phosphorylation of adeno-
elicited a slight 36% decrease in cell viability compared with sine, 3-NPN, and ribavirin by adenosine kinase: adenode (
controls. In contrast, 100QM ribavirin (1) exhibited ~ ribavirin (), and 3-NPN §) (a).
significant cytostatic effects, and the number of viable cells 3NPNTP  ATP 3.NPNTP  CTP
after 6 days was only 3% of the control wells.

Evaluation of 3-NPN 8) against Poliairus. The ability
of 3-NPN @) to function as an antiviral agent was evaluated
using poliovirus as a model RNA virus. To compare the

L .. . .- e W - 11-mer —= -
antiviral activity of 3-NPN 8) to that of ribavirin (), HeLa 10 m”—'\. .....‘

Time (min) 10 20 30 10 200 30 Time (min) 10 20 30 10 20 30
12-mer —»

Il-mer —»

S3 cell monolayers were treated with either 3-NPN or Seee oo
ribavirin for 24 h and then infected with the Mahoney strain  g/5.u- GEAUGGGCCC o6 §/8-G;  cAvGCeeaaa e
of poliovirus (2000 PFU). The time required for lysis of the
monolayer was measured. As indicated in Table 1, 1000 3-NPNTP __UTP 3:NPNTP_ GTP
3-NPN showed no antiviral activity, whereas ribavirin at this Time (min) 100 200 30 10 20 30 Time(min) 10 20 30 10 20 30
concentration delayed the cytopathic effects of the virus by  13-mer — 13-mer —
4 days. Additionally, 3-NPN did not significantly reduce viral =~ 12-mer — - 12-mer —»
titer at any concentration, whereas 1008 ribavirin reduced - lomer —
the poliovirus titer by 1900-fold. mer =

Phosphorylation of 3-NPN3j by Adenosine Kinasd@he 10-ner— EREREREREE e Seee--
3-NPN nucleoside must be phosphorylated intracellularly to g o,  GCVUAGSEECE | §/s.c;  GAUCGGOCCC G

become a substrate of poliovirus RdRP that can subsequentl)hGURE 6 Incor . .
be incorporated into the viral genome. In general, the rate- ‘ rporation of monophosphates derived from 3-NP-
= p - 9 4 9 =1 X NTP (4) opposite complementary nucleotides (N) in symmetrical
limiting step for conversion to the triphosphate is production substrates (S/S-N) in vitro. Oligoribonucleotide substrates (10-mers)
of the monophosphate. To investigate whether the absencevere end labeled witf?P and treated with poliovirus polymerase
of antiviral activity associated with 3-NPN might relate to and 3-NPNTP, and products were separated by denaturing PAGE.
poor phosphorylation by adenosine kinase, 3-NPN and
ribavirin were compared as substrates for this enzyme. extension assay on synthetic symmetrical primer/template
Conversion of ATP to ADP by the kinase was used as an substrates (S/S)3( 48, 56). Incubation of the polymerase
indirect measure of the level of phosphorylation of the with the S/S RNA gives a stable, elongation-competent
nucleoside under investigation. As shown in Figures 4 and complex. Subsequent addition of the appropriate nucleoside
5, these experiments demonstrated that both ribavirin andtriphosphate triggers incorporation catalyzed by the poly-
3-NPN were phosphorylated equivalently by adenosine merase. This primer extension assay has been shown to
kinase, with an efficiency at least 20-fold lower than that of permit detailed kinetic and thermodynamic analyses of
adenosine. incorporation of correct and incorrect ribonucleotides, deoxy-
Kinetics of 3-NPNTP4) Incorporation by the Polioirus ribonucleotides, and nucleotide analogugs4@). Surpris-
Polymerase 3. The kinetics of incorporation of 3-NPNTP  ingly, as shown in Figure 6, these experiments revealed that
(4) by 3D°° were assessed using a well-precedented primerincorporation of the monophosphate derived from 3-NPNTP
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Table 2: Kinetics of 3-NPNTP Incorporation into Synthetic RNA (A)
Templates by Poliovirus RARP
S/S-U S/S-A
K (M) 19.2+7.1 46.1+ 15.5
Keat (571 0.000120+ 0.000001 0.00016a- 0.00001
ICs0 (M) 76.3+ 18.4 26.0+ 3.0

aS/S-U is the template for quantification of incorporation opposite
U. S/S-A is the template for quantification of incorporation opposite
A.

(4) was templated only by adenosine (S/S-A) and uracil (S/

S-U). No incorporation into the S/S-G or S/S-C templates (B)
was observed (Figure 6). Furthermore, the rate of reaction
mediated by 3-NPNTP4) opposite S/S-U and S/S-A was

much slower than that of the correct nucleotide (Table 2)

and 100-fold slower than that of ribavirin triphospha®. (

After the first round of incorporation with 3-NPNTR)(

the 3D° polymerase incorporated additional 3-NPNTP-

derived monophosphates (Figure 6), suggesting that 3-NPMP

is not a chain-terminating agent. As shown in Table 2,
quantification of the kinetics of 3-NPNTR) incorporation

into primer/template substrates enabled determinatid&,pf (©)
keas and 1Go values. The IG values reflect concentrations

of 3-NPNTP @) required to inhibit incorporation of AMP

into S/S-U and UMP into S/S-A.

DISCUSSION

Ribavirin (1) can increase the frequency of mutations in
RNA virus genomes because of the ambiguous pairing
capacity of its pseudobase. The pseudobase of ribaviyin (

mimics both adenine and guanine and misincorporates FiGure 7: Comparison of X-ray crystal structures of 3-NP8J (

opposite U and C in the viral template. We report the and ribavirin (). Atom labels for panels A (3-NPN) and B
synthesis and antiviral evaluation of a highly structurally (ribavirin): light gray for carbon, dark gray for nitrogen, and black
similar analogue (3-NPN3) designed on the basis of the for oxygen. (C) Structural overlay for calculation of root-mean-
universal DNA nucleoside] (13, 14) that hybridizes to all square (rms) deviations of atom positions: solid bonds and empty

four DNA bases in the context of duplex DNA. We circles for 3-NPN and dashed bonds and shaded circles for ribavirin.

hypothesized that 3-NPN would be converted intracellularly conformation of the heterocyclic basg8(59). On the basis
into the triphosphate (3-NPNTR) and cause more signifi-  of the substantial structural similarities, the observed differ-
cant mutagenesis to the viral genome in the presence ofences in biological activity are presumably not a result of
poliovirus RARP by mimicking both purines and pyrimidines. conformational effects.

A structural comparison of the X-ray crystal structures of  In contrast to ribavirin, 3-NPN did not exhibit antiviral
3-NPN @) and ribavirin () (57) is shown in Figure 7. As  activity in cell culture against poliovirus. Additionally,
anticipated from the NMR data, the configuration of 3-NPN 3-NPN was significantly less cytostatic than ribavirin toward
at C-1is . Crystallography revealed that the bases of 3-NPN HelLa S3 cells grown in culture, as only a 36% reduction in
and ribavirin exhibit identical anti conformations, and the cell viability was observed at 1 mM. Although many factors
only significant differences between these two molecules lie might contribute to this lack of biological activity, two
in the conformation of the sugar moiety. The sugar confor- processes critical for antiviral activity were specifically
mation of 3-NPN isC?-endq whereas the conformation of investigated in vitro: phosphorylation of 3-NPN by adeno-
the sugar of ribavirin isC¥-enda Although theC?-endo sine kinase, a critical step required for conversion to the
conformation is the sugar pucker observed in B-form DNA triphosphate in cells, and utilization of 3-NPNTP by the
and theC®-endoconformation characterizes A-form RNA, poliovirus RARP (3F?).
in solution both of these conformations are in rapid equi- Ribavirin is a known substrate of adenosine kine&@).(
librium and are separated by an energy barrier of less thanComparison of this drug with 3-NPN revealed that both
5 kcal/mol. Calculation of the root-mean-square similarities compounds are phosphorylated at equivalent rates by this
between 3-NPN and ribavirin revealed a deviation of 0.83 enzyme. Hence, production of the monophosphate should
A overall, and this value primarily reflected differences in not be a rate-limiting step in cells, and the monophosphate
sugar atom positions (Figure 7). This comparison indicated of 3-NPN should be converted into the active triphosphate
that 3-NPN and ribavirin are practically identical in overall (3-NPNTP) in cells.
structure in the solid state, while differing substantially in ~ Synthetic 3-NPNTP was prepared to analyze the kinetics
hydrogen bonding ability. Interestingly, solution phase studies of incorporation by poliovirus RdRP (3B). A primer
with ribavirin have revealed a preference for the syn extension assaytg) confirmed that 3-NPNTP is a mutagenic
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substrate of 3P, and this compound was found to mimic ACKNOWLEDGMENT

both the purine A and the pyrimidine U during incorporation
into a synthetic RNA template. However, the absence of
incorporation opposite G and C was surprising given that
the corresponding DNA analogu®) (s a universal base that
substitutes for all four DNA bases in a DNA template.
Previous studies of the triphosphate derivative of the DNA
nucleoside have shown polymerase specific differences in
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substrate incorporation. This DNA nucleoside triphosphate syppPORTING INFORMATION AVAILABLE

has been shown to be templated by all four nucleobases using
the exonuclease-free Klenow fragment Bf coli DNA
polymerase 161), whereas Taq DNA polymerase incorpo-

SDS-PAGE data on purified adenosine kinase and
crystallographic data for 3-NPNB). This material is available

template 62). Consequently, the 3-nitropyrrole pseudobase
can be considered universal within a hybridization context,
but is recognized by some polymerases as a mimic of Aand 1.
T (or A and U for 30°).

REFERENCES

Crotty, S., Cameron, C. E., and Andino, R. (20@tpc. Natl.
Acad. Sci. U.S.A. 98895-6900.

2. Loeb, L. A., and Mullins, J. I. (20003IDS Res. Hum. Retrouses

Ribavirin is incorporated into viral RNA with rates
equivalent to that of an incorrect nucleotide, which is ca.
3000-6000-fold slower than incorporation of a correct
nucleotide 8). During viral replication in the presence of
clinically relevant concentrations of ribavirin, poliovirus
polymerase incorporates fewer than three ribavirin molecules
into its genome (ca. 7500 nucleotides) per replication cycle.
This incorporation causes error catastrophe due to resulting
A to G and G to A transition mutation8); Analysis of the
kinetics of primer extension by 3B in the presence of
3-NPNTP revealed that this compound is incorporated into
synthetic RNA~100-fold more slowly than ribavirin tri-
phosphate. Hence, even under optimal conditions for incor-
poration of 3-NPNTP by poliovirus, fewer than 0.03
molecule of this compound would be introduced per genome
per replication cycle. This decreased rate of incorporation
is sufficient to explain the diminished antiviral activity
observed with 3-NPN, even if this compound provides
universal base-pairing specificity once incorporated into the
RNA template. Additionally, it is possible that the inability

3.

4.
5.

7.

9.

13.

14.

of 3-NPNTP to function in cells may be a consequence of 1%
the inability of this compound to inhibit enzymes of the de 14
novo purine biosynthetic pathway. However, inhibition of

IMP dehydrogenase by RMP is not sufficient to confer 17.
antiviral activity ). Whether reduction of intracellular GTP

pools augments the antiviral activity of ribavirin is unclear, 1g
but previous reports have demonstrated no correlation
between the concentration of ribavirin required for maximal 19

antiviral activity and that required for maximal (2-fold)
reduction of intracellular GTP poold ().

The results presented here indicate that highly hydrophobic
nucleoside analogues lacking hydrogen bonding functionality
exhibit slow rates of incorporation by viral RNA poly-
merases. Studies of universal DNA nucleosides suggest that 22-
low incorporation rates may relate to overly statistacking 23,
interactions with aromatic amino acid residues in the active
site of DNA polymerases that prevent efficient ejection after
incorporation 12). Therefore, the ability of a pseudobase to
hybridize to all four nucleobases is not sufficient for defining
the pseudobase as a universal analogue for the viral RARP.
The pursuit of improved mutagenic antiviral nucleosides will
benefit from a more detailed understanding of the factors
that influence base pairing specificity at the polymerase
active site and the fate of non-natural ribonucleotides in cells.

20.

21.

24.

26.

27.

11.

16, 1-3.

Crotty, S., Maag, D., Arnold, J. J., Zhong, W., Lau, J. Y. N., Hong,
Z., Andino, R., and Cameron, C. E. (2000at. Med. 6 1375
1379.

Domingo, E. (2000Yirology 27Q 251-253.

Loeb, L. A., Essigmann, J. M., Kazazi, F., Zhang, J., Rose, K.
D., and Mullins, J. I. (1999Proc. Natl. Acad. Sci. U.S.A. 96
1492-1497.

6. Cameron, C. E., and Castro, C. (20@rr. Opin. Infect. Dis.

14, 757-764.
Sierra, S., Davila, M., Lowenstein, P. R., and Domingo, E. (2000)
J. Virol. 74, 8316-8323.

8. Lee, C. H,, Gilbertson, D. L., Novella, I. S., Huerta, R., Domingo,

E., and Holland, J. J. (1997) Virol. 71, 3636-3640.
Pariente, N., Sierra, S., Lowenstein, P. R., and Domingo, E. (2001)
J. Virol. 75, 9723-9730.

10. Holland, J. J., Domingo, E., de la Torre, J. C., and Steinhauer, D.

A. (1990)J. Virol. 64, 3960-3962.
Crotty, S., Cameron, C., and Andino, R. (2002Mol. Med. 80
86—95.

. Loakes, D. (2001Nucleic Acids Res. 22437-2447.

Bergstrom, D. E., Zhang, P., Toma, P. H., Andrews, P. C., and
Nichols, R. (1995)J. Am. Chem. Soc. 117201-1209.

Nichols, R., Andrews, P. C., Zhang, P., and Bergstrom, D. E.
(1994) Nature 369 492-493.

Oliver, J. S., Parker, K. A., and Suggs, J. W. (2001g. Lett. 3
1977-1980.

. Bergstrom, D. E., Zhang, P., and Johnson, W. T. (188itleic

Acids Res. 251935-1942.

Klewer, D. A., Hoskins, A., Zhang, P., Davisson, V. J., Bergstrom,
D. E., and LiWang, A. C. (2000)ucleic Acids Res. 281514
4522.

Kukreti, S., Sun, J. S., Loakes, D., Brown, D. M., Nguyen, C. H.,
Bisagni, E., Garestier, T., and Helene, C. (198Ricleic Acids
Res. 262179-2183.

Orson, F. M., Klysik, J., Bergstrom, D. E., Ward, B., Glass, G.
A., Hua, P., and Kinsey, B. M. (1999 ucleic Acids Res. 27
810-816.

Amosova, O., George, J., and Fresco, J. R. (18Rif)eic Acids
Res. 251930-1934.

van Aerschot, A., Rozenski, J., Loakes, D., Pillet, N., Schepers,
G., and Herdewijn, P. (199%ucleic Acids Res. 23363-4370.
Loakes, D., and Brown, D. M. (1994ucleic Acids Res. 22
4039-4043.

Loakes, D., Brown, D. M., Linde, S., and Hill, F. (1998)cleic
Acids Res. 232361-2366.

Loakes, D., Hill, F., Linde, S., and Brown, D. M. (1995)
Nucleosides Nucleotides 12001-1003.

. Loakes, D., Hill, F., Brown, D. M., Ball, S., Reeve, M. A., and

Robinson, P. S. (1999 ucleosides Nucleotides 18685-2695.
Guo, Z., Liu, Q. H., and Smith, L. M. (199WRat. Biotechnol. 15
331-335.

Zhang, P., Egholm, M., Paul, N., Pingle, M., and Bergstrom, D.
E. (2001)Methods 23132-140.

. Challa, H., Styers, M. L., and Woski, S. A. (1999)g. Lett. 1,

1639-1641.



Accelerated Publications

29. Jacutin, S., Zhang, A. J., Russell, D. H., Gibbs, R. A., and Burgess, 46.
30.
31.
32.
33.
34.
35.

36.

37.
38.
39.
40.

41.

42.
43.
44.

45.

K. (1997) Nucleic Acids Res. 2%072-5076.

Gottlieb, H. E., Kotlyar, V., and Nudelman, A. (1997) Org.
Chem. 627512-7515.

Wilcox, C. S., and Otoski, R. M. (198@)etrahedron Lett. 27
1011-1014.

Ireland, R. E., Wilcox, C. S., and Thaisrivongs, S. (19%8prg.
Chem. 43786-787.

Rosemeyer, H., and Seela, F. (1988)Jv. Chim. Acta 711573~
1585.

Downie, I. M., Lee, J. B., and Matough, M. F. S. (1988Chem.
Soc., Chem. CommuyriL350-1351.

Harusawa, S., Imazu, T., Takashima, S., Araki, L., Ohishi, H.,
Kurihara, T., Sakamoto, Y., Yamamoto, Y., and Yamatodani, A.
(1999)J. Org. Chem. 648608-8615.

Bray, B. L., Mathies, P. H., Naef, R., Solas, D. R., Tidwell, T. T.,
Artis, D. R., and Muchowski, J. M. (199Q). Org. Chem. 55
6317-6328.

Ramasamy, K., Robins, R. K., and Revankar, G. R. (1988)
Nucleosides Nucleotides 385-392.

Stewart, A. O., and Williams, R. M. (1989) Am. Chem. Soc.
107, 4289-4296.

Ogawa, A. K., Wu, Y., McMinn, D. L., Liu, J., Schultz, P. G.,
and Romesberg, F. E. (2000)Am. Chem. Soc. 123274-3287.
Fischer, B., Boyer, J. L., Hoyle, C. H. V., Ziganshin, A. U.,
Brizzolara, A. L., Knight, G. E., Zimmet, J., Burnstock, G.,
Harden, T. K., and Jacobson, K. A. (199B) Med. Chem. 36
3937-3946.

Shaver, S. R., Pendergast, W., Siddiqgi, S. M., Yerxa, B. R., Croom,
D. K., Dougherty, R. W., James, M. K., Jones, A. N., and Rideout,
J. L. (1997)Nucleosides Nucleotides 16099-1102.

Shoshani, 1., Boudou, V., Pierra, C., Gosselin, G., and Johnson,
R. A. (1999)J. Biol. Chem. 27434735-34741.

Ostermann, N., Ahmadian, M. R., Wittinghofer, A., and Goody,
R. S. (1999)Nucleosides Nucleotides 1845-262.

Tusa, G., and Reed, J. K. (2000)cleosides, Nucleotides Nucleic
Acids 19 805-813.

Hirao, I., Ohtsuki, T., Mitsui, T., and Yokoyama, S. (20Q0)
Am. Chem. Soc. 128118-6119.

47.

54.
55.
56.
57.
58.
59.
60.

61.

Biochemistry, Vol. 41, No. 29, 2002033

Maj, M. C., Singh, B., and Gupta, R. S. (20@pchem. Biophys.
Res. Commun. 278386—393.

Gohara, D. W., Ha, C. S., Ghosh, S. K. B., Arnold, J. J,,
Wisniewski, T. J., and Cameron, C. E. (19%9ptein Expression
Purif. 17, 128-138.

. Arnold, J. J., and Cameron, C. E. (2000Biol. Chem. 2756329~

5336.

. Clauss, R., and Hunter, R. (1997)Chem. Soc., Perkin Trans. 1

71-76.

. Redlich, H., Sudau, W., Szardenings, A. K., and Vollerthun, R.

(1992) Carbohydr. Res. 2267—-78.

. Kozak, J., and Johnson, C. R. (198Ricleosides Nucleotides 17

2221-2239.

. Chaudhary, S. K., and Hernandez, O. (1978)rahedron Lett.

99-102.

. Kane, P. D., and Mann, J. (198%)Chem. Soc., Perkin Trans. 1

657—660.

Imbach, J.-L., Barascut, J.-L., Kam, B. L., Rayner, B., Tamby,
C., and Tapiero, C. (1973) Heterocycl. Chem. 1A069-1070.
Barascut, J. L., Tamby, C., and Imbach, J. L. (1979arbohydr.
Nucleosides Nucleotides I7—84.

Maag, D., Castro, C., Hong, Z., and Cameron, C. E. (2001)
Biol. Chem. 27646094-46098.

Prusiner, P., and Sundaralingam, M. (19%éa Crystallogr. B32
419-426.

Dea, P., Schweizer, M. P., and Kreishman, G. P. (1Bi@gghem-
istry 13 1862-1867.

Miles, D. L., Miles, D. W., Redington, P., and Eyring, H. (1976)
Proc. Natl. Acad. Sci. U.S.A. 782574260.

Noble, S. A., Beddall, N. E., Beveridge, A. J., Marr, C. L. P.,
Mo, C. L., Myers, P. L., Penn, C. R., Storer, R., and Woods, J.
M. (1991) Nucleosides Nucleotides 1887—-490.

Smith, C. L., Simmonds, A. C., Felix, I. R., Hamilton, A. L.,
Kumar, S., Nampalli, S., Loakes, D., Hill, F., and Brown, D. M.
(1998) Nucleosides Nucleotides 1341-554.

. Hoops, G. C., Zhang, P., Johnson, W. T., Paul, N., Bergstrom, D.

E., and Davisson, V. J. (199Rucleic Acids Res. 29866-4871.
BI1026120W



