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Reverse transcription is an important early step in retrovirus replication and is a key point targeted by evolutionarily conserved
host restriction factors (e.g., APOBEC3G, SamHD1). Human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT)

is a major target of antiretroviral drugs, and concerns regarding drug resistance and off-target effects have led to continued ef-
forts for identifying novel approaches to targeting HIV-1 RT. Several observations, including those obtained from monocyte-
derived macrophages, have argued that ribonucleotides and their analogs can, intriguingly, impact reverse transcription. For
example, we have previously demonstrated that 5-azacytidine has its greatest antiviral potency during reverse transcription by
enhancement of G-to-C transversion mutations. In the study described here, we investigated a panel of ribonucleoside analogs
for their ability to affect HIV-1 replication during the reverse transcription process. We discovered five ribonucleosides— 8-
azaadenosine, formycin A, 3-deazauridine, 5-fluorocytidine, and 2'-C-methylcytidine—that possess anti-HIV-1 activity, and one
of these (i.e., 3-deazauridine) has a primary antiviral mechanism that involves increased HIV-1 mutational loads, while quanti-
tative PCR analysis determined that the others resulted in premature chain termination. Taken together, our findings provide
the first demonstration of a series of ribonucleoside analogs that can target HIV-1 reverse transcription with primary antiretro-
viral mechanisms that include premature termination of viral DNA synthesis or enhanced viral mutagenesis.

Retroviruses are RNA viruses that replicate through a DNA in-
termediate (1, 2). Reverse transcription is an essential step in
retroviral replication, and evolutionarily conserved host restric-
tion factors (e.g., APOBEC3G, SamHD1) that target viral DNA
synthesis have been discovered (3, 4). Human immunodeficiency
virus type 1 (HIV-1) reverse transcriptase (RT) represents a major
target for the antiretroviral drugs used in antiretroviral therapy
(ART). The continued concerns over the emergence of antiviral
drug resistance and complications of ART due to off-target effects
of the drugs have led to ongoing intense interest in the identifica-
tion of novel approaches to interfering with this key step in the
HIV-1 life cycle.

The backbone of ART remains the nucleoside reverse trans-
criptase inhibitors (NRTIs), which are included in virtually all
ART regimens (5). NRTIs inhibit HIV-1 reverse transcription by
acting as chain terminators, where incorporation of an NRTT into
HIV-1 DNA results in chain termination. NRTTs typically lack a
3’-OH group, though noncanonical chain terminators exist as
well. NRTI incorporation into viral DNA prevents the incorpora-
tion of the next nucleotide into the growing DNA strand. Nucle-
otide reverse transcriptase inhibitors (NtRTIs), such as tenofovir,
are nucleotide analogs that are more readily converted to the ac-
tive drug form. Many nonnucleoside reverse transcriptase inhib-
itors (NNRTIs) have been developed. NNRTIs are small mole-
cules that generally interact allosterically with amino acid residues
in the catalytic domain of HIV-1 RT and result in the inhibition of
RT catalytic activity (6).

An intriguing and novel alternative therapeutic approach to
targeting HIV-1 RT is by the use of ribonucleoside analogs. DNA
and RNA polymerases are thought to have an evolutionary rela-
tionship to one another, which predicts that amino acid substitu-
tions could control substrate selection. DNA polymerases differ
from RNA polymerases in utilizing 2'-deoxynucleotides (i.e.,
dATP, dCTP, dGTP, and dTTP) rather than ribonucleotides (i.e.,
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ATP, CTP, GTP, and UTP). Previous work with cellular DNA
polymerases demonstrated that they selectively exclude UTP and
that amino acid substitutions at two different positions within
motif A of the DNA polymerase catalytic site can allow ribonucle-
otide incorporation and RNA synthesis (7). Observations from
the Moloney murine leukemia virus (M-MLV) RT crystal struc-
ture predicted that deoxynucleotide selectivity and discrimination
against ribonucleotides occurred through an unfavorable interac-
tion between the aromatic ring of Phe-155 and the 2’-OH group of
the incoming ribonucleoside triphosphate (NTP) (8). The F155V
substitution was found to allow the incorporation of ribonucle-
otides and deoxyribonucleotides (9). Virus infectivity was lost,
and minus-strand strong stop DNA could be synthesized, but
complete minus-strand DNA synthesis failed, likely due to an in-
hibition of DNA synthesis by the incorporation of ribonucleotides
(10). An aromatic ring at this amino acid residue was determined
to be important for virus replication. In HIV-1 RT, Tyr-115 plays
a role as a steric gate in preventing the incorporation of nucleo-
tides with a 2'-hydroxyl group in a cation-independent manner,
while its influence on fidelity was found to be modulated by Mg**
or Mn*" (11).

Several observations, including those obtained from mono-
cyte-derived macrophages, have found that ribonucleotides and
their analogs can impact reverse transcription (12—14). Quantita-
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tive tandem mass spectrometry was used to demonstrate that
macrophages have deoxynucleotide triphosphate (ANTP) con-
centrations 22- to 320-fold lower than those observed in dividing
target cells, along with a greater disparity between NTP and dNTP
concentrations (14). A biochemical simulation of HIV-1 reverse
transcription revealed that NTPs are efficiently incorporated into
DNA in the macrophage but not in the T cell environment (13).
The ribonucleoside analog 3'-deoxyadenosine was found to in-
hibit HIV-1 DNA synthesis more efficiently in human macro-
phages than in CD4™ T cells; the cell type differences were inter-
preted to be due to the relatively low dNTP concentrations
compared to NTP concentrations in macrophages.

The ribonucleoside analog 5-azacytidine (5-AZC) exerts its an-
ti-HIV-1 activity through incorporation into both viral RNA and
DNA (15, 16). Interestingly, the most potent antiviral activity was
attributed to incorporation of 5-AZC into viral DNA. However, it
remains unclear whether 5-AZC is directly incorporated into viral
DNA as a ribonucleoside triphosphate or if it is incorporated as a
2'-OH deoxynucleoside triphosphate subsequent to cell-medi-
ated conversion. In either scenario, the mechanism of 5-AZC-
mediated mutagenesis suggests that it is primarily incorporated
into HIV-1 DNA during reverse transcription, leading to lethal
mutagenesis, which was characterized by a significant increase in
the mutational load due to G-to-C transversion mutations in the
viral DNA (15).

Here we report on an investigation of a panel of ribonucleoside
analogs for their ability to affect HIV-1 replication during the
reverse transcription process. Our findings provide the first dem-
onstration of a series of ribonucleoside analogs that can target
HIV-1 reverse transcription with primary antiretroviral mecha-
nisms that include premature termination of viral DNA synthesis
or enhanced viral mutagenesis.

MATERIALS AND METHODS

Plasmids, cell lines, and chemical reagents. The HIV-1 vector NL4-3
MIG was used for single-cycle susceptibility and mutation frequency as-
says (17). The vector was pseudotyped with the vesicular stomatitis G
protein (VSV-G; pHCMV_VSV-G; a kind gift from J. Burns, University of
California, San Diego). The CEM-GFP and U373-MAGI xcr.4 cell lines
were obtained from the AIDS Reagent Program (provided by M. Emer-
man and J. Corbeil, respectively). Cell lines were maintained in RPMI and
Dulbecco modified Eagle medium (DMEM) supplemented with 10%
HyClone FetalClone III (FC3; Thermo Scientific), respectively. The
HEK293T cell line was obtained from ATCC and maintained in DMEM
with 10% FC3. Zidovudine (AZT) was obtained from the AIDS Reagent
Program. The ribonucleoside analogs 5-flurocytidine, 5-azacytidine, and
2'-C-methylcytidine were obtained from Carbosynth Limited (Berkshire,
United Kingdom). The ribonucleoside analogs 8-azaadenosine and for-
mycin A were obtained from Berry and Associates, Inc. (Dexter, MI), and
3-deazauridine, cytidine, adenosine, and thymidine were obtained from
Sigma-Aldrich (St. Louis, MO), Carbosynth Ltd. (Bershire, United King-
dom), and Berry and Associates (Dexter, MI). All ribonucleoside analogs
were stored as solutions (1 M) in dimethyl sulfoxide (DMSO) at —20°C.
Linear polyethylenimine (PEL; molecular weight [MW], 25,000) was ob-
tained from Polysciences, Inc. (Warrington, PA).

Transfections, infections, and treatment of target cells with ribonu-
cleoside analogs. The HIV-1 vector was produced by PEI transfection of
HEK293T cells. Briefly, 2 X 10° HEK293T cells in 5 ml medium were
transfected with 20 pg of pNL4-3 MIG and 2.5 wg pHCMV_VSV-G.
Medium was removed after 5 h, and 9 ml fresh medium was added. After
16 h, the viral supernatant was pooled, passed through a 0.2-pum-pore-size
filter, and stored at —80°C. The virus titer on U373-MAGIxcp4 target
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cells was established so that 20 to 30% of the target cells were infected. To
assess antiviral activity during viral infection, each ribonucleoside analog
was added to target cells 2 h prior to addition of viral supernatant. Specif-
ically, ribonucleoside analogs were added at a 1:1,000 dilution to 3 X 10*
U373-MAGI g4 cells in a total volume of 500 wl.

Flow cytometry and mutation frequency analysis. U373-MAGI x4
target cells were prepared for flow cytometry by washing in phosphate-
buffered saline (PBS) and a final suspension in 2% FC3-PBS. Cells were
analyzed for mCherry and green fluorescent protein (GFP) expression on
aBD LSRII flow cytometer (BD Biosciences, San Jose, CA). Cells were first
gated on the basis of forward scatter and side scatter, and a minimum of
10,000 gated cells were analyzed per sample. GFP was excited with a blue
488-nm laser, and emission was detected using 505LP and 525/50-nm
filters. The mCherry reporter protein was excited with a 561-nm laser, and
emission was detected using 595LP and 610/20-nm filters. No fluorescent
compensation was necessary with this particular combination of fluoro-
phores, lasers, and filters (data not shown). Control experiments were
performed by transfection of mCherry or GFP into HEK293T cells and
analysis of transfected cells (either kept separately or mixed together) by
flow cytometry. Flow cytometry data were examined with FlowJo (v.7.6.1)
software (Ashland, OR). Infectivity was determined by determining the
percentage of mCherry-positive (mCherry*)/GFP-positive (GFP™) cells.
The mutation frequency was calculated by dividing the number of cells in
single-positive populations (mCherry ™ only and GFP™ only) by the total
number of infected cells. Infectivity and mutation frequency data were
calculated relative to those for the nontreated vehicle-control cells.

Proviral DNA sequencing analysis. PCR amplification was per-
formed on total genomic DNA isolated from infected target cells treated
with ribonucleoside analogs using a ZymoBead genomic DNA kit (Zymo
Research, Irvine, CA). Reactions were performed using Tagq from PCR
Platinum Supermix at a 20-l total volume. Total genomic template DNA
(1 to 5 pl) was used in each reaction mixture. Oligonucleotides were
designed to amplify the 5’ region of the reverse transcriptase-coding se-
quence within the pol gene. The positive-strand primer NL4-3_2550 (i.e.,
5'-CCCATT AGT CCT ATT GAG AC-3") and the negative-strand primer
NL4-3_3648 (i.e.,, 5'-GTT TCA CAT CAT TAG TGT GGG-3') were used
to amplify the 1.1-kb amplicons. Amplicons were resolved on a 0.8% TAE
(Tris-acetate-EDTA) DNA gel, purified using a Promega Wizard SV gel
and PCR cleanup kit (Madison, WI), and cloned into the pPGEM-T Easy
vector (Promega, Madison, WI) for DNA sequencing analysis. DNA se-
quences were aligned and compared to the HIV-1 subtype B NL4-3 se-
quence using the Seqman program of the Lasergene software package
(DNASTAR, Madison, WI).

Cellular toxicity analysis. HEK293T and U373-MAGI x4 cells
were plated at a density of 7,500 cells per well in a 96-well flat-bottom
plate. After 24 h, to allow attachment and growth, the cells were incubated
with each ribonucleoside analog for 24 h. Cells were then washed and
incubated with CellTiter-Glo solution (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions.

Indirect competition assay. An indirect competition assay was con-
ducted as described above for the assessment of the antiviral activity of
ribonucleoside analogs with minor protocol modifications. In particular,
the natural ribonucleoside corresponding to the ribonucleoside analog
was added simultaneously during treatment of cells.

Time-of-addition assay. A time-of-addition assay was conducted as
described above for the assessment of the antiviral activity of ribonucleo-
side analogs, except that each ribonucleoside analog was added at sequen-
tial times postinfection. The intervals ranged from 0.5 to 24 h after infec-
tion in parallel (i.e., time zero). The effective concentration that inhibited
between 75% (EC,5) and 90% (EC,,) of viral growth for each ribonucle-
oside analog was used in order to observe a reversal of nearly complete
inhibition of viral replication.

qPCR of late RT products. U373-MAGI -y g, cells were plated into a
12-well plate at a density of 60,000 cells per well. Twenty-four hours after
the cells were plated, the EC;, of each ribonucleoside analog was added to
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FIG 1 Single-cycle HIV-1 vector assay to determine the antiviral potency and mutation frequency of ribonucleoside analogs. The HIV-1 vector pNL4-3 MIG
containing the dual-reporter mCherry and GFP cassette was cotransfected with the VSV-G envelope to produce pseudotyped vector virus. The titer in the cell-free
viral supernatant was determined, and the supernatant was used to infect permissive U373-MAGIx g, target cells. Cells were collected and analyzed for fluorescent
marker gene expression by flow cytometry to determine relative infectivity and the mutation frequency. Experimental drugs could be used to treat either the target cells
(top right) or the virus-producing cells (bottom right) in order to investigate the antiretroviral targets in the early or late phase of HIV-1 replication.

the medium for 2 h prior to infection with the HIV-1 vector. AZT treat-
ment was done using the EC,. The cell culture supernatants containing
vector virus were treated with DNase I (2.5 U/ml) for 2 h at 37°C. As a
control to detect possible plasmid DNA carryover, an aliquot of DNase
I-treated vector virus was heat inactivated for 30 min at 95°C. At 18 h
postinfection, cells were harvested and 10% of them were replated for viral
infectivity analysis after 48 h, while the remaining 90% were collected for
downstream lysis and quantitative PCR (qQPCR) analysis. As an additional
precaution to remove plasmid DNA, cells were washed six times with 1 ml
PBS. Total cellular DNA was purified using a ZymoBead genomic DNA kit
and eluted into 35 pl. QPCR mixtures contained 1 pl of purified cellular
DNA as the template, along with 500 nM forward and reverse primers, in
20-p.l-total-volume reaction mixtures. Power SYBR green PCR master
mix (Applied Biosystems) was used to provide the dNTPs, polymerase
(AmpliTaq Gold DNA polymerase), fluorescent readout (SYBR green I
dye), and buffer components. Primers for the 18S rRNA reference gene
were used to normalize sample-to-sample variation. The primers for 18S
rRNA were forward primer 5'-GTA ACC CGT TGA ACC CCATT-3" and
reverse primer 5'-CCA TCC AAT CGG TAG TAG GG-3'. The primers for
the 143-bp late reverse transcription product were forward primer 5'-
TGT GTG CCC GTC TGT TGT GT-3' and reverse primer 5'-GAG TCC
TGC GTC GAG AGA TC-3'". A 10-fold-serial-dilution standard curve of a
known quantity of plasmid HIV-1 DNA was used to quantitate late re-
verse transcription products, while a similar standard curve for 185 rRNA
quantity was performed using pCR-18S plasmid DNA. Cycling conditions
were 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30's,
and 72°C for 30 s. The amplification efficiencies of each reaction were
interpreted only if they were within a 10% range of 100%. Gene expression
was analyzed using the AAC, threshold cycle (C;) method using Bio-Rad
software.

Statistical analyses. All statistical analyses and graphical representa-
tions were done using GraphPad Prism (v.5.0) software (GraphPad Soft-
ware, La Jolla, CA). The concentration-response curves were determined
by fitting the data points to a nonlinear regression. From these curves, the
EC5, and 95% confidence intervals were determined.

RESULTS

Anti-HIV-1 activity of ribonucleoside analogs in the absence of
cytotoxicity. In order to investigate the potential anti-HIV-1 ac-
tivity and ability to alter the mutation frequency of ribonucleoside
analogs, we used a recently described single-cycle assay that we
developed for the rapid analysis of HIV-1 infectivity and mutation
frequency (17). Briefly, an HIV-1 vector (pNL4-3 MIG) contain-
ing a gene cassette carrying the mCherry gene, an internal ribo-
somal entry site (IRES) from encephalomyocarditis virus, and the
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green fluorescent protein (GFP) gene was used for analysis of virus
infectivity and mutation frequency. In order to make vector virus,
pNL4-3 MIG was transiently transfected into HEK293T cells
along with a VSV-G envelope expression plasmid (Fig. 1). Vector
virus was harvested and used to infect permissive target cells
(U373-MAGI-xcrs)- For experiments in which the anti-HIV-1
activity of ribonucleoside analogs was being assessed, target cells
were pretreated for 2 h prior to infection. At 48 h postinfection,
cells were harvested and analyzed by flow cytometry to determine
infectivity in the presence and absence of a compound(s) as well as
determine the mutation frequency (Fig. 1).

The assay described in Fig. 1 was used to screen a small panel of
ribonucleoside analogs (Table 1), which included 8-azaadenosine,
formycin A, 3-deazauridine, 5-fluorocytidine, and 2’-C-methyl-
cytidine. Figure 2 shows that each of these ribonucleoside analogs
possesses potent anti-HIV-1 activity in the absence of cytotoxicity.
As indicated in Table 1, 8-azaadenosine was found to have a selec-
tivity index (SI; SI is equal to ECs/toxic concentration at which
viability is reduced by 50% [TCs,]) of 37, while the selectivity
indices of formycin A, 3-deazauridine, 5-fluorocytidine, and 2’-
C-methylcytidine were determined to be 39, >68, >40, and >8.8,
respectively. These data demonstrate that new ribonucleosides
that have potent anti-HIV-1 activity have been identified and that
the antiviral activity is associated with the early phase of HIV-1
replication. Antiviral activity was also observed when virus-pro-
ducing cells were treated with each of the 5 ribonucleoside analogs
(see Fig. S1 in the supplemental material). The activities of each
ribonucleoside analog were, in general, comparable when treating
either target cells or virus-producing cells, though the average
ECss of 3-deazauridine and 5-fluorocytidine were slightly lower
during the early phase of HIV-1 replication (i.e., reverse transcrip-
tion; Table 1), and the average EC;s of 8-azaadenosine, formycin
A, and 2'-C-methylcytidine were slightly lower when virus-pro-
ducing cells were treated (i.e., during viral RNA synthesis; see Fig.
S1 in the supplemental material).

Reverse transcription as the target of antiretroviral activity.
We next investigated the step in the viral life cycle that was the
likely target of the antiretroviral activity for the ribonucleosides
under investigation. To do this, permissive target cells were syn-
chronously infected with the pNL4-3 MIG vector virus, and at
various time intervals postinfection, each compound was added at
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TABLE 1 Structures and SIs of ribonucleoside analogs

Anti-HIV-1 Activity of Novel Ribonucleoside Analogs

Compound Structure ECso (LM) TCs (LM) SI (TC5o/ECs,)
NH,
N
V73 NN
N
8-Azaadenosine HO, 3.8 (3.4-4.0)" 130 (66-270) 37
o
OH OH
Formycin A 10 (7.2- 15.0) 390 (140-1,100) 39
3-Deazauridine 7.9 (6.6-9.5) >500 >68
)
OH OH
NH,
F\(\
| Sy
Ao
5-Fluorocytidine HO, 14 (7.9-23) >500 >40
)
OH OH
NH,
ﬁn
Ao
2'-C-Methylcytidine HO 57 (33-96) >500 >8.8
ox
OH OH

“Values in parentheses indicate the 95% confidence intervals.

its EC,5 and EC,, (Fig. 3). An increase in viral infectivity was
interpreted as being indicative of a phase during viral replication
that the virus was no longer susceptible to inhibition. The nucle-
oside RT inhibitor control lamivudine (3TC) blocked replication,
as predicted, during reverse transcription (at ~2.5 h postinfec-
tion; Fig. 3). Both 3-deazauridine and 5-fluorocytidine were ob-
served (Fig. 3A) to lose antiretroviral efficacy at about 3.5 h
postinfection, which is indicative of the antiviral target being the
reverse transcription phase of the viral life cycle. Analysis of 2'-C-
methylcytidine, 8-azaadenosine, and formycin A showed that they
possess anti-HIV-1 activity that was lost in a time frame (2 to 4 h;
Fig. 3) which is indicative of activity against a particular antiviral
target, including reverse transcription and perhaps a step after
reverse transcription (e.g., viral RNA synthesis). Importantly, ad-
dition of ribonucleosides at 24 h postinfection (i.e., after the com-
pletion of viral replication in the single-cycle assay) had no effect
on either viral replication or cellular toxicities.

January 2014 Volume 88 Number 1

Lack of correlation between infectivity loss and reduced
amounts of reverse transcription products in the presence of
3-deazauridine. To determine whether the loss of viral infectiv-
ity correlates with a reduction in the amounts of reverse tran-
scription products, reverse transcription product formation
was analyzed by qPCR analysis. Targets cells were pretreated
with each ribonucleoside and infected with the pNL4-3 MIG
vector virus. At 18 h postinfection (i.e., after the completion of
reverse transcription), 90% of the infected cells were harvested
and analyzed by qPCR for relative the amount of late (U5-gag)
viral DNA product formation. The remaining 10% of the in-
fected cells were kept in culture until 72 h postinfection for
analysis of marker gene expression by flow cytometry. Relative
to the no-drug control, the AZT control revealed that the
amount of viral DNA formation generally correlated with (and
did not exceed) the relative amount of cells expressing marker
genes (scored as infected cells) (Fig. 4). These data are predic-
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FIG 2 Anti-HIV-1 activity of ribonucleoside analogs. Permissive target cells were pretreated with increasing concentrations of each ribonucleoside analog under
investigation and then infected with equivalent amounts of the HIV-1 vector. At 48 h postinfection, cells were analyzed by flow cytometry to determine the
percentage of infected cells, displayed relative to the amount of the vehicle control on a log-linear plot. Cell viability was determined by measuring the abundance
of ATP after a 24-h exposure to each ribonucleoside analog. The ECss and the TC,,s were determined using a nonlinear regression equation for best fit.

tive of a chain-terminating reverse transcriptase inhibitor. The
5-azacytiine control had a profile that is expected of a viral muta-
gen or possibly a delayed chain terminator, in that the relative
amount of viral DNA formation did not correlate with or exceed
the relative amount of cells expressing marker genes (scored as
infected cells). To help exclude the possibility of carryover of plas-

a contributor to the signals detected in the qPCR assay. The ribo-
nucleosides under study (i.e., 8-azaadenosine, formycin A, 5-fluo-
rocytidine, and 2'-C-methylcytidine) had profiles in which a loss
of infectivity correlated with decreased RT product formation.
This observation was consistent with the conclusion that they pos-
sess the ability to act as chain terminators of HIV-1 reverse tran-

scription. However, the present data are not able to directly dis-

mid DNA being detected in the qPCR assay, a heat-inactivated
tinguish between antiretroviral activity based upon chain

virus control was included to exclude the possibility that this was
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FIG 3 Time-of-addition assay defines reverse transcription to be the antiretroviral target of ribonucleoside analogs. Permissive target cells were synchronously
infected with the HIV-1 vector (time zero). At sequential time intervals postinfection, each ribonucleoside analog was added at the EC,5 and EC,, to monitor the
increase in viral infectivity, which is indicative of a phase during viral replication that is no longer susceptible to inhibition. The nucleoside reverse transcriptase
inhibitor 3TC, which is a chain terminator of reverse transcription, was used as a control (it blocked replication at ~2.5 h postinfection). HIV-1 vector replication
was blocked at ~3.5 h for 3-deazauridine and between 2 and 4 h for 2'-C-methylcytidine, 8-azaadenosine, and formycin A. The data shown are representative of
those from three independent experiments.
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FIG 4 Loss of infectivity does not correlate with decreased viral DNA product
formation when virus is exposed to 3-deazauridine. Targets cells were pre-
treated with each ribonucleoside analog at its EC5, (AZT was used at the EC,5)
and infected with the HIV-1 vector. At 18 h postinfection (i.e., after the com-
pletion of reverse transcription), cells were harvested and 90% of the total was
used for qPCR analysis of the relative amount of late (U5-gag) viral DNA
product formation. The remaining 10% of the cells were cultured until 72 h
postinfection and then analyzed for marker gene expression by flow cytom-
etry. The percentage of cells infected and the amount of viral DNA normalized
to the amount of the cellular 18S rRNA gene were set relative to those for the
no-drug viral controls. H.I. Virus, heat-inactivated virus. Data shown are from
4 independent experiments. *, P < 0.05.

termination and an alternative form of inhibition of viral DNA
synthesis.

Natural ribonucleosides antagonize the anti-HIV-1 activity
of ribonucleoside analogs. In order to further investigate the abil-
ity of ribonucleoside analogs to perturb reverse transcription, we
pretreated target cells with a ribonucleoside analog alone or in
combination with the corresponding natural ribonucleoside (e.g.,
8-azaadenosine alone or 8-azaadenosine along with adenosine)
prior to infection with pNL4-3 MIG vector virus. At 48 h postin-
fection, cells were collected and analyzed by flow cytometry. Fig-
ure 5 shows the results from cells treated with the natural purine
adenosine and either 8-azaadenosine or formycin A in combina-
tion (Fig. 5A) or cells treated with the natural pyrimidine cytidine
and either 5-fluorocytidine, 3-deazauridine, or 2'-C-methylcy-
tidine in combination (Fig. 5B). As a control for antagonism by a
natural nucleoside, AZT (a dideoxynucleoside chain terminator)
was observed to be antagonized by the natural deoxynucleoside
thymidine. Taken together, these results indicate that, in general,
the antiviral activity of the ribonucleoside analogs was antago-
nized by competition with the parental natural ribonucleosides.
This observation provides a further indication that ribonucleoside
analogs can have an impact on HIV-1 infectivity and implies that
ribonucleoside pools can also impact HIV-1 infectivity.

Increased HIV-1 mutational load and altered mutation spec-
tra due to 3-deazauridine. To investigate whether the loss of
HIV-1 infectivity could be associated with the incorporation of
ribonucleoside analogs that result in noncanonical base pairing
and subsequent mutation, the ability of the ribonucleoside ana-
logs to alter the mutation frequency and/or mutation spectrum
was analyzed. Target cells were pretreated at the EC,5 of each
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ribonucleoside analog, and at 48 h postinfection, the cells were
harvested and the total genomic DNA was purified. The 5’ region
of the reverse transcriptase-coding sequence in the HIV-1 vector
pol gene (amino acids 1 to 366) was PCR amplified and cloned for
DNA sequencing analysis. Figure 6 shows a summary of the DNA
sequencing results for experiments where cells were treated with
each ribonucleoside analog, as well as a no-drug control and a viral
mutagen control (i.e., 5-AZC). Compared to the no-drug control,
3-deazauridine led to a significant increase in mutation frequency
(chi-square analysis, P = 0.0314), as did the 5-AZC control mu-
tagen (chi-square analysis, P = 0.0012). The other ribonucleoside
analogs (i.e., 8-azaadenosine, 5-fluorocytidine, formycin A, and
2'-C-methylcytidine) did not lead to a significant change in mu-
tation frequency. Analysis of the mutation spectra confirmed the
significant appearance of G-to-C mutations associated with the
treatment of target cells with 5-AZC. The mutation spectra ob-
served following 3-deazauridine treatment revealed the appear-
ance of other mutation types (i.e., Ato T, Tto A, T to G, and C to
G) that were not observed with the no-drug control (i.e., Gto A, A
to G, Cto T, and T to C), but their frequencies were low and did
not predominate over the mutation types observed in the absence
of drug. The mutation spectra observed for the other ribonucleo-
side analogs were not significantly different from those observed
with the no-drug control.

DISCUSSION

We report here the discovery of ribonucleoside analogs that have
antiretroviral activity against HIV-1. Given the importance of
HIV-1reverse transcriptase as an antiviral target, against the back-
drop of continued concerns of antiviral drug resistance and off-
target effects during the long-term management of HIV-1 infec-
tion, the identification of novel targets directed at HIV-1 RT is a
rational means for keeping one step ahead of the rapid ability of
HIV-1 to mutate and evolve. Recent observations indicate that
ribonucleoside analogs represent a novel approach toward anti-
retroviral therapy. Our findings of several new ribonucleoside an-
alogs (i.e., 8-azaadenosine, formycin A, 3-deazauridine, 5-fluoro-
cytidine, and 2'-C-methylcytidine) with potent anti-HIV-1
activity in the absence of cell cytotoxicity help provide a basis for
subsequent studies focused on the antiviral mechanism of action
as well as the discovery of analogs for clinical translation.

All of the ribonucleoside analogs analyzed in this study pos-
sessed activity with a correlation between reduced infectivity and
effects on HIV-1 reverse transcription. The selectivity indices
(ranging from >68 for 3-deazauridine to >8.8 for 2’-C-methyl-
cytidine) provide a clear indication that potent antiretroviral ac-
tivity was observed among this panel of ribonucleoside analogs.
These effects included the rebound of viral replication in time-of-
addition experiments at time points beyond that of the time frame
during which reverse transcription occurs, diminution of viral
DNA synthesis due to drug treatment, antagonism from parental
ribonucleosides, and in one instance (i.e., 3-azauridine) the eleva-
tion in virus mutation frequency. The ability of these ribonucleo-
side analogs to affect HIV-1 infectivity by their incorporation into
viral RNA through RNA polymerase II was not as potent as that
observed when permissive target cells were treated (Fig. 2; see Fig.
S1 in the supplemental material). The kinetics observed in the
time-of-addition experiments for 8-azaadenosine, formycin A,
and 2'-C-methylcytidine may be a reflection of the combined an-
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FIG 5 The antiviral activity of ribonucleoside analogs is antagonized by competition with natural ribonucleosides. Target cells were pretreated either with a
ribonucleoside analog alone or together with its corresponding natural ribonucleoside prior to infection with the HIV-1 vector. At 48 h postinfection, cells were
harvested and analyzed by flow cytometry. (A) Results for cells treated with either 8-azaadenosine or formycin A alone or with 8-azaadenosine or formycin A in
combination with adenosine and cells treated with AZT alone or with AZT in combination with thymidine; (B) results for cells treated with 5-flurocytidine,
3-deazauridine, or 2'-C-methylcytidine alone or with 5-flurocytidine, 3-deazauridine, or 2’-C-methylcytidine in combination with cytidine. Data shown are

from 3 independent experiments.

tiretroviral activity at both the reverse transcription and viral RNA
transcription steps of the HIV-1 life cycle.

There are no previous reports of antiviral activity associated
with 8-azaadenosine. Formycin A derivatives have previously
been noted to possess antiretroviral activity, though no detailed
studies have been conducted (18, 19). Our study, to the best of our
knowledge, is the first to demonstrate the antiretroviral activity of
formycin A. Many previous studies identified the activity of
3-deazauridine against riboviruses (20-26) and retroviruses (23,
27). Interestingly, 3-deazauridine was previously observed to po-
tentiate the anti-HIV-1 activity of 3TC and dideoxycytosine (28).
The observed drug potentiation by 3-deazauridine, a CTP syn-
thase inhibitor, was associated with a decrease of dCTP pool levels.
The antiviral activity of 5-fluorocytidine against RNA and DNA
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viruses has been previously reported (29), as has the anti-HIV-1
activity of the reduced form of 5-fluorocytidine, 2'-deoxy-5-fluo-
rocytidine (30), and that of the derivative 2',3’-dideoxy-beta-1-5-
fluorocytidine (30). Previous reports have demonstrated the anti-
viral activity of 2'-C-methylcytidine as a delayed chain terminator
against RNA viruses, such as hepatitis C virus (HCV) and foot-
and-mouth disease virus (FMDV) (31-33). Our observations of
anti-HIV-1 activity associated with 2'-C-methylcytidine are the
first to be reported.

Since 5-AZC is a ribonucleoside analog, it was originally
thought that its antiviral activity would primarily be attributed to
its incorporation into viral RNA and a subsequent increase in
HIV-1 mutation frequency. In support of this, several previous
studies have shown that 5-AZC can be incorporated into RNA
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(34-37). One study further demonstrated that 5-AZC is a weak
competitive inhibitor, having a 20-fold lower affinity for RNA
polymerase II than CTP (38). However, our previous work dem-
onstrated that the most potent antiviral activity of 5-AZC is asso-
ciated with its effect on the early phase of HIV-1 replication (i.e.,
reverse transcription), yet we were unable to distinguish which
form of 5-AZC was ultimately used as a substrate for RT the
triphosphorylated ribonucleoside or the 2’-OH-reduced 5-aza-
2'-dCTP analogue (decitabine). In either event, while 5-AZC in-
creased the HIV-1 mutation frequency in both the late and early
phases of HIV-1 replication, it had the greatest effect on the early
phase of replication (15). These data provide one line of evidence
that 5-AZC exerts its antiviral activity on both phases of replica-
tion through an increase in mutation frequency. Although 5-AZC
led to a modest increase in mutation frequency, similar increases
in mutation rates have been shown to be sufficient to lethally
mutagenize other RNA viruses (39—43). Lethal mutagenesis mod-
eling studies suggest that small increases in viral mutation rates
should lead to a disproportionately larger decrease in viral infec-
tivity (44, 45).

Ribonucleoside analogs with mutagenic potential have also
been explored for their antiviral activity against riboviruses (46—
48). Ribonucleoside analogs have been used to block retroviral
replication, but the mechanism of action is not clear. Atleast three
models could explain the mechanism by which ribonucleoside
analogs inhibit retrovirus replication. First, ribonucleoside ana-
logs could be incorporated into HIV-1 RNA during transcription
of the genome-length RNA (42, 49). Alternatively, the ribonucle-
oside analog could be incorporated into viral DNA by RT follow-
ing its reduction to the 2'-deoxynucleotide form. A third possibil-
ity is a combination of the previous two antiviral mechanisms,
which would account for incorporation into both DNA and RNA.
Finally, emerging evidence suggests that ribonucleotides can be
directly incorporated into HIV-1 DNA during reverse transcrip-
tion (13, 14). This work uncovers a possible mechanism in cells
with skewed NTP/dNTP ratios, such as macrophages, suggesting
that RT is able to scavenge ribonucleotides when available deoxy-
ribonucleotides are rate limiting. To date, a detailed understand-
ing of how ribonucleosides, including those ribonucleosides with
mutagenic potential, manifest an antiretroviral effect is not well
established. Our observation of the anti-HIV-1 activity of
2'-C-methylcy-
tidine provides one line of support for the direct incorporation of
the ribonucleoside analog, as the 2'-C-methyl group likely pre-
vents reduction to the deoxyribonucleoside form. Incorporation
of a ribonucleoside analog not only could reduce viral DNA syn-
thesis but also could increase the viral mutation rate (12).

Further studies to investigate the selection of resistance to an-
tiviral ribonucleoside analogs are warranted by these studies.
Given the evolutionary association between DNA and RNA poly-
merases, as well as the findings of previously published studies of
single amino acid residues in RT influencing dNTP versus NTP
incorporation, it is plausible that HIV-1 RT drug resistance mu-
tations could have an impact on the discrimination between
dNTPs and NTPs, which could further enhance the antiviral ac-
tivity of a nucleoside analog.

A practical implication for antiretroviral studies of nucleoside
analogues is that the synthesis of deoxyribonucleoside analogues
is usually more complicated, expensive, and time-intensive than
that of ribonucleoside analogues. Therefore, discovery of ribonu-
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cleoside analogues with anti-HIV-1 activities has practical advan-
tages. In addition, commercially available ribonucleosides are
commonly less expensive than the corresponding deoxyribo-
nucleosides. Itis also important to note that the base sugar bond of
ribonucleoside analogs is typically more stable than that of deoxy-
ribonucleoside analogs, which would enhance and accelerate the
discovery of new nucleoside analogs with anti-HIV-1 activity.

In conclusion, we have discovered ribonucleoside analogs that
have activity against HIV-1. HIV-1 RT is a major target of antiret-
roviral drugs, and concerns regarding drug resistance and off-
target effects have led to continued efforts to identify novel ap-
proaches to targeting HIV-1 RT. Several previous observations,
including those involving macrophages, have argued that ribo-
nucleotides and their analogs can affect reverse transcription. Pre-
vious work with 5-AZC has emphasized the utility of ribonucleo-
side analogs as mutagens that have their greatest antiviral potency
during reverse transcription by enhancement of G-to-C transver-
sion mutations. Our observation of ribonucleosides that possess
anti-HIV-1 activity by either premature chain termination or in-
creased HIV-1 mutational loads provides the basis for further de-
tailed analyses of both the antiviral mechanism of action and the
potential for clinical translation.
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