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Background: Lethal mutagenesis is an antiviral strategy.
Results: Nucleoside analogue mutagenicity is correlated to base pair stability and the ability to function as a template during
reverse transcription.
Conclusion: Two simple biophysical/biochemical assays predict mutagenicity of nucleoside analogues.
Significance: Mutagenicity of anti-HIV-1 compounds can be reliably predicted in vitro without labor-intensive and costly in cellula
tests.

Because of their high mutation rates, RNA viruses and retro-
viruses replicate close to the threshold of viability. Their exis-
tence as quasi-species has pioneered the concept of “lethal
mutagenesis” that prompted us to synthesize pyrimidine nucle-
oside analogues with antiviral activity in cell culture consistent
with an accumulation of deleterious mutations in the HIV-1
genome. However, testing all potentially mutagenic compounds
in cell-based assays is tedious and costly. Here, we describe two
simple in vitro biophysical/biochemical assays that allow pre-
diction of the mutagenic potential of deoxyribonucleoside
analogues. The first assay compares the thermal stabilities of
matched and mismatched base pairs in DNA duplexes contain-
ing or not the nucleoside analogues as follows. A promising can-
didate should display a small destabilization of the matched
base pair compared with the natural nucleoside and the smallest
gap possible between the stabilities of the matched and mis-
matched base pairs. From this assay, we predicted that two of
our compounds, 5-hydroxymethyl-2�-deoxyuridine and 5-hydroxy-
methyl-2�-deoxycytidine, should be mutagenic. The second in
vitro reverse transcription assay assesses DNA synthesis oppo-
site nucleoside analogues inserted into a template strand and
subsequent extension of the newly synthesized base pairs. Once
again, only 5-hydroxymethyl-2�-deoxyuridine and 5-hydroxy-
methyl-2�-deoxycytidine are predicted to be efficient mutagens.
The predictive potential of our fast and easy first line screens
was confirmed by detailed analysis of the mutation spectrum
induced by the compounds in cell culture because only com-
pounds 5-hydroxymethyl-2�-deoxyuridine and 5-hydroxymeth-
yl-2�-deoxycytidine were found to increase the mutation fre-
quency by 3.1- and 3.4-fold, respectively.

Three decades after the discovery of the human immunode-
ficiency virus type 1 (HIV-1) as the causative agent of the
acquired immunodeficiency syndrome (AIDS) (1, 2), extensive
research on the viral replication mechanisms and their inhibi-
tion has provided a panel of 24 currently distinct chemical enti-
ties approved by the Food and Drug Administration (aidsinfo.
nih.gov). Reverse transcription of the single-stranded HIV-1
RNA genome into double-stranded DNA is a key step of the
viral replication cycle. This process is carried out by the viral
reverse transcriptase (RT), bearing RNA- and DNA-dependent
DNA polymerase activities as well as RNase H activity (3). The
first anti-HIV compound was an RT inhibitor (4), and RT still
remains, to date, a major therapeutic target, with 19 Food and
Drug Administration-approved single and combination drugs
(5, 6).

HIV-1 is an actively replicating virus, and RT is a highly
error-prone enzyme. Combined with a lack of proofreading
activity of RT (7) and the absence of DNA repair mechanisms
within RNA/DNA hybrids (8), it results in mutation rates as
high as 5–10 mutations per replication cycle (9 –16) As a con-
sequence, antiviral therapies rapidly lead to the emergence of
viral populations that are resistant to all the drugs used in highly
active antiretroviral therapies. The inevitable emergence and
transmission of resistance thus drive the need for the constant
search for new drug targets and/or new inhibitors against exist-
ing targets, possibly acting through new molecular mecha-
nisms, active against resistant viruses, or displaying different
resistance patterns.

As a direct consequence of their high mutation propensity,
HIV-1 and other viruses that replicate through RNA-depen-
dent RNA polymerases or RT co-exist within an infected indi-
vidual as “quasi-species,” a viral population of related genomes
of different, albeit similar, sequences (17–19). For these viruses,
part of the mutant viral population is nonviable, a handicap that
is overcome, in the particular case of retroviruses, by a high
replication rate (1010 viruses produced per day (20, 21)) and a
high rate of genetic recombination (22, 23), which allow the
selection of the fittest viruses. The existence of quasi-species is
thus based on an equilibrium between mutations and their
selection for survival. For most of the viruses with an RNA
genome, the quasi-species theory predicts that a small increase
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in the number of genomic mutations might push the viral pop-
ulation beyond a threshold that results in a sudden loss of via-
bility (24). The lethal accumulation of mutations was named
“error catastrophe” in virology (25, 26) and has lead to the con-
cept of “lethal mutagenesis” (26 –28) that aims at the ultimate
extinction of all viable viral sequences.

Enhanced mutagenesis as an antiviral strategy was first dem-
onstrated on vesicular stomatitis virus and poliovirus (29). The
same concept was applied to several other RNA viruses such as
foot-and-mouth disease virus (FMDV)6 (30 –32), Hantaan virus
(33, 34), or hepatitis C virus (35, 36). Notably, the ribonucleo-
side analogue ribavirin has been used to treat hepatitis C infec-
tion since 1998 (37, 38) before its mode of action, by lethal
mutagenesis (35, 39, 40), was even elucidated.

The lethal mutagenesis concept was also tested on retrovi-
ruses such as spleen necrosis virus (41) and HIV (27, 42). In the
latter case, Loeb et al. (27) used the deoxynucleoside analogue
5-hydroxy-2�-deoxycytidine (5-OH-dC), incorporated by HIV-1
RT opposite guanosines in the vRNA template strand. The sub-
sequent incorporation of deoxyadenosine during (�)-strand
DNA synthesis resulted in a 2-fold increase in the mutation rate
of the HIV-1 genome due to an increase of G to A substitutions
and had a strong effect on viral lethality (27). The compound
5,6-dihydro-5-aza-2�-deoxycytidine (KP1212) also efficiently
inhibited HIV replication in cell culture (43), and its pro-drug
form, KP1461, underwent phase II clinical trials with Koronis
Pharmaceuticals. This trial revealed no toxicity nor safety
issues, but although the analogue induced mutations, there was
no impact on viral replication (44). A recent study revealed that
the mutagenic properties of KP1212 were linked to its ability to
adopt multiple tautomeric forms that pair with purine bases (A
and G) (45). Finally, even though azidothymidine or 5-OH-dC
alone failed to completely extinguish HIV-1 viruses that repli-
cated efficiently, the combination of the two drugs was proven
to eradicate HIV-1 in cell culture (46).

Even though it has been challenging to get promising muta-
genic compounds into the clinic, the validity of lethal mutagen-
esis as an antiviral strategy was reinforced in the past few years
with the understanding of the cellular defense mechanisms
against viruses, especially in the case of HIV-1. The host-en-
coded apolipoprotein B mRNA-editing complex (APOBEC)
family of cytidine deaminases, and more precisely the APOBEC3
family, acts against viruses by hypermutagenesis of single-
stranded viral DNA. In the case of HIV-1, APOBEC3G/3F lead
to G to A hypermutation of the (�)-strand DNA (47–50). The
lethal mutagenesis induced by APOBEC3G/3F is so powerful
that retroviruses have developed a viral infectivity factor specif-
ically to prevent expression and induce degradation of these
restriction factors (51–53). Interestingly, APOBEC3G/3F
induce lethal mutagenesis very rapidly, within a single round of
replication (54, 55), which has brought back the hope that it
should be possible to mimic, in therapy, what cellular evolution
has reached (56, 57).

Based on that idea, we have synthesized several pyrimidine
nucleoside analogues that are modified exclusively on position
5 of the base moiety by carbamoyl, carbamoylmethyl, hydroxyl
or hydroxymethyl groups to remain potential substrates for
HIV-1 RT after their conversion into triphosphates, to base pair
with at least two natural nucleosides, and ultimately to increase
the error rate in the proviral DNA (58). Accordingly, O’Neil et
al. (12) established that the contribution of RT in HIV-1
mutagenesis is about 2-fold higher than the contribution of
host cell polymerases. As a control, we have also prepared one
analogue modified on position 3 (Watson-Crick position) of the
base moiety by a carbamoylmethyl group. Interestingly, some
of these compounds displayed antiviral activity in cell culture,
and two of them displayed antiviral activity in cell culture in a
way that was consistent with an accumulation of deleterious
mutations in the HIV-1 genome (58).

Nucleoside analogues added to cell culture assays or admin-
istered to patients must undergo several steps before exerting
their inhibitory effects. 1) They have to be phosphorylated at a
significant level by the cellular enzymes. 2) The tri-phosphory-
lated nucleoside analogues have to be incorporated efficiently
by RT into the (�)-strand DNA. 3) The incorporated nucleo-
side analogues have to be extended during (�)-strand DNA
synthesis. 4) During (�)-strand DNA synthesis, nucleoside
analogues incorporated into the (�)-strand DNA have to base
pair with matched (no mutagenesis) or mismatched (mutagen-
esis) natural nucleotides. 5) Duplexes have to be extended. 6)
Alternatively, nucleotide analogues can be incorporated and
extended during (�)-strand DNA synthesis to form mutagenic
mismatched base pairing. 7) Incorporated mutagenic nucleo-
tides have to escape DNA repair. If all these steps are com-
pleted, mutated RNA genomes, leading to nonviable proteins,
can be produced through cellular RNA transcription after pro-
virus integration.

Here, we describe two simple in vitro assays, one based on
measuring the stability of mismatched base pairs and the other
assessing the efficiency of steps 4 and 5 described above. The
predictive potential of our screens was confirmed by detailed
analysis of the mutation spectrum in HIV-1 genomes induced
by the compounds in cellula.

EXPERIMENTAL PROCEDURES

Melting Temperatures—Undecamer DNA oligodeoxyribo-
nucleotides (oligonucleotides) with the sequence 5�-CGACTX-
GATC (X standing for compound 1, 2, 4, or 5, Fig. 1) were
prepared on solid phase and purified as described previously
(59). The oligonucleotides with X � compound 3 or 6 were
purchased from Eurogentec (Liège, Belgium) (Table 1). The
corresponding unmodified 11-mer control oligonucleotides, as
well as the complementary strand, were purchased from
Thermo Electron (Courtaboeuf, France). Pairs of complemen-
tary oligonucleotides were dissolved at a final concentration of
10 �M in a solution of sodium citrate (0.1 M) and NaCl (1 M) at
pH 7 in the presence of 0.25 �M SYBR Green I (Stratagene) and
0.5 �M ROX (Invitrogen). Melting curves were determined by
measuring the fluorescence emission at 516 nm (excitation
wavelength, 492 nm) on a Stratagene MX-4000 quantitative
PCR apparatus. Duplexes were hybridized by heating from 25

6 The abbreviations used are: FMDV, foot-and-mouth disease virus; 5-OH-dC,
5-hydroxy-2�-deoxycytidine; pol, polymerase; p0, passage 0; p8, passage 8;
MP, monophosphate; TP, triphosphate.
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to 95 °C at 2 °C/s, cooling to 4 °C at 0.1 °C/s, heating to 70 °C at
0.2 °C/s, and finally cooling to 15 °C at 0.2 °C/s. For melting
temperature determination by acquisition of the fluorescence
emission, temperature of the solution was increased from 15 to
91 °C at a 0.6 °C/s rate; no difference was observed when heat-
ing was performed at 0.2 °C/min. The melting temperature was
defined as the maximum of the first derivative of the fluores-
cence intensity versus temperature. For each sample, Tm was
measured twice, and the results are the average of at least three
independent experiments. Results are expressed as mean �
S.D.

Plus-strand DNA Synthesis—31-Mer DNA oligonucleotides
containing the modified 2�-deoxynucleotide analogues 1, 2, 4,
or 5 at position 20 from their 5� end were synthesized on solid
phase and purified as described previously (59); those contain-
ing compounds 3 and 6 were purchased from Eurogentec
(Liège, Belgium). The complementary unmodified 19-mer
primer (Thermo Electron, Courtaboeuf, France) was labeled at
its 5� end with [�-32P]ATP using phage T4 polynucleotide
kinase and purified on 8% denaturing polyacrylamide gels.
Primer extension assays were performed using the p66/p51 RT
bearing the E478Q mutation that abolishes RNase H activity
(60), which was expressed and purified according to a method
adapted from Ref. 61.

Primer-template complexes were formed by incubating the
primer with a 3-fold excess of modified 31-mer oligonucleotide
template in water for 2 min at 90 °C, cooling on ice for 2 min,
and incubating for 20 min at 50 °C in 100 mM NaCl. Primer-
template complexes at a final concentration of 10 nM were pre-
incubated with 30 nM RT (buffer composition: 62.5 mM Tris-
HCl, pH 8.3, at 37 °C, 50 mM KCl, 6 mM MgCl2, 1,5 mM

dithioerythritol, 3.25% glycerol, 2% polyethylene glycol 6000,
25 mM potassium acetate) at 37 °C for 4 min. Reactions were
initiated by the addition of 20 �M of one of the four dNTPs with
or without 20 �M ddGTP and stopped at various times with an
equal volume of buffer containing formamide. Reaction prod-
ucts were denatured for 2 min at 90 °C prior to separation on a
15% polyacrylamide denaturing gel and quantified using a Fuji
FLA-5100 analyzer and the ImageGauge software. Data are the
average values of two experiments.

Sequencing of the HIV-1 pol Gene after Treatment with Muta-
genic Nucleosides—Serial HIV-1 passage experiments in the
presence of compounds 1-6 or in the presence of DMSO (as
control) were described previously (58). After the first incuba-
tion with the nucleoside analogues (passage 0) and at the end of
the procedure (passage 8), total cellular DNA was extracted and
purified using the DNeasy tissue kit (Qiagen). Viral DNA of the
samples treated with compounds 1-3 and 6 and the DMSO
control were amplified using Pfu DNA polymerase using pol
forward primer, 5�-ATTAAAGCCAGGAATGGATGGCCC-
AAAAG-3� and pol reverse primer, 5�-ATCTCCCTGTTTTC-
TGCCAGTTCTAGCTCTG-3�, amplifying a sequence of 835
nucleotides (from nucleotides 2611 to 3445) in the polymerase
gene of the HIV-1 genome. Amplification consisted of 30 cycles
of the following steps (94 °C, 5 min/94 °C, 1 min/63 °C, and 1
min/72 °C, 1 min). The amplified DNAs (four independent
PCRs performed on each DNA sample) were ligated into the
PCR II-TOPO TA cloning vector (Invitrogen) and sequenced

using the adjacent M13 primers. For each PCR, 16 individual
clones were selected for sequencing using the Sanger technique
(GATC Biotech, Germany).

RESULTS

Compared with classical antiviral nucleoside analogues act-
ing as chain terminators, the biological evaluation of potential
mutagenic nucleoside analogues is particularly labor-intensive,
as it requires analysis of the effects of the drug candidates over
successive viral passages and detailed analysis of the mutations
induced by these compounds (35, 62, 63). Therefore, simple
biophysical/biochemical tests providing information about the
mutagenic potential of nucleoside analogues would be very use-
ful for reducing the number of compounds that will undergo
biological evaluation. Among a series of eight nucleoside ana-
logues, we previously showed that two of them, hm5-dU (com-
pound 3) and hm5-dC (compound 6) (Fig. 1), were able to pro-
gressively inhibit HIV-1 replication, most likely by causing
lethal mutagenesis (58). Here, we compared six of these com-
pounds, including the two mutagenic nucleosides, using ther-
mal denaturation of short DNA duplexes and extension of a
primer annealed to a modified template. In addition, we deter-
mined the mutation rate and spectrum of the HIV-1 genome
upon treatment with compounds 1-3 and 6 in cell culture and
compared them with the in vitro data.

Thermal Stability of DNA Duplexes Containing Nucleoside
Analogues—Mutagenic nucleotide analogues must be able to
form at least two fairly stable base pairs with natural nucleo-
tides, and in the absence of proofreading activity, as is the case
for HIV-1 RT, the frequency of misincorporation is expected to
be correlated, as was the case for repair enzymes (64), to the
stability of mismatched base pairs (65, 66). To estimate the sta-
bility of these base pairs, we evaluated the thermal stability of a
series of short DNA duplexes in which each nucleotide ana-
logue was base paired with the four natural nucleotides. The
stability of DNA duplexes containing pairs of matched or mis-
matched natural nucleotides at the same position was used as a
reference.

For this study, the influence of the base modifications on the
duplex thermal stability was evaluated on 11-mer oligonucleo-

FIGURE 1. Structure of the nucleoside analogues evaluated in this study.
dR stands for deoxyribose. Compound 1, 5-carbamoyl-2�-deoxyuridine also
named 5-carbamoyl-dU; compound 2, 5-carbamoylmethyl-2�-deoxyuridine
or ncm5-dU; compound 3, 5-hydroxymethyl-2�-deoxyuridine or hm5-dU;
compound 4, 3-carbamoylmethyl-2�-deoxyuridine or ncm3-dU; compound 5,
5-carbamoylmethyl-2�-deoxycytidine also named ncm5-dC; and compound
6, 5-hydroxymethyl-2�-deoxycytidine or hm5-dC.
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tides, as they allowed us to obtain reliable Tm values in the range
of 40 –70 °C. Their sequences were chosen to avoid self-anneal-
ing and formation of intra-molecular hairpin structures (Table
1). In all cases, the modification was introduced at the central
position of the oligonucleotides (Table 1, entries 1– 6), and the
natural oligonucleotides (Table 1, entries 7–10) were used as
reference. The complementary (Compl.) strands (Table 1,
entries 11–14) with one of the natural bases at the central posi-
tion were used to form all the possible matched and mis-
matched duplexes for each of the modified or natural bases.
Because establishing the classical UV melting curves of DNA
duplexes is time-consuming, we determined the melting tem-
perature by following the fluorescence emission decrease of the
SYBR Green I intercalant as temperature increased on a quan-
titative PCR apparatus. This approach allowed us to determine
up to 96 melting curves simultaneously. The Tm values for the
16 possible combinations of dX/Compl. dY hybrids containing
unmodified nucleosides are presented in Table 2 (boldface val-
ues). We found that dT/dY mismatches destabilized DNA
duplexes by 8.5–12.2 °C (compare �Tm between the mis-
matched dT/dY and the matched dT/dA pairs (Table 3, dT
entry)), and that, as expected from the literature (65), the
dT/dG mismatch was the most stable. For dC/dY mismatches,

we observed more pronounced destabilization compared with
dT/dY mismatches, with Tm values decreased by 16.4 –18.4 °C.
These results are in agreement with the literature as we found
that the dC/dT mismatch was the most stable (Table 3, dC
entry). In addition, the base pairs follow the expected order as
follows: dC/dG �� dA/dT �� dT/dG � dT/dT � dG/dG �
dA/dG � dA/dA � dT/dC � dA/dC � dC/dC (65). Because the
“dX-11-mer” and “Compl. dY-11-mer” oligonucleotides were
designed to be fully complementary, except at the central posi-
tion (depending on the X and Y bases), the Tm of the duplexes
should reflect the dX/dY pairing or mispairing abilities. Indeed,
the Tm of the dX/Compl. dY duplexes were not significantly
different from those of the dY/Compl. dX duplexes (p � 0.05),
except for the dA/dC (p � 0.01) and dT/dC duplexes (p � 0.05),
indicating that the neighboring bases effect is negligible and
that the variation observed in Tm values is mainly due to the
modifications in the central position (Table 2, boldface values).

Nucleoside analogues that would decrease the Tm difference
(�Tm, Table 3, values in black) between matched and mis-
matched base pairs for at least two natural nucleosides should
increase the probability of mismatch formation during reverse
transcription. Based on this criterion, 5-carbamoyl-dU (com-
pound 1) should be a very poor mutagenic compound as the
�Tm between the duplex with a central matched base pair and
the ones with a central mismatched base pair were almost the
same as for dT, e.g. ��Tm (Table 3, values in red) were close to
0. Compound 4 (ncm3-dU), modified on its Watson-Crick side,
is expected to have poor base pairing abilities, and thus it acts as
our negative control compound. Accordingly, compound 4
formed base pairs of similar low stability with all unmodified
dYs (Tables 2 and 3); �Tm (matched/mismatched) values were
small, and ��Tm values were large and negative (Table 3).
Thus, if this nucleoside analogue was to be introduced into
DNA during (�)-strand DNA synthesis, the efficiencies of
incorporation of the four unmodified dY opposite compound 4
during (�)-strand DNA synthesis would be expected to be sim-
ilar. However, all these base pairs, including the compound
4/dA base pair, were very unstable (Table 2); thus, addition of
any dY in front of ncm3-dU is expected to be very inefficient. In
addition, as the compound 4/dA base pair was considerably less
stable than the dT/dA base pair (Tables 2 and green values of
�Tm (matched natural/matched modified) in Table 3), it is
expected that the ncm3-dU-TP (compound 4) analogue would
not be incorporated during (�)-strand DNA synthesis, because
of the competition with dTTP.

Thus, the two criteria to consider for putative mutagen
nucleoside analogues are as follows: (i) a large decrease in the
gap between the stability of the matched and mismatched base
pairs (large negative ��Tm, in red in Table 3) representative of
the possibility to form one or more mismatched base pair, and
(ii) a small destabilization of the matched base pair involving
the nucleoside analogue, as compared with the natural matched
base pair (in green in Table 3) for more favorable competition of
the modified nucleoside analogue triphosphates with the natu-
ral ones. According to these criteria, compound 3 (hm5-dU)
appears as the most promising dT analogue as it combines a
fairly large ��Tm for all three 3/dY mismatches with a moder-
ate destabilization of the matched duplexes (Table 3). In con-

TABLE 1
Oligodeoxyribonucleotides used for thermal stability measurements
The names and sequences of the oligonucleotides with modified or natural bases in
the central position are listed. The numbers in the middle of the sequence refer
to the modified nucleotides shown in Fig. 1.

TABLE 2
Melting temperatures of matched and mismatched dX/Compl. dY
undecamer duplexes
Melting temperatures were measured by fluorescence. Tm was obtained for the
matched and mismatched (dX/Compl. dY) duplexes, where X is one of the six
modified nucleoside analogues, and Y one of the four natural nucleoside. In boldface
type are Tm values obtained for the matched and mismatched natural (dX/Compl.
dY) duplexes. Tm (°C) values are the means of three independent experiments � S.D.

Compl. dA Compl. dT Compl. dC Compl. dG

dT 66.4 � 1.7 56.8 � 1.3 54.2 � 1.4 57.9 � 1
5-Carbamoyl-dU (1) 63.7 � 1 54.5 � 1 52.2 � 1 55.2 � 1
ncm5-dU (2) 59.6 � 1.6 52.4 � 1 46.2 � 1 55.7 � 1.2
hm5-dU (3) 62.3 � 0.8 55.6 � 1.2 53.7 � 0.4 57.8 � 0.4
ncm3-dU (4) 50.2 � 0.5 48.6 � 1 48.2 � 1 49 � 1
dC 50.9 � 1.2 52.9 � 1.1 52.5 � 1.3 69.3 � 1.6
ncm5-dC (5) 47 � 1 46.6 � 1.3 41 � 1.3 62 � 1.6
hm5-dC (6) 53.9 � 0 53.6 � 0.4 50.2 � 0.4 66.3 � 0.6
dA 54.4 � 0.7 65.8 � 0.7 53 � 0.6 56.2 � 0.5
dG 55.1 � 1.1 58.1 � 1.1 68.7 � 1.5 56.3 � 0.6
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trast, the ncm5-dU (compound 2) displayed a large negative
value for only one mismatch (compound 2/dG) and induced a
more pronounced destabilization of the matched duplexes
(Table 3). Concerning the dC analogues, compound 6 (hm5-
dC) appeared clearly superior to compound 5 (Table 3). Indeed,
in this assay, hm5-dC (compound 6) has the most promising
properties of all nucleotide analogues we tested, as it has very
large (negative) ��Tm values for two mismatches, and the
hm5-dC/dG is only 3 °C less stable than the natural base pair
(Table 3).

Note that, except for our negative control ncm3-dU (com-
pound 4), the matched base pairs formed by the modified
nucleotides analogues are more stable than the mismatched
pairs of unmodified nucleotides (Table 2). Thus, provided they
are efficiently converted into their triphosphate form, they
should be incorporated fairly efficiently during (�)-strand
DNA synthesis by forming a matched base pair and introduce
mutations during (�)-strand DNA strand synthesis (if their
��Tm is large and negative). However, mismatches involving
nucleotide analogues are usually less stable than those formed
by unmodified nucleotides (with the noticeable exception of
compound 6/dA and compound 6/dT mismatches); thus the
mutational potential of nucleotide analogues is expected to be
lower during (�)-DNA strand synthesis than during (�)-DNA
strand synthesis. To summarize, measurements of the thermal
stability of matched and mismatched base pairs in DNA
duplexes allow ranking of the mutagenic potential of our com-
pounds: compound 4 (no stable base pairings, nonmuta-
genic) 	 1 
 2 (only one stable base pairing, nonmutagenic) 		
5 (multiple base pairings with medium thermal stabilities,

poorly mutagenic) 		 3 
 6 (multiple base pairings with good
thermal stabilities, mutagenic).

DNA Synthesis Opposite Nucleoside Analogues Inserted into
the Template Strand—To estimate more directly the mutagenic
potential of the nucleoside analogues, we introduced the mod-
ified nucleosides 1-6 into 31-mer DNA templates and followed
the extension of a 19-mer DNA primer by HIV-1 RT in vitro
(Fig. 2A). This assay mimics synthesis of the (�)-strand DNA
during HIV-1 reverse transcription. Two steps of primer elon-
gation were assessed as follows: we investigated the ability of
HIV-1 RT to incorporate matched and mismatched natural
dNTPs opposite the modified nucleosides (i.e. at position n � 1,
Fig. 2) and also checked whether RT was able to further extend
(to position n � 2 or beyond, Fig. 3) the paired or mispaired
duplexes involving a modified nucleoside. To these aims, unex-
tended and extended primers were separated by PAGE (Fig. 2,
B–G), and the intensities of the bands at each position were
quantified as a function of the time.

To evaluate the ability of HIV-1 RT to incorporate each of the
four natural dNTPs opposite each modified nucleoside, we
monitored the disappearance of the 19-mer primer over a
30-min period (Fig. 2, B–G). The 5-carbamoyl-dU (compound
1) and ncm3-dU (compound 4) allowed incorporation of either
only the matched natural dNTP in the case of compound 1 (Fig.
2B) or none of the four dNTPs in the case of compound 4 (Fig.
2E), as expected for our negative control nucleoside modified
on its Watson-Crick side. This suggests that the latter modifi-
cations will not favor mutagenesis. The carbamoylmethyl mod-
ification at position 5 of pyrimidine bases, when introduced on
dC (compound 5), allowed RT to incorporate dGTP and to a

TABLE 3
Differences in Tm between different types of duplexes
In each row, the differences in Tm (�Tm) between the duplex with a central “matched” base pair (see Table 2, 1st column for dU analogues and 4th column for dC analogues)
and duplexes with a central “mismatched” base pair (Table 2, 2nd, 3rd, and 4th columns for dU analogues and 1st, 2nd, and 3rd columns for dC analogues) are indicated in
black. Differences of Tm between the control matched duplexes (Table 2, 1st column/1st row for dU analogues and/or 4th column/6th row for dC analogues) and the
matched duplexes with a central nucleoside analogue (Table 2, 1st column (dU analogues) or and 4th column (dC analogues) values in normal type) are indicated in green.
In each column, differences in �Tm (��Tm) between the duplexes containing a central nucleoside analogue and the control duplexes in this table, 1st row for dU analogues
and 6th row for dC analogues), containing only natural unmodified nucleotides, are indicated in red when negative and in blue when positive.
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5’-AAATCTCTAGCXGTGGCGCCCGAACAGGGAC-3’
3’-            CACCGCGGGCTTGTCCCTG-5’
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lesser extent the mismatched dATP and dTTP (Fig. 2F),
whereas only dATP and dGTP were efficiently and moderately,
respectively, incorporated opposite ncm5-dU (2) (Fig. 2C).
Finally, our results clearly indicated that 5-hydoxymethyl at
position 5 was more conducive that carbamoylmethyl in induc-
ing mispairing. Indeed, HIV-1 RT was able to efficiently incor-
porate three different natural dNTPs opposite the bases modi-
fied with the 5-hydroxymethyl group, the matched dATP and
mismatched dCTP or dGTP opposite compound 3 (Fig. 2D)
and the matched dGTP and mismatched dATP or dTTP oppo-
site compound 6 (Fig. 2G), suggesting that these two analogues
could induce extensive mutagenesis during HIV-1 replication.

Next, we investigated the ability of HIV-1 RT to extend the
matched or mismatched base pairs formed between a natural
dNTP (incorporated at position �1) and the modified nucleo-
side inserted into the template. To this end, experiments were
performed under the conditions described above except that,
together with one of the natural dNTPs, we also added ddGTP
expected to be incorporated, as a chain terminator, at position

n � 2 (Fig. 2A). Unextended primer and primers extended by
one, two, or more nucleotides in some cases were quantified
after 10 min of reverse transcription (Figs. 2 and 3).

Unsurprisingly, because n � 1 products were formed at very
low yields, we were not able to detect n � 2 products with the
ncm3-dU (compound 4) negative control nucleoside present in
the template (Figs. 2E and 3). In the case of the uridine ana-
logues 1 and 2, extension of the matched base pairs is clearly
detectable. Extension also occurs when both modified dU form
an initial mismatched base pair with dGMP (Figs. 2, B and C,
and 3).

For compounds 3, 5, and 6 that permitted matched and mis-
matched primers extensions with more than one natural dNTP
(Fig. 2, D, F, and G), our results clearly indicate that the
hydroxymethyl modification on dU (compound 3) or dC (com-
pound 6) allows extension of matched but also mismatched
base pairs up to position n � 2 (Figs. 2, D and G, and 3) in the
presence of dGTP and ddGTP, whereas the carbamoylmethyl
modification on dC (compound 5) only sustains extension of

FIGURE 2. Primer extension when modified nucleosides are inserted in the template. A, sequences of the template-primer duplexes used in this study. X
corresponds to the modified nucleoside (1– 6) inserted in the template. B–G, extension of the 19-mer primer with one of the four natural dNTPs, in the presence
or absence of ddGTP (the next incoming nucleotide), and quantification of the disappearance of unextended primers as a function of time. Fractions of the
reverse transcription reaction mixture were collected at 0, 0.5, 1, 5, 10, 20, and 30 min. The first nucleotide (n � 1) is incorporated opposite the modified
nucleoside inserted in the template, and the resulting extended primer is marked by *. When two consecutive nucleotides are incorporated, the extended
primer is indicated with **, and the primer extended by three nucleotides is indicated with ***. Unextended primer is marked by �. Quantification of the
disappearance of unextended primers was performed in the presence of only one of the four dNTPs. Values are means of two independent experiments.
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FIGURE 3. Primer extension products with templates bearing the modified nucleosides. Extensions were performed with one dNTP alone (dATP, dTTP,
dCTP, or dGTP) or with one dNTP associated with the next incoming nucleotide in its dideoxy form (dATP � ddGTP, dTTP � ddGTP, dCTP � ddGTP, or dGTP �
ddGTP), for 10 min. For each compound, “n � 1” (in blue) corresponds to the percentage of primer extended by one nucleoside triphosphate; “n � 2” (in orange)
corresponds to the percentage of primer extended by two nucleotides, the first nucleoside triphosphate facing the modified nucleoside; “n � 3” (in pink) is the
percentage of primer extended by three nucleotides, the first one facing the modified nucleoside. Incorporation of ddGTP only at position n � 1 is represented
by the blue bar on the right-hand side of each histogram.

Evaluation of Mutagenic Nucleoside Analogues

JANUARY 2, 2015 • VOLUME 290 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 377



the matched n � 1 base pairing (Figs. 2F and 3). Notably, for
hm5-dC (compound 6) it was even possible to detect the n � 3
mismatched elongation product with dATP and to a lesser
extent with dTTP and dGTP (Figs. 2G and 3), even though the
template sequence dictates the incorporation of dCTP (Fig.
2A). These results suggest that our compounds allow mispair-
ing with natural incoming nucleotide triphosphates during the
elongation process but also extension of the latter mispaired
duplexes. Interestingly, extension of the matched or mis-
matched duplexes containing the modified base can also be
matched or mismatched, thus increasing even further the pos-
sibilities of accumulating mutations. In the case of compound 5
(ncm5-dC), even though RT was able to incorporate two suc-
cessive matched dGTP (n � 1 and n � 2), DNA synthesis was
blocked after incorporation of mismatched dATP or dTTP
opposite the nucleoside analogue, indicating that this analogue
may represent a new class of chain terminators. As a result,
dNTP incorporation opposite our modified compounds sug-
gests the following ranking for mutagenicity: 4 (no dNTP incor-
porated, nonmutagenic) 	 1 (only one dNTP incorporated,
nonmutagenic) 	 2 (matched dNTP is incorporated and only
one mismatched dNTP is poorly incorporated, poorly muta-
genic), 	 5 (three dNTPs are incorporated fairly efficiently but
only the matched base pair is extended, poorly mutagenic) 		
3 
 6 (three dNTPs are well incorporated and further extended,
mutagenic).

Mutation Frequency and Spectrum after Serial Passages of
HIV-1 in Cell Culture—Our previous study has shown that
serial passages of HIV-1 in the presence of compounds 1-3 and
6 resulted in a progressive loss of viral replication, which was
almost complete after eight passages with compounds 2, 3, and
6, and very significant with compound 1 (58). When viruses
passaged seven times in the presence of nucleoside analogues
were collected and subsequently cultured in the absence of
inhibitor, viruses passaged in the presence of compounds 3 and
6 did not replicate, as expected for lethal mutagenesis (58). By
contrast, viruses passaged in the presence of compounds 1 and
2 replicated efficiently once the inhibitors were removed, sug-
gesting that these nucleoside analogues do not induce lethal
mutagenesis but weakly inhibit HIV-1 replication by a different
mechanism. To validate these conclusions and to elucidate the
mechanism by which compounds 3 and 6 induce mutagenesis,
we recovered the total cellular DNA after the first passage of

HIV-1 in cell culture in the presence of the nucleoside ana-
logues 1–3 and 6 or DMSO as a control (passage 0, p0) and at
the end of the procedure (passage 8, p8). On each sample, four
independent PCRs were performed to amplify an 870-nucleo-
tide fragment of the HIV-1 pol gene. The PCR products were
cloned, and 16 clones from each PCR were sequenced to ana-
lyze the pattern of mutations introduced by the nucleoside ana-
logues. Sequencing data revealed no significant difference
among the mutation frequency and spectrum coming from the
four PCRs performed on the same DNA sample. The sequences
coming from the four PCRs on each DNA sample were thus
pooled together for further analysis (Table 4). In addition, we
did not find two sequences with identical mutation sets, indi-
cating that our data reflect the mutation diversity present in the
viral DNA samples (data not shown).

As expected, in the absence of nucleoside analogues, similar
mutation rates were observed at p0 and p8, and transitions
(especially G3A and C3T) were more frequent than trans-
versions (Table 4). The global mutation rates of the viruses
treated with compounds 1 and 2 are similar to the control, and
no alteration of the mutation spectra was observed with these
nucleoside analogues. By contrast, the overall mutation rate of
viruses replicated in the presence of compound 3 was increased
by 2.6- and 3.1-fold at p0 and p8, respectively, compared with
the control viruses treated with DMSO alone (Table 4). Strangely
enough, the HIV-1 mutation rate was not affected by compound 6
at p0, but it increased by 3.4-fold at p8. Despite the fact that a
relatively large number of nucleotides were sequenced (619,562
for the whole study), the limited number of clones sequenced (64/
compound/passage) does not allow detection of statistically signif-
icant hot spots of mutations when viruses were treated with com-
pounds 3 or 6. However, with the latter compounds, we noticed
that the number of mutated positions decreased between p0 and
p8, which likely reflects the elimination of viruses bearing delete-
rious mutation(s).

These two compounds also affected the mutation spectrum
in different manners (Table 4). Virus treated with compound 3
displayed significant increases of A3G and G3C mutations
both at p0 and p8. The 5–10-fold increase of A3G mutations
might result from Watson-Crick base pairing of compound
3-TP with A during (�)-strand DNA synthesis, followed by
incorporation of dGMP in front of compound 3-MP during
(�)-strand DNA synthesis (Fig. 4). The 5–7-fold increase in

TABLE 4
Substitution rates after 0 and 8 HIV-1 passages in cell culture in the presence of compounds 1–3 and 6
DMSO was used as a control, because the nucleotide stock solutions were prepared in DMSO. For compounds 3 and 6, substitution rate values that are more than twice the
control value are indicated in boldface.

Compound Passage
Global substitution

rate (�105)

Individual substitution rates/nucleotide (�105)

A3 T3 C3 G3

T C G A C G A T G A T C

DMSO 0 93 0 0 32 18 45 0 0 211 0 142 0 10
8 91 0 5 27 0 65 0 0 94 0 219 0 10

1 0 85 0 0 5 9 17 9 0 175 0 222 0 0
8 81 0 0 0 7 49 0 10 171 0 180 8 0

2 0 71 2 2 18 0 35 0 5 163 0 127 0 0
8 31 0 0 0 0 87 0 0 0 0 49 0 0

3 0 242 5 0 149 0 48 0 13 275 0 517 0 52
8 284 0 0 283 61 183 0 87 346 0 126 14 70

6 0 81 16 0 37 0 9 0 13 173 0 133 0 0
8 313 0 0 0 0 15 0 0 212 0 779 554 0
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G3C mutations requires two non-Watson-Crick base pairing:
incorporation of compound 3-MP in front of G-MP during
(�)-strand DNA synthesis, followed by incorporation of
dC-MP in front of compound 3-MP during (�)-strand DNA
synthesis (Fig. 4). Two types of mutations were only increased
at p8. On the one hand, the 3-fold increase of T3C mutations
might result from base pairing of compound 3-TP with U-MP
in the RNA template, followed by base pairing of dC-TP in front
of compound 3-MP during (�)-strand DNA synthesis (Fig. 4).
On the other hand, C3A mutations might be the consequence
of base pairing of compound 3-TP with dC-MP during (�)-
strand DNA synthesis, followed by Watson-Crick base pairing
during (�)-strand DNA synthesis (Fig. 4). Finally, and surpris-
ingly, an excess of G3A mutations was observed at p0 but not
at p8. They might result from base pairing of compound 3-MP
with G during (�)-strand DNA synthesis (Fig. 4). Only the fol-
lowing two types of mutation were increased in HIV-1 treated
with compound 6 and only at p8 (Table 4): G3A and G3T.
Both types of mutation types involve classical Watson-Crick of
compound 6-TP with G during (�)-strand DNA synthesis, fol-
lowed by mispairing of 6-MP with either dA-TP or dT-TP dur-
ing (�)-strand DNA, respectively (Fig. 4).

DISCUSSION

Because HIV-1 systematically develops resistance to escape
antiviral strategies, there is a constant urge to expand the ther-
apeutic options. We investigated the use of nucleoside ana-
logues that act through unconventional mechanisms, and we
have previously reported the synthesis and antiviral activity of a
series of pyrimidine nucleoside analogues modified at position
5 of the aglycone moiety but unmodified on the sugar part (58).
Testing the potential mutagenic activity of nucleoside ana-
logues in cell-based assays is labor-intensive and costly. We
therefore implemented here two simple in vitro assays to serve
as first screens to predict the mutagenic potential of nucleotides
analogues before the lead compounds are taken into cell culture
and in vivo assays.

Mutagenic compounds must form reasonably stable base
pairs with at least two natural nucleotides, the matched one and
one or several mismatched ones. We postulated that their fre-

quency of incorporation by HIV-1 RT must therefore correlate
with the thermal stability of the matched and mismatched
duplexes that contain the analogue. The combination of a rela-
tively small destabilization of the matched duplex involving the
nucleoside analogue compared with the one containing the nat-
ural dNTP (Table 2) and a gap as small as possible between the
thermal stabilities of the mismatched duplexes containing a
nucleoside analogue and the corresponding control duplexes
containing the natural nucleoside (Table 3, (��Tm)) led to the
prediction that compounds 3 and 6 should be the most effective
mutagens.

These predictions were challenged in in vitro incorporation
assays, using HIV-1 RT, of matched or mismatched natural
dNTP opposite the modified analogues, inserted beforehand in
a template strand, as well as extension assays of the newly
formed matched or mismatched duplexes. Consistently with
the thermal stability measurements, we found that dATP,
dCTP, and dGTP as well as dGTP, dATP, and dCTP were read-
ily incorporated opposite compounds 3 and 6, respectively (Fig.
2, D and G). Compound 1, which displayed favorable properties
in terms of the stability of the matched duplex, but unfavorable
properties when the ��Tm values were considered, behaves in
the in vitro polymerization assay according to the predictions,
only matched dATP was found to be incorporated (Fig. 2B).
The same was true for compound 2 (Fig. 2C), where melting
temperatures predicted that only (compound 2)/dA formed a
stable base pair (Table 2). As expected from the low thermal
stabilities of all the duplexes involving the negative control
compound 4, no dNTP incorporation was observed opposite
this modified analogue. Conversely, the mispairing abilities
observed in vitro for ncm5-dC (compound 5, Fig. 2F) in the
presence of dATP and dTTP were not recalled from the hybrid-
ization study. This discrepancy might be explained by the for-
mation of a twisted structure where the nucleotide opposite the
modification induces a distortion in the oligomer. As a result,
dATP or dTTP can be incorporated at position n � 1, but the
incorporation of the next incoming nucleotide is impaired, rais-
ing the possibility that this compound might act as a mis-
matched-induced chain terminator. A similar effect, although
less pronounced, could be occurring with compounds 1 and 2,
for which the efficiency of mismatch extension is poor. Inter-
estingly, Dapp et al. (67) recently reported ribonucleoside ana-
logues that increase HIV-1 mutational loads. Among their
compounds, some, like our compound 5 and to a lesser extend
compounds 1 and 2, induce premature termination of viral
DNA synthesis. Accordingly, the lower thermal stabilities
observed for duplexes containing compound 5 could be due to
the fact that the base pair flanking the ncm5-dC/dA pair cannot
form or is distorted.

To demonstrate the predictive potential of the above-de-
scribed in vitro assays, we analyzed the mutation spectrum
induced by compounds 1–3 and 6 at p0, the first viral superna-
tant after infection, and after eight serial passages of HIV-1 in
cell culture at p8. In the literature, this type of analysis has been
performed after 11 (62) and 16 passages (27). However, analysis
at p0 is probably the only step that provides a good approxima-
tion of the frequency of mutations during one round of viral
replication, before the less fit viruses are eliminated in the fol-
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FIGURE 4. Possible mutagenic pathways. Proposed base pairings coherent
with the nucleoside substitutions observed after 0 and 8 passages of HIV-1 in
cell culture, in the presence of the mutagenic compounds 1–3 and 6. The 1st
column corresponds to the sequence of the RNA substrate. The 2nd column
corresponds to possible base pairings of the nucleoside triphosphate ana-
logues with the RNA template during (�)-strand DNA synthesis. The 3rd col-
umn corresponds with possible base pairings of natural dNTPs with the nucle-
oside analogue monophosphate, during (�)-strand DNA synthesis. Black and
gray arrows correspond to Watson-Crick and non-Watson-Crick base pairings,
respectively.
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lowing passages. Compounds 1 and 2 did not, as predicted
(Tables 2 and 3; Figs. 2 and 3), alter the mutation spectrum as
compared with the control (Table 4). Compounds 3 and 6 were,
as predicted, the best mutagens. In the case of compound 3, the
mutation rates are high and almost similar at p0 and p8, sug-
gesting that viruses treated with this nucleoside analogue
acquired the highest level of bearable mutations very quickly
compared with those treated with compound 6. Notably,
among all the observed base pairings, only the “hm5-dU (3)-T”
one was not predictable from the in vitro assays (Tables 2 and 3;
Figs. 2 and 3). Hence, we conclude that the prediction potential
of the in vitro assays was supported by the detailed analysis of
the mutation spectra induced by the lead compounds. The in
vitro assays thus constitute relevant first screens for potential
mutagenic compounds. The study also further demonstrates
that molecules that bear modifications on position 5 of the base
moiety and inhibit HIV-1 replication (58) are promising muta-
genic nucleoside analogues. From a mechanistic point of view,
we have demonstrated that they allow mismatch formation
and, importantly, that the extension of these mismatches, to
form again either matched or mismatched base pairs, further
extends their mutagenic potential.

The global increase of the mutation rate in our study
(between 2.6- and 3.4-fold) is comparable with the ones mea-
sured previously with viruses treated with KP1212 (62) or
5-OH-dC (27). In the case of KP1212, a general increase of
1.44-fold in the mutation rate was linked with mainly A3G
and G3A transitions, even though T3C transversions were
also observed (62). In the case of 5-OH-dC, after 16 passages,
there was a 5.6-fold increase in G3A substitutions (27). In our
case, we observe a mixture of transition and transversion muta-
tions, which are fully compatible with the measured thermal
stabilities of the matched and mismatched duplexes involving
the analogues (Table 4).

Notably, 5-hydroxymethylcytosine (hm5-C), the heterocy-
clic base of our compound 6, is increasingly being recognized as
the sixth base in mammalian DNA (68, 69), present at high
frequency in CpG dinucleotides. Oxidative damage could lead
to the oxidation of 5-methylcytosine (5mC) to hm5-C (70), but
the conversion also occurs via the Ten-Eleven-Translocation
(TET) proteins (71). The formation of hm5-C leads to the de-
methylation of DNA, thus modulating the 5mC-dependent
gene regulation. The hm5-C could thus be an intermediate in a
possible active DNA demethylation pathway involving a DNA
repair mechanism. Recently, the DNA methyltransferases
DNMT3A and DNMT3B were proven to function bi-direction-
ally, both as DNA methyltransferases and as dehydroxymeth-
ylases (72). These recent developments raise of course the ques-
tion of a potential repair of the proviral genome treated with
compound 6 as a mutagen, but this repair could only take place
in the nucleus, after the nucleoside analogue has exerted its
mutagenic effects.

The usage of lethal mutagenesis as a new intervention strat-
egy (73) faces several challenges. First, lethal mutagenesis
requires the usage of compounds that display no, or at least
limited, toxicity to the cell. This undeniably precludes the use of
chemical mutagens. The mutagen KP1212 has a proven record
of low genotoxicity and mitochondrial toxicity (62), and

5-OH-dC was also shown to inhibit viral replication at concen-
trations that displayed minimal toxicity to the human cells (27).
In the future, knowledge of the three-dimensional structures of
viral and cellular polymerases and that of ternary primer-tem-
plate-dNTP complexes will increase our understanding of the
basis of nucleotide selection. This might enable the rational
design of nucleoside analogues that specifically target viral
enzymes. Second, emergence of drug resistance is a fundamen-
tal issue. Interestingly, viral strains resistant to classical RT
inhibitors might be sensitive to mutagens, as documented for
KP1212 (62). The emergence of drug-resistant viruses has been
documented in the case of hepatitis C virus treatment with the
mutagenic ribonucleoside ribavirin, where resistance has
occurred, either in cell culture (74) or in patients (75). Resis-
tance were also detected during FMDV treatment with muta-
genic nucleosides in combination with conventional drugs (76).
By analogy with ribavirin treatment (74), resistance mutations
against our mutagenic nucleoside analogues should decrease
the viral genome variability and thus disfavor the accumulation
of resistance mutations against other anti-HIV-1 drugs, sug-
gesting that our compounds, and more generally mutagenic
nucleosides, should be useful in combination therapy. Finally, if
resistance was to occur, it is also likely to be delayed rather than
immediate, with a delayed selection of growth advantage com-
pared with other inhibitors. In the case of the known nucleoside
reverse transcriptase inhibitors and non-nucleoside reverse tran-
scriptase inhibitors, resistance mutations result in improved rep-
lication capacities of the virus in the presence of the drug. In the
case of mutagenic nucleoside analogues, the mutations introduced
remain from one passage to the other and take a while to be
cleared. In our case, sequencing of the p51 RT region in the pol
gene (Table 4) did not indicate the selection of any resistance
mutations after eight passages of HIV-1 in the presence of the
mutagenic analogues, showing that resistance mutations are
probably genuinely difficult to acquire. In the case of poliovirus
(77) and human enterovirus 71 (78) treated with ribavirin, a
mutation in the finger subdomain of the polymerase conferred
high replication fidelity (77). Ribavirin-resistant mutation in
the FMDV polymerase was shown to result in impaired RNA
binding, polymerization, and ribavirin-monophosphate incor-
poration (79), through a complex network of interactions that
reach the polymerase active site. From the crystal structure of
RT involved in quaternary complexes with primer-template
and incoming nucleotide (80), no amino acid side chain enters
in close contact with position 5 of pyrimidines. As a conse-
quence, the possibilities of steric hindrance to prevent incorpo-
ration of pyrimidine analogues modified on position 5 of the
base moiety are strongly reduced, and the pathways to generate
resistance should therefore be more sophisticated and involve
several amino acids. Finally, mutagenic analogues need to com-
pete with the pool of intracellular natural dNTPs, present at
high concentrations, for incorporation by HIV-1 RT. However,
one of the advantages of the strategy lies in the cumulative
effect of mutations over multiple rounds of replication, thus
making the issue of high concentrations of mutagenic ana-
logues less crucial.

Below a basal mutation rate, complementing interactions in a
viral population dominate and are responsible for its gain of
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fitness. When the mutation rate increases, interfering interac-
tions gradually take over complementation (81– 84). Thus, a
possible outcome from a mutagenic therapy could be the effec-
tive suppression of viral load, rather than complete virus erad-
ication, which would then give the immune system the oppor-
tunity to clear the virus. To achieve that, a subtle interplay
between mutagenesis and inhibition is required with a combi-
nation of mutagens and inhibitors, administered in the right
way. In cell culture, extinction of HIV-1 was achieved by the
combination of 5-OH-dC and AZT, added at the same time
(46). However, treatment of FMDV has proven that a sequential
administration of inhibitor followed by a mutagenic agent is
more effective than the administration of both drugs at the
same time (82). Indeed, the latter protocol, allowing for muta-
gen-induced errors, most likely increases the probability of
selecting inhibitor escape mutants that will in turn increase the
viral load. Furthermore, in the case of HIV-1, but also other
viruses, inhibitor-resistant strains with lower replicative capac-
ities might be more susceptible to treatment with mutagens.
The challenges for the future are thus to design effective, non-
toxic mutagenic agents and new antiviral protocols that suc-
cessfully combine mutagens and inhibitors to achieve eradica-
tion of HIV-1.
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