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Viral lethal mutagenesis is a strategy whereby the innate immune
system or mutagenic pool nucleotides increase the error rate of
viral replication above the error catastrophe limit. Lethal muta-
genesis has been proposed as a mechanism for several antiviral
compounds, including the drug candidate 5-aza-5,6-dihydro-2′-
deoxycytidine (KP1212), which causes A-to-G and G-to-A mutations
in the HIV genome, both in tissue culture and in HIV positive patients
undergoing KP1212 monotherapy. This work explored the molecular
mechanism(s) underlying the mutagenicity of KP1212, and specifi-
cally whether tautomerism, a previously proposed hypothesis, could
explain the biological consequences of this nucleoside analog. Estab-
lishing tautomerism of nucleic acid bases under physiological condi-
tions has been challenging because of the lack of sensitive methods.
This study investigated tautomerism using an array of spectroscopic,
theoretical, and chemical biology approaches. Variable temperature
NMR and 2D infrared spectroscopic methods demonstrated that
KP1212 existed as a broad ensemble of interconverting tautomers,
among which enolic forms dominated. The mutagenic properties of
KP1212 were determined empirically by in vitro and in vivo replica-
tion of a single-stranded vector containing a single KP1212. It was
found that KP1212 paired with both A (10%) and G (90%), which is in
accord with clinical observations. Moreover, this mutation frequency
is sufficient for pushing a viral population over its error catastrophe
limit, as observed before in cell culture studies. Finally, a model is
proposed that correlates the mutagenicity of KP1212 with its tauto-
meric distribution in solution.
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Many viruses exhibit a high mutation rate when replicating
their genomes, enabling quick adaptation to both changing

cellular environments and therapeutics (1–5). Mammalian innate
immune systems have developed a mechanism to exploit this
high mutation rate against the virus; in a phenomenon termed
“lethal mutagenesis,” (6–14) the immune system employs nucleic
acid-modifying enzymes (e.g., APOBEC and ADAR) to increase
the viral mutation rate sharply, stressing the functional gene
product repertoire of the virus to the point that the viral pop-
ulation collapses (15–17). Several antiviral agents are proposed
to work at least in part by a chemical version of lethal muta-
genesis [e.g., ribavirin against hepatitis C virus (18–22), 5-hy-
droxy-2′-deoxycytidine against HIV (7), and T-705 against
influenza viruses (23)]. When a sufficient number of these mu-
tagenic nucleoside analogs is incorporated into viral genomes,
the analogs increase the viral mutation rate above the error ca-
tastrophe limit, the rate above which no viable progeny are
produced (6, 24–27). This work aimed to understand the mo-
lecular basis underlying the biological phenomenon of lethal
mutagenesis induced by mutagenic nucleotides.
The nucleoside analog 5-aza-5,6-dihydro-2′-deoxycytidine

(KP1212) (Fig. 1A) is specifically designed to induce lethal mu-

tagenesis in HIV (28–30). KP1212, the only anti-HIV drug candi-
date in clinical trials to use this mechanism, has been shown to
increase the mutation rate of HIV both in cell culture and in iso-
lates from humans undergoing monotherapy (28, 29). The muta-
genic properties of KP1212 in cell culture reveal that it is likely to
base pair promiscuously with A and G, and that the progressive
acquisition of mutations (primarily A-to-G and G-to-A transitions)
precedes population collapse (Fig. 1B) (29). These data are sup-
ported by biochemical experiments performed using purified poly-
merases that establish the ability of KP1212 to pair with either A
or G, both when the modified base enters DNA from the nucle-
otide pool and when it acts as a template base (30). Understanding
the chemical and structural basis of mutagenesis of this drug can-
didate is critical for both its future clinical progress and the de-
velopment of new therapeutic agents that work by the principle of
lethal mutagenesis.
Tautomerism of KP1212 leading to viral mutagenesis has been

proposed by us and others (29, 30) to be the basis for the clinical
activity of this drug candidate. There are, however, no direct data
to support that view. Tautomerism as the basis of mutagenesis of
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natural bases has long been proposed (31–35), and substantiated
in part by experimental evidence of minor tautomeric forms
of both canonical bases (36–38) and certain base analogs (e.g.,
5-hydroxy-2′-deoxycytidine) (39). In a search for a chemical ra-
tionale to explain the ambiguous pairing of KP1212 during rep-
lication, the present study revealed that the compound readily
adopts multiple tautomeric forms, some of which were unexpected.
Previously, spectroscopic methods (e.g., UV, Raman, NMR) have
been used to study tautomerism of nucleobases (37, 39, 40). In the
current work, we also used a battery of spectroscopic tools (1D, 2D,
and variable temperature NMR; FTIR; and 2D IR) (41) to
quantify and structurally characterize the array of tautomers
exhibited by KP1212. Tautomer interconversion equilibria decon-
voluted from NMR spectra provided data on the relative levels of
tautomers in solution. In parallel with the spectroscopic studies, the
qualitative and quantitative features of KP1212 mutagenesis were
directly determined by inserting the KP1212 base into a single-
stranded viral vector and measuring the intrinsic mutagenic prop-
erties of the base, both in vitro and in vivo. Finally, a model is
proposed that correlates the mutagenic and clinical properties of
KP1212 with its ability to exist as multiple tautomers.

Results
DNA Polymerase Extension Assays Demonstrate the Mutagenic
Properties of KP1212. Whereas the mutagenic properties of
KP1212 have been demonstrated before (29, 30), it was desirable
to determine the base-pairing preferences of the nucleoside
analog in vitro and in living cells, under conditions that would
allow direct comparison with other mutagenic base analogs and
lesions that we and others have previously studied in a site-specific
manner. Thus, using a well-established protocol (42), a DNA
template containing a single KP1212 was constructed (Fig. 2 A–C)
and used to determine the amount and type of the opposing-strand
base(s) placed by polymerases across from KP1212. In addition, the
extent to which KP1212 present in the template strand acted as
a replication block was determined.
Mutagenicity and toxicity studies were performed by using

methods established in our previous work, where a single nu-
cleoside (in this case, KP1212) was incorporated at a defined site

in the single-stranded DNA circular genome of an M13 virus
(42, 43). This viral genome was used as a template both for in
vitro polymerase extension assays and, for the in vivo assays, as
a vector that was replicated in Escherichia coli hosts. The
experimental system was specifically designed to avoid certain
DNA repair processes, because KP1212 was present in a sin-
gle-stranded genome. Most glycosylases acting in the base
excision repair pathway, as well as the enzymes of the nucle-
otide excision repair pathway, require double-stranded DNA
substrates (44).
KP1212 was found not to be a replication block in E. coli (Fig.

2D). In this experiment 3-methylcytosine (m3C), an established
toxic and mutagenic DNA lesion (43), was used as a positive
control. As expected, the data showed that m3C was very toxic to
replication in cells that lack α-ketoglutarate and iron(II) dependent
dioxygenase AlkB (an enzyme that repairs m3C) and that toxicity
was abolished in cells that expressed the repair enzyme for the
lesion (43). By comparison with m3C, KP1212 was not a replication
block, but it was mutagenic both in vitro and in vivo (Fig. 2 C and E
and SI Appendix, Tables S1 and S2). Once again, m3C was the
positive control and its mutagenicity in repair-deficient cells was
clearly evident (Fig. 2E). Consistent with previous reports, m3C
was found to mispair with both A and T (43). By contrast with the
deoxycytidine (dC) control, which only pairs with G, KP1212 was
shown to pair in vivo with both G (90%) and A (10%) (Fig. 2E).
Given that KP1212 is a cytosine analog, and therefore expected to
pair with G, the mutation frequency of KP1212 can be defined as
the frequency with which it paired with any non-G base, in this
case A. Therefore, KP1212 has an in vivo mutation frequency of
∼10%. To rule out the indirect effects that the cellular envi-
ronment might have on the mutagenicity of KP1212 (e.g., DNA
repair or metabolism), the template containing KP1212 was
also replicated in vitro, at 72 °C using PfuTurbo DNA poly-
merase. The reaction conditions (high temperature and a high-
fidelity polymerase containing a powerful “proofreading” 3′-exo-
nuclease) were specifically chosen to capture only the intrinsic
base-pairing properties of KP1212. The results of the in vitro ex-
periment indicated that G was placed opposite KP1212 90.5% of
the time, whereas A was placed opposite of KP1212 9.5% of the
time (Fig. 2C). These data were nearly identical to the results
obtained in the in vivo experiment. Taken together, the poly-
merase extension assays established that: (i) KP1212 is mutagenic
in living cells, by pairing with both A and G, and (ii) the mispairing
properties of KP1212 are intrinsic to the base.

NMR Spectroscopy Demonstrates the Existence of Multiple Tautomers
of KP1212. In an effort to understand the molecular basis of the
observed mutagenic properties of KP1212, the nucleoside analog
was studied using several spectroscopic techniques. Proton (1H)
variable-temperature (VT) NMR analysis was used to investigate
the presence of tautomeric forms of KP1212. The analysis was
performed at nine temperatures, which allowed resolution of
multiple NMR peaks consistent with proton mobility within the
KP1212 base as would occur during the process of tautomeri-
zation (Fig. 3). Fig. 4A depicts the structures of all five possible
tautomers (1 to 5) of KP1212, among which the three active
protons on the nucleobase shift among the O2, N3, N4, and N5
positions. The NMR experiments were carried out in a solution
of KP1212 in heptadeuterated dimethylformamide (DMF-d7);
the solvent was chosen because it was aprotic, afforded good
solubility of the compound, and had a low freezing point (−61 °C).
Before assigning the three active protons on the nucleobase
moiety, all nonexchangeable protons in KP1212 and the two
hydroxyl protons on the 3′ and 5′ positions were identified by
carrying out 1D (1H and 13C) and 2D [COSY, heteronuclear single
quantum coherence (HSQC), and heteronuclear multiple-bond
correlation (HMBC)] NMR experiments. The assignments of in-
dividual protons and carbons are listed in SI Appendix, Tables S3

Fig. 1. Schematic presentation of KP1212’s mutagenic effect on viruses. (A)
KP1212 exists as an array of different tautomeric forms, whereas cytosine
almost exclusively exists as one form, the canonical keto-amino tautomer. (B)
The deoxynucleotide analog of KP1212 is incorporated by viral polymerases,
causing G-to-A and A-to-G mutations during viral replication. KP1212 is
a poor substrate for human polymerases, which provides selectivity in its
action against the virus. The progressive acquisition of mutations in the viral
genome leads to viral population collapse.
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and S4 and in the NMR spectra included as SI Appendix, Figs. S1–
S5. After these assignments were made, the NMR signals of the
three active protons in the base portion of KP1212 were studied at
different temperatures (Fig. 3). At 20 °C, the exchangeable protons
on the KP1212 base (protons bound to either nitrogen or oxygen
atoms on the base) displayed three broad peaks denoted i′, ii′, and
iii′ (Fig. 3). When the temperature was decreased to −50 °C, the
three broad peaks resolved into six distinct proton resonances
(Figs. 3 and 4B), denoted as peaks i–vi, which could be assigned to
imino (designated blue in Fig. 4 A–C), amido (purple), enolic (red),
or amino (green) protons. Detailed assignments of these protons
are listed in SI Appendix, Supporting Note. Because each tautomeric
form has only a total of three exchangeable protons on the
nucleobase, the observation of six proton resonances indicated the
presence of a minimum of two tautomeric forms of KP1212. By
contrast, the normal nucleoside deoxycytidine investigated under
similar conditions displayed only one tautomeric form, the clas-
sical keto-amino tautomer (Fig. 1A) in DMF-d7 over the same
temperature interval (SI Appendix, Fig. S6).
In the NMR spectrum of KP1212 in DMF-d7 solution at

−50 °C, the chemical shifts for the imino/amido, enolic, and amino
protons could be clearly differentiated. However, the imino proton
signals corresponding to the Z and E geometric isomers of the

imino tautomers (i.e., isomer 2Z versus 2E, or isomer 5Z versus
5E), were not separated by VT-NMR under the above conditions
(Fig. 4A). Therefore, the subsequent quantification of the relative
amounts of each tautomer from NMR data treated the imino

Fig. 2. In vivo and in vitro demonstration of the promiscuous base-pairing properties of KP1212. (A) A 16mer oligonucleotide containing KP1212 (or controls)
at a specific site was chemically synthesized and ligated into the genome of an M13 bacteriophage. (B) The KP1212-containing M13 genomes were replicated
within E. coli cells. Progeny were analyzed to characterize the amount and the type of nucleic acid base placed opposite the lesion during replication. The
relative reduction in lesion vs. nonlesion competitor progeny formation was used as an estimate of the extent to which KP1212 and m3C inhibited DNA
replication. (C) The KP1212-containing M13 genomes were used as templates for in vitro polymerase extension assays, carried out at 72 °C, using the high-
fidelity DNA polymerase PfuTurbo. SD of the measurements is ∼1% (n = 3). (D) Bypass efficiency (CRAB assay) of KP1212, m3C, C in HK81 (AlkB+), and HK82
(AlkB−) E. coli cells. m3C and undamaged C were used as controls. Genomes were made and normalized to one another before being combined with
a competitor genome. Each mixture was transformed into the corresponding cell strain in triplicate, and bypass efficiency was calculated by using the un-
damaged C genome as 100% bypass, with error bars representing one SD (n = 3). (E) Mutagenesis (REAP assay) of KP1212, m3C, and C in HK82 (AlkB−) E. coli
cells. m3C, undamaged C, and an approximately equimolar mixture of genomes carrying unmodified G/A/T/C bases at the site of inquiry (denoted as GATC)
were used as controls. Genomes containing the lesions of interest were transfected into E. coli in triplicate. The percentage of G, A, T, and C incorporated
opposite the lesion site reveals the base-pairing preference of the lesions, with error bars representing one SD (n = 3).

Fig. 3. Variable temperature 1H NMR spectra of KP1212 in DMF-d7 (20 °C to
−60 °C). The peaks corresponding to the active protons on the base portion
of KP1212 are labeled as i–vi at −60 °C and i′–iii′ at 20 °C.
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geometric isomers together (i.e., 2Z and 2E together and 5Z and
5E together).
The NMR data also allowed the determination of the relative

ratios of the tautomeric species present in the DMF solution at−50 °C
(Fig. 4 B and C). Several peaks in the NMR spectrum partially
overlapped (e.g., iv and v), so the raw data were reconstructed using
Varian NMR simulation software (SI Appendix, Fig. S8). The
reconstructed peaks from the simulation were integrated, yielding
an estimate of the relative amounts of each of the proton reso-
nances in the spectrum. The deconvolution of the NMR spectrum
was done in two steps: (i) Each tautomer was analyzed for the

types of protons (imino/enolic/amido/amino) it contained on the
nucleobase; this analysis revealed which of the six NMR peaks
observed contained which of the proton signals from a given tau-
tomer. (ii) Based on the peak assignments from i, a system of linear
equations was set up using the relative amounts of tautomers as
unknown variables (Fig. 4D). The matrix form of this system is also
shown in Fig. 4D. Each NMR peak provided a linear equation
whereby the peak area should be equal to the sum of all tautomers
(as relative amounts) containing protons that contribute to that
peak. The solutions of these equations yielded the relative ratios of
the tautomeric species present in DMF at −50 °C (Fig. 4D).

Fig. 4. NMR studies demonstrate the existence of different tautomeric forms of KP1212. (A) Structures of the five possible tautomeric forms of KP1212. The
active protons (a–o) on the nucleobase portion of the molecule are designated with different colors to indicate their chemical environment (type): blue
(imino), purple (amido), red (enol), and green (amino). (B) The 1H NMR spectrum of KP1212 in DMF-d7 at −50 °C (5.5–12.0 ppm), from Fig. 3. The peaks from
the active protons on the nucleobase portion are labeled as i–vi and their corresponding areas are indicated. According to their chemical shifts, the type of the
active protons on the KP1212 nucleobase that contribute to each peak is indicated. (C) Schematic of the deconvolution process of the 1H NMR spectrum of
KP1212 at −50 °C depicting how the active proton peaks corresponding to each tautomer contribute to the overall spectrum. Each of the six peaks identified
in the NMR spectrum in B, denoted i–vi, is schematically represented as the bottom trace (in blue). To indicate each tautomer’s respective contributions to the
six peaks, schematic representations of the NMR signals of the active protons of each tautomer are shown (black traces). Each peak is labeled with a color
coded letter (a–o), which corresponds to the active protons labeled in section A. (D) Mathematical analysis of NMR spectrum using matrix algebra to calculate
relative distribution of tautomers. The elements of matrix A represent the number of active protons from each tautomer (columns) that contribute to each of
the six NMR peaks (rows). The matrix X elements are the unknown variables, which represent the relative amounts of each tautomer. Matrix B contains the
areas corresponding to each peak in the NMR spectrum at −50 °C. Linear equations were generated from the matrix equation A × X = B. Solving the system of
linear equations yielded values for the unknowns, which provided the relative distribution of individual tautomers of KP1212.
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The unique solution of the system of equations presented above
also served as a validation for the correct NMR assignment of
different tautomer resonances. An exhaustive analysis was per-
formed where other possible assignments were explored (SI Ap-
pendix, Supporting Note). However, in all other cases, the resulting
system of linear equations either had no solution or did not produce
chemically sensible results (e.g., negative amounts of a given tau-
tomer). Moreover, we also investigated whether a smaller number
of tautomers could explain the spectroscopic data. A compre-
hensive analysis showed that only when five tautomeric spe-
cies are considered, the assignment becomes possible.
It has been reported that nucleosides and nucleobases can

exist as self-dimers (45, 46) and self-oligomers (47–49) under
certain conditions. To exclude the contribution of any putative
dimers or oligomers of KP1212 that could be forming in DMF
solution at low temperatures, the NMR studies were repeated
using 1:3.2 and 1:10 dilutions of the 10 mg/mL KP1212 solution.
The NMR spectra of the diluted KP1212 solutions (SI Appendix,
Figs. S7 A and B) were very similar to the spectra of the original,
undiluted solution (Fig. 3), indicating that formation of dimers
or higher order oligomers did not occur to any significant extent
in the experiments reported.
The relative proportions of the tautomeric species of KP1212

deconvoluted from the NMR spectrum highlighted some unique
and nonobvious features of the molecule. Contrary to our ex-
pectations, the enol tautomers of KP1212 were found to be the
dominant species at −50 °C in DMF (51% for 1, 38% for 2, Fig.
4C), whereas the keto tautomers 3 to 5 collectively constituted
only 11% of the total mixture. By contrast, for normal DNA
bases (such as cytosine), the keto tautomers are the major ones,
whereas enol tautomers are very rare (31, 38, 50). Taken to-
gether, the NMR observations demonstrated the existence of
various tautomeric forms of KP1212 in solution, suggesting

a putative mechanistic basis for the observed mutagenic prop-
erties of KP1212 (Fig. 2).

IR Spectroscopy Establishes the Tautomeric Properties of KP1212 in
Aqueous Solution. Whereas NMR spectroscopy demonstrated
the presence of different tautomeric forms of KP1212, most of the
measurements were carried out at low temperature, with the nu-
cleoside dissolved in the nonaqueous solvent DMF. To probe
whether KP1212 can also form multiple tautomers under more
physiologically relevant conditions, variable temperature FTIR and
2D IR experiments were performed in D2O solutions of KP1212,
buffered with deuterated potassium phosphate (0.5 M, pH in D2O,
pD = 7.9). In the region of in-plane double bond vibrations for
aromatic heterocycles (Fig. 5A), vibrational bands from different
tautomers are expected to have distinct patterns (50). The vibra-
tional mode at 1,666 cm−1 was assigned to the carbonyl stretch
present in the KP1212 keto tautomers based on the characteristic
vibrational frequency and the broad line shape. Deoxycytidine is
known to display a similar keto-carbonyl stretch at 1,651 cm−1 (51).
However, compared with deoxycytidine at a similar concentration,
the intensity of the KP1212 carbonyl stretch was clearly reduced,
indicating a possible reduction in the population of keto tautomers
and the presence of a significant enol tautomer population.
To provide further evidence of the existence of multiple tau-

tomers, 2D IR spectra of KP1212 were recorded. The 2D IR
spectroscopy is analogous to 2D NMR: sequences of ultrafast IR
pulses are used to excite molecular vibrations, and the energy flow
from one vibration to others is then detected. The correlation of
excitation and detection frequencies allows mixtures of tautomers to
be separated through the cross-peaks that encode their intra-
molecular vibrational couplings (52, 53). The 2D IR spectrum of
KP1212 (Fig. 5B) showed intense cross-peaks among the three lower
frequency diagonal peaks. However, no cross-peaks were detected
between the C=O stretch peak and the other peaks, indicating that
the 1,666 cm−1 mode and the lower frequency modes originated
from two separate species, namely, keto and enol tautomers, re-
spectively. The variable temperature IR data were also consistent
with the 2D IR result. When the temperature was increased, the
C=O peak intensity increased, whereas some of the lower frequency
modes decreased in intensity (Fig. 5A). This result indicated that
both keto and enol tautomeric forms were present in solution, in
a thermodynamic equilibrium, and the proportion of the keto tau-
tomeric form increased at elevated temperatures. Taken together,
the IR data helped establish the presence of multiple tautomeric
forms of KP1212 in aqueous solution at physiological pH.

Discussion
Multiple tautomeric forms of canonical nucleic acid bases have long
been thought to exist and to provide a basis for spontaneous
mutations (31–38). Because minor tautomers (e.g., enol or imino)
are typically rare, obtaining direct evidence to support their exis-
tence has been a challenge to experimentalists. The present study,
by using a battery of complementary spectroscopic tools (41), has
shown that KP1212, unlike canonical nucleic acid bases, exists as an
ensemble of up to five tautomers in solution. The data further show
that KP1212 displays a strong propensity to exist in an enol form,
rather than the classical keto form characteristic of nucleic acid
bases. It is tempting to speculate that one or more members of the
structural ensemble of KP1212 isomers were responsible for the
mutagenic properties of the base. Nevertheless, the explicit re-
lationship between the minor tautomers observed by spectroscopy
and the mutagenic properties of KP1212 seen in the biological
experiments is not immediately obvious. In the next section, we
propose a model that attempts to correlate the mutagenic prop-
erties of KP1212 to its ability to adopt multiple tautomeric forms.
One of the fundamental assumptions in developing a mutagen-

esis model is that each KP1212 tautomer has a distinct base-
pairing preference. To establish these preferences, in a relatively

Fig. 5. IR studies demonstrate the existence of different tautomeric forms
of KP1212. (A) Variable temperature FTIR spectra of KP1212 in deuterated
0.5 M phosphate buffer pD = 7.9 taken at various temperatures (10 °C–80 °C).
The black arrow indicates the temperature-dependent increase of the
keto-carbonyl stretch. (B) 2D IR spectrum of KP1212 under the same solvent
condition as FTIR at 20 °C.
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simple modeling exercise, each tautomer was analyzed for its most
probable base-pairing partner on the basis of hydrogen bonding.
The primary criterion for correct base pairing was formation of the
maximum number of Watson–Crick type hydrogen bonds between
the bases. Each type of hydrogen bond was considered to confer
an equal stabilization energy. Configurations in which multiple
base pairs had equal hydrogen bond numbers were considered
equally probable. Because KP1212 is a cytosine (pyrimidine) an-
alog, and the primary mutagenic events are A to G or G to A, our
modeling exercise explored only purine-pyrimidine putative base
pairs. Several KP1212 tautomers featured a canonical Watson–
Crick face. Thus, tautomers enol-amino (1), enol-imino (2Z) and
keto-amino (4) were predicted to pair with guanine, whereas keto-
imino (5E) was predicted to pair with adenine (Fig. 6). The
remaining tautomers could not adopt a canonical Watson–Crick
face and therefore were hypothesized to pair in other geometries
(i.e., wobble pairings, or syn-conformer pairings). Fig. 6 shows
different possibilities for tautomers 2E, 3, and 5Z, which can pair
with guanine (3), adenine (2E), or both (5Z).
Using the aforementioned model, the tautomeric distribution

deconvoluted from the NMR data (Fig. 4 C and D) allows pre-
dictions to be made on the type and amount of base pairing to be
expected for KP1212. The model predicts that most of the time
KP1212 would pair with G, which corresponded to the cumulative
proportion of tautomers 1, 2Z, 3, and 4. Because KP1212 was also
present as tautomers 2E or 5E, the model predicts it can also pair
with A. Additionally, tautomer 5Z can pair with either G or A. The
relative distribution of tautomers deconvoluted from the NMR
spectra did not provide quantitative information on the relative
ratios between the cis/trans imine geometric isomers (i.e., 2Z and
2E or 5E and 5Z). Therefore, it was not possible to estimate pre-

cisely how often KP1212 pairs with G vs. A. However, if the ad-
ditional assumption were made that the imine geometric isomers
were present in equal proportions (i.e., their free energies were
similar), then the model predicts that KP1212 would pair ∼80% of
the time with G and ∼20% of the time with A. These numbers are
reasonably in accord with the experimentally observed mutagenic
properties of KP1212 (Fig. 2 C and E), correctly predicting that: (i)
the dominant base-pairing partner of KP1212 is guanine, and (ii)
KP1212 can also pair with adenine, at a lower frequency.
There are certain caveats to the proposed model. The tauto-

merization of KP1212 was established from our spectroscopic
data on the free molecule in solution, which reflects the prop-
erties of the molecule present in the deoxynucleotide pool in
living cells. Our genetic studies, by contrast, were carried out on
a DNA oligonucleotide containing one KP1212 base.
One design feature of the KP1212 molecule was the lack of an

aromatic system; as a consequence, it is not expected to be sig-
nificantly stabilized by the cation–pi interactions of normal DNA
base stacking. Therefore, it seems reasonable to speculate that
the electronic properties of KP1212, including its ability to exist
as multiple tautomers, would be similar when the base is present
as a free nucleoside and when it is present in an oligonucleotide,
although the exact distribution of major and minor tautomeric
forms would likely vary. Supporting this view is the fact that
KP1212 is present as multiple tautomeric species both in DMF
and in water, solvents of very different polarities. Nevertheless, it
remains for further spectroscopic work to establish the differ-
ences between the tautomeric distributions of KP1212 as a free
nucleoside and as part of a DNA strand. Further work will also
address the issue of how the rate of tautomeric interconversion
compares in the two cases and how it relates to the rate of nu-
cleotide incorporation during nucleic acid synthesis.
The model presented above assumes that genetic information

corruption induced by KP1212 is due to tautomerism and/or
syn-anti rotamerism. However, other chemical properties, such
as ionization and anomerization, could also contribute to the
mutagenic properties of a nucleoside analog. The formation of
ionized base pairs has been proposed to account for the mu-
tagenicity of 5-fluoro-uracil (14). The telltale sign of the involve-
ment of ionized base pairs is a pH dependence of mutagenicity
(14). In preliminary studies using an in vitro polymerase extension
reaction, the mispairing frequency of KP1212 did not vary signifi-
cantly over a small pH range (pH 7.0 and 7.8). However, further
work is needed to establish the extent (if any) to which ionized base
pairs contribute to the mutagenicity of KP1212. The other mech-
anism that may contribute to mutagenesis involves the anomeri-
zation of the sugar portion of the nucleoside, generating an alpha-
anomer (54). The presence of the alpha-anomer of the KP1212
nucleoside, however, was ruled out from 1H and 13C NMR studies
(SI Appendix, Tables S3 and S4).
The genetic and spectroscopic results presented here comple-

ment earlier biochemical work by Anderson and coworkers who
performed a detailed analysis of the kinetics of pairing of KP1212
by HIV RT, DNA polymerase γ, and DNA polymerase β (30).
Using single turnover methods, they observed that the quantitative
features of KP1212 pairing with opposing bases is very polymerase
dependent. It is difficult to extrapolate their data to ours but some
observations are noteworthy. They predict a mutation rate that is
fivefold or more lower than what we observed (30), but this result
seems reasonable given the differences in the systems used (e.g.,
they provided presteady-state and single turnover kinetic constants,
whereas we looked at the end product under steady-state con-
ditions in the presence of all four dNTPs; moreover, some of our
studies were carried out in living cells, whereas their study was
performed in vitro). Nevertheless, their data, as ours, predict
pairing of KP1212 with both G and A, with pairing with G being
the favored event (30).

Fig. 6. A mechanistic model explaining the mutagenesis of KP1212 by the
distinct base-pairing preferences of its different tautomers. KP1212 tautomers
are paired with purine bases (G or A), by maximizing the number of possible
hydrogen bonds between the bases. Tautomers 1, 2Z, 4, and 5E have a ca-
nonical Watson–Crick face and therefore are proposed to pair exclusively with
either G or A. The remaining tautomers are proposed to pair either in wobble
position (2E, 3, and 5Z) or involving a syn-conformer of KP1212 (3 and 5Z).
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A recent theoretical analysis of lethal mutagenesis applied to
HIV predicts that a two- to sixfold enhancement in mutation rate
will result in error catastrophe and population collapse (55). These
data are in accord with more experimental predictions by Loeb
et al. (7) and Harris et al. (29). In this context, how does the 10%
mutation frequency of KP1212 measured in the current study
relate to the viral population collapse observed in biological sys-
tems? One necessary assumption is that the 10% mutation fre-
quency observed in vitro and in vivo in this study would also apply
to a system in which HIV reverse transcriptase (RT) was the main
replicative enzyme. When HIV RT replicates the HIV genome, it
introduces about one error in 104 bases replicated, or one error
per genome (the HIV genome is 9,749 bases long). The net in-
crease in the viral mutation frequency due to KP1212 will depend
not only on its intrinsic mutagenicity (10%), but also on how many
KP1212 bases get incorporated every replication cycle. Given that
each KP1212 has a 10% chance of miscoding, for every 10
KP1212s present in the HIV genome, on average one additional
mutation per replication cycle will be introduced, which corre-
sponds to a twofold increase in the viral mutation frequency.
Therefore, to achieve a two to sixfold increase in mutation fre-
quency, HIV RT needs to introduce one to five additional
mutations, which can be achieved by incorporating 10–50 KP1212s
every replication round.
The number of KP1212 bases incorporated depends on the

concentration of the KP1212 triphosphate, relative to the con-
centration of dCTP (KP1212 is a deoxycytidine analog) in the
dNTP pool, and the relative catalytic efficiency of the viral
polymerase to incorporate KP1212 relative to dCTP. Kinetic
data of Anderson and coworkers show that HIV RT is 15 times
more efficient (kcat/KM) at incorporating dCTP over KP1212
trisphosphate (30). Therefore, to incorporate 10–50 KP1212s per
cycle into the HIV genome, which contains about 2,400 guanines
(56), the concentration of the KP1212 triphosphate should be 6–
30% of that of dCTP, which corresponds (assuming an in-
tracellular concentration of dCTP of ∼10 μM) (57) to 0.6–3.2 μM
KP1212 triphosphate. Micromolar concentrations are achievable
in clinical settings for nucleotide analogs, such as azidothymidine
(AZT) (58). This calculation in fact is an overestimate of the
level of KP1212 needed to cause HIV population collapse, be-
cause it only takes into account incorporation of KP1212 coming
from the nucleotide pool opposite G. The observed A-to-G
mutations both in cell culture (29) and clinical isolates (28) suggest
that KP1212 is also incorporated opposite A. Because the HIV
genome has an even higher percentage of A (35%) than G (24%)
(56), the concentration of KP1212 triphosphate needed to achieve
the two- to sixfold increase in the mutation rate of HIV should be
even lower than the range estimated above (0.6–3.2 μM).
Whereas the 10% mutation frequency of KP1212 is suffi-

cient to induce HIV population collapse in cell culture
experiments (29), if one were to design a better lethal muta-
gen, what would its theoretically maximum mutation frequency
be? This value will depend on the number of possible base-
pairing partners of the candidate lethal mutagen. If a pool
nucleotide can pair only with two partners (e.g., A and G, using
KP1212 as an example), it would be maximally mutagenic
when it can pair with A half of the time and with G half of the
time. Its mutation frequency would be 50%. Similarly, if a nu-
cleotide has three pairing possibilities, it could achieve a mu-
tation frequency of 67%, and if it has four (the maximum)
pairing partners, its maximal mutation frequency would be
75%. KP1212 pairs only with two partners and has a mutation
frequency measured at 10%, so, by the criteria described
above, it is still fivefold away from the theoretical maximum
mutation rate. Thus, the experimental system developed here
provides an approach whereby one can assess, in quantitative
terms, the proximity of any future antiviral mutagenic candi-
date to the theoretically maximum mutation rate.

Stepping back, the lethally mutagenic power of a pool nucleo-
tide derives from several factors (Fig. 1B): (i) the likelihood that
its nucleoside precursor will appear in the bloodstream and pen-
etrate target cells; (ii) its efficient conversion to the triphosphate
form, which must be acceptable to the polymerase of the targeted
system (e.g., HIV RT; and, of course the nucleotide ideally should
be unacceptable to the host polymerases to avoid off-target
effects); (iii) the likelihood that the molecule will diversify in so-
lution into ambiguously pairing forms (e.g., enol tautomers, imine
tautomers, syn-anti rotamers, etc.); (iv) the presence of ambigu-
ously pairing forms of the lethal mutagen in the active site of
a polymerase; (v) the actual formation of promiscuous base pairs
in the active site; and (vi) avoidance of polymerase proofreading,
enzymatic repair, and recombination to suppress mutations. Al-
though complex, it is useful to break the overall problem down to
discrete steps to evaluate each from the experimental standpoint.
This work addressed the steps involving the diversification of the
candidate lethal mutagen in solution and the ability of the di-
versified mutagen population to cause mutations in vitro and
in vivo.
In summary, this study used in concert a slate of synthetic,

spectroscopic, and genetic methods to investigate how a candi-
date antiviral agent achieved its mutagenic mechanism of action.
The demonstration of multiple tautomeric forms of KP1212 in
solution presents opportunities, through the synthesis of new
analogs, for rationally reprogramming the genetic landscapes of
replicating organisms. The toolset described herein could be
applied to advance the development of other tautomerizable/
rotamerizable nucleosides that could be used to elevate the in-
herent mutation rates of other fast-mutating viruses, such as
those of the hepatitis C, influenza, and dengue families, above
the error catastrophe limit.

Materials and Methods
Oligonucleotide Synthesis. KP1212 or the m3C control lesion were incorporated
into 16mer oligonucleotides (5′-GAAGACCTXGGCGTCC-3′, where X is the lesion
or the cytosine control) by using phosphoramidite solid-phase methods de-
scribed before (42, 43). The phosphoramidites were from Berry and Associates.
The syntheses were done at the Keck Olignonucleotide Synthesis Facility, Yale
School of Medicine, New Haven, CT.

Lesion Bypass and Mutagenesis Assays. For the in vivo toxicity and mutage-
nicity studies, the oligonucleotides were ligated into an M13mp7(L2) single-
stranded viral genome by using reportedmethods (42, 43). The viral genomes
were then electroporated into E. coli strains HK81 (as AB1157, but nalA) and
HK82 (as AB1157, but nalA alkB22; AlkB deficient), or used as templates for
in vitro polymerase extension studies. Lesion toxicity was measured using
the competitive replication and bypass (CRAB) assay and mutational analysis,
both for the in vivo and in vitro study was performed using the restriction
endonuclease and postlabeling (REAP) assay (42). Further details are pro-
vided in SI Appendix, SI Materials and Methods.

NMR Analysis of KP1212. All NMR experiments were performed on Varian
500 MHz NMR spectrometers. The deuterated solvent DMF-d7 was from
Cambridge Isotope Laboratories. The 5-aza-5,6-dihydro-2′-deoxycytidine (KP1212)
nucleoside was from Berry and Associates. The NMR sample was prepared by
dissolving 1.0, 3.2, or 10 mg of KP1212 nucleoside in 1.0 mL DMF-d7 (final
concentration ∼4.4, 14.1, or 44 mM, respectively). The 1H NMR spectra were
reported in parts per million (ppm) and were referenced to the signals for
DMF-d7 (8.03 ppm). The 13C NMR spectra were referenced to the signals for
DMF-d7 (163.15 ppm).

Infrared Spectroscopy. For both 1D FTIR and 2D IR experiments, the H/D ex-
changed KP1212was dissolved at a concentration of 20mg/mL (88 mM) in 0.5M
phosphate buffer pD (pH reading in D2O) 7.9. About 25 μL of sample solution
was sandwiched between two CaF2 windows separated by a 50-μm Teflon
spacer. Variable-temperature FTIR spectra were collected using Nicolet 380 FTIR
spectrometer at 1.0 cm−1 resolution with 16 scans per spectrum. Spectra for
both the sample and the D2O were collected with the same procedure and the
solvent spectra were subtracted from the sample spectra.
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Absorptive 2D IR spectra were collected using a 2D IR spectrometer as de-
scribed in detail previously (59). The relative polarizations of the pulses were set
to be perpendicular (ZZYY). The waiting time (τ2) between the first two pulses
and the third pulse was fixed at 150 fs. The coherence time between the first
and the second pulse was scanned in 4 fs steps from −60 fs to 2.8 ps and 2.0 ps
for rephasing and nonrephasing spectra, respectively. The coherence time (τ1)
was Fourier transformed to obtain the first frequency axis ω1. The hetero-
dyned signal was dispersed in a monochromator to obtain the ω3 frequency
dimension and collected using a 64 × 2 pixel mercury-cadmium-telluride
(MCT) array detector. Linear absorption from the solvent and solute was di-
vided out along both the ω1 and ω3 axes to remove spectral distortions (60).
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