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A genetic screen based on the blue-white 3-galactosidase complementation assay designed to detect G—A
mutations arising during RNA-dependent DNA synthesis was used to compare the fidelity of mutant human
immunodeficiency virus type 1 reverse transcriptases (RTs) with the mutations M230L and M230I with the
wild-type enzyme, in the presence of biased deoxynucleoside triphosphate (dANTP) pools. The mutant RTs with
the M230L and M230I changes were found to be 20 to 70 times less faithful than the wild-type RT in the
presence of low [dCTP]/[dTTP] ratios but showed similar fidelity in assays carried out with equimolar
concentrations of each nucleotide. Biased dNTP pools led to short tandem repeat deletions in the target
sequence, which were also detectable with the assay. However, deletion frequencies were similar for all of the
RTs tested. The reported data suggest that RT pausing due to the low dNTP levels available in the RT reaction
mixture facilitates strand transfer, in a process that is not necessarily mediated by nucleotide misinsertion.

Human immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) converts the viral genomic RNA to a double-
stranded DNA intermediate that is integrated into the host cell
DNA. HIV-1 RT is a multifunctional enzyme with RNA- and
DNA-dependent DNA polymerase, RNase H, strand transfer,
and strand displacement activities (38). The mature enzyme is
a heterodimer composed of two subunits of 66 and 51 kDa,
with subdomains termed fingers, thumb, palm, and connection
in both subunits and an RNase H domain in the large subunit
only. The catalytic site resides within the palm subdomain of
the 66-kDa subunit, which contains the catalytic residues Asp-
110, Asp-185, and Asp-186. Other residues in their vicinity,
such as Lys-65, Arg-72, Asp-113, Ala-114, Tyr-115, and Gln-
151, are involved in the interaction with the incoming dNTP
(8). Mutations affecting those amino acids often result in dras-
tic reductions of the RT’s polymerase activity or significant
changes in the nucleotide specificity of the enzyme (reviewed
in reference 25).

Residues 227 to 235 (FLWMGYELH) of the palm subdo-
main form the B12-B13 hairpin, which defines the so-called
primer grip, a highly conserved motif of retroviral RTs. The
primer grip is involved in maintaining the primer terminus in
an orientation appropriate for nucleophilic attack on an in-
coming dNTP. Mutational analysis of primer grip residues has
shown their influence on various RT functions, including
dNTP binding (44), polypurine tract removal (32), RNase H
activity (29), template-primer utilization (5, 14), and fidelity of
DNA synthesis (7, 43).

Met-230 is located at the tip of the 312-B13 hairpin. The side
chain of Met-230 interacts with the deoxyribose ring at position
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—2 of the primer and lies in the minor groove of the template-
primer complex (4, 8). Substitution of Ala for Met-230 renders
an RT with reduced affinity for the incoming deoxynucleoside
triphosphate (ANTP) (44) and leads to a noninfectious virus
(45). However, substitution of Ile for Met-230 does not impair
polymerase function or virus viability. Although Met-230 is
highly conserved among HIV-1 isolates, other residues (i.e.,
Ile, Leu, or Val) have also been found at this position in RTs
of viral isolates from HIV-infected individuals (34; http://hivdb
.stanford.edu). The mutation M230L has been selected in vitro
after passaging of HIV-1;; or HIV-2, 5, in the presence of
delavirdine (13, 28) and has been detected in clinical isolates
from patients treated with other RT inhibitors (9). This muta-
tion alone reduced susceptibility to all approved nonnucleoside
RT inhibitors (i.e., nevirapine, delavirdine, and efavirenz) by
23- to 58-fold (9). In addition, M230I has been identified in
virus from patients treated with the inhibitor HBY097 (18), as
well as after passaging of simian immunodeficiency virus in
vitro in the presence of delavirdine (12).

Transfection experiments carried out with proviral DNA
revealed that mutation M230I compensated for the dNTP
binding defect shown by an HIV-1 RT bearing Trp at position
115 (27). In addition, it was recently demonstrated that the
amino acid substitution M230I improved the replication capac-
ity of HIV-1 bearing the RT mutation Q151L, thereby facili-
tating the emergence of multi-dideoxynucleoside-resistant
HIV-1 variants (24). Unlike other primer grip mutant RTs
(i.e., those with the F227A and W229A changes), that with
M2301 was relatively error prone in gel-based misincorpora-
tion fidelity assays with DNA oligonucleotides as templates.
Interestingly, the catalytic efficiency for T - G misinsertions was
3- to 16-fold higher for the mutant enzyme than for the wild-
type (WT) RT (7).

G—A transitions have been identified as the most frequent
mutations arising during reverse transcription in several retro-
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viruses (30, 39; reviewed in reference 37), and extensive G—A
hypermutation has been observed as a particular trait of len-
tivirus RTs (40, 42). G - T mispairs formed during RNA-de-
pendent DNA synthesis may result in G—A mutations in the
viral progeny. The chance for a T to be inserted opposite a G
can be increased by lowering the ratio of the concentrations of
dCTP and dTTP (20, 21). In this study, we have used a genetic
assay that uses a target sequence containing three UGG
codons (41) to compare the fidelity of RNA-dependent DNA
polymerization displayed by WT and primer grip mutant RTs,
in the presence of biased dNTP pools. Higher frequencies of
G—A mutations obtained after lowering of the dCTP concen-
tration in the assay were remarkably increased in retrotrans-
cription assays with mutant RTs with M230L and M2301I, which
were thus characterized as highly mutagenic. Other genetic
lesions (i.e., short tandem repeat deletions) were also detected
with the assay in the presence of biased dNTP pools. However,
their frequency was not influenced by mutations in the primer
grip.

RT purification and experimental outline of the genetic as-
say. WT HIV-144,, RT and mutant RTs were expressed and
purified as previously described (7, 22). Mutation M230L was
introduced in the RT-coding region with the QuikChange Site-
Directed Mutagenesis Kit (Stratagene) with plasmid pRT6
(33) as the template. All RTs were purified as p66-p51 het-
erodimers, and mutations were introduced into both subunits
of the enzymes.

The genetic assay was carried out with a 141-nucleotide (nt)
RNA template containing a 66-bp HIV-1 pol fragment that
includes the sequence .. AAGGAAACAUGGGAAACAUG
GUGG. .. (Trp codons underlined), which encodes RT resi-
dues 395 to 402 (Lys-Glu-Thr-Trp-Glu-Thr-Trp-Trp) (41). The
RNA was obtained by in vitro transcription with T3 RNA
polymerase. Plasmid pBluescript SK (+), containing the pol
fragment previously cloned in its unique EcoRI and HindIII
restriction sites (kindly provided by M. A. Martinez, Fundaci6
IrsiCaixa, Badalona, Spain), was linearized with HindIII, puri-
fied by agarose gel electrophoresis, and used as the template in
the transcription reaction. These reactions were carried out at
37°C for 1 h in a 100-pl volume containing 40 mM Tris-HCI
(pH 8.0), 6 mM MgCl,, 10 mM dithiothreitol (DTT), 2 mM
spermidine, the four ribonucleotides at 0.5 mM each, 1 pg of
linearized pBluescript DNA, 0.6 U of RNasin/ul, and 0.5 U of
T3 RNA polymerase/pl. Samples were then heated at 65°C for
5 min, and after addition of 10 U of RNase-free DNase, the
incubation was continued for another 30 min. The RNA was
then phenol extracted and precipitated with ethanol.

The RNA was reverse transcribed in 50 mM HEPES (pH
7.0) containing 15 mM NaCl, 15 mM magnesium acetate, 130
mM potassium acetate, 10 mM DTT, and various dNTP con-
centrations, depending on the assay. Oligonucleotide 29T3 (5'-
GCGGGCAAGCTTGTGGYTTGCCAATAYTYTGT-3'; 8
pmol) was annealed to 10 to 40 pmol of the 141-nt RNA
template in 50 pl of the reaction mixture by being first heated
to 65°C for 60 s and then incubated at 37°C for another 60 s.
Reactions were initiated by addition of 25 U of RNasin and 30
to 300 nmol of the corresponding RT and were then incubated
for 3 h at 37°C. In order to recover sufficient material for
subsequent cloning, cDNA was amplified by PCR with oligo-
nucleotides 29T3 and 31T (5'-GGCGAATTCTAAATTTAA
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ACTACCCATACAA-3'), producing an 87-bp fragment with
EcoRI and HindlII restriction sites at its ends. Optimized PCR
conditions were 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5
mM MgCl,, 250 uM each dNTP, 360 ng of each primer, 25 pul
of the reverse transcription reaction mixture, and 1.25 U of
AmpliTaqg DNA polymerase in a final volume of 100 ul. PCR
amplification was initiated by incubation at 94°C for 2 min,
followed by 20 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C
for 30 s and a final incubation at 72°C for 5 min.

The amplified DNA was phenol extracted, precipitated with
ethanol, subjected to treatment with EcoRI and HindlIIl, and
then purified from a 1% agarose gel. This fragment encoding
three Trp codons was cloned in frame of the lacZo fragment of
the replicative form (RF) of bacteriophage M13mp18. For this
purpose, a modified M13mp18 RF carrying an exogenous
EcoRI-HindIIl insert (414 bp) encoding the murine leukemia
virus protease (26) was digested first with HindIIl and then
with EcoRI to obtain the linearized vector, which was purified
from a 1% agarose gel and treated with shrimp alkaline phos-
phatase before ligation to the PCR products. Escherichia coli
XL-1 Blue MRF’ was transformed and plated onto minimal
agar plates containing 8% X-Gal (5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside) and 20% IPTG (isopropyl-B-p-thioga-
lactopyranoside). The plates were incubated at 37°C for ap-
proximately 15 h. A few blue plaques (as a control) and all
colorless and light blue plaques were analyzed for mutations.
Mutant plaques were picked from plates, resuspended in 100
pl of 0.9% NaCl, and stored at 4°C.

Plaques containing the appropriate inserts were identified by
PCR amplification with primers 1R (5'-GCAGTGAGCGCA
ACGCAATTAATG-3") and 1F (5'-AAAGCGCCATTCGCC
ATTCAGG-3"). Reaction conditions were 10 mM Tris-HCI
(pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 100 uM each dNTP, 150
ng of each primer, 3 pl of the solution containing the resus-
pended plaque, and 1.25 U of AmpliZaqg DNA polymerase in
a final volume of 50 pl. PCR amplification was initiated by
incubation at 94°C for 5 min, followed by 30 cycles of 94°C for
30 s, 55°C for 30 s, and 72°C for 30 s and a final incubation at
72°C for 10 min. Reaction products were analyzed in a 3%
agarose gel. Plaques rendering the expected amplification
products of approximately 387 bp were easily distinguishable
from others derived from vectors lacking the 66-bp EcoRI-
HindIII insert (315 bp) or containing the modified M13mp18
RF used as a vector source (723 bp). RF DNA from selected
plaques was prepared as previously described (2) and subjected
to DNA sequencing.

Analysis of the frequency of G—A transitions arising during
reverse transcription in the presence of biased [dCTP]/
[dTTP] pools. The effect of the concentration of dCTP on the
frequency of G—A transitions in reactions catalyzed by the
WT HIV-1 RT was analyzed with the genetic assay described
above. In the presence of saturating concentrations of all
dNTPs, the frequency of G—A transitions (f;_,,) was 1.07 X
10~* (Table 1). An inverse relationship was noted between
fs_.a and the magnitude of the [dCTP]/[dTTP] bias. A bias of
around 2 X 10* (i.e., 0.1 pM dCTP, 440 uM dTTP) produced
a 30-fold increase in f_, , relative to estimates obtained from
reactions carried out in the presence of equimolar concentra-
tions of each dNTP. These effects were even more pronounced
in assays carried out with mutant RTs. For example, G—A
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TABLE 1. Mutation frequencies accompanying reverse transcription in the presence of biased dNTP pools
No. of plaques
Enzyme and [dNTP] (uM) anal}?zec(il“ IEI}(LOAf fon? fga rels
no. of expts .
dCTP dTTP dATP dGTP Total Mutated transitions
WT RT
12 50 50 50 50 3,108 2 2 1.07 X 107
3 1 440 40 20 585 2 2 5.70 X 1074
4 0.5 440 40 20 486 3 3 1.03x 1073
4 0.2 440 40 20 622 5 5 134 x 1073
6 0.1 440 40 20 1,270 23 (4)* 25 328 x 1073
M230L
4 50 50 50 50 418 0 0 <3.99 X 107* <3.7
3 0.5 440 40 20 427 20 (1) 20 7.81 X102 7.6
2 0.2 440 40 20 194 23(2) 27 232x 1072 17.3
3 0.1 440 40 20 225 62 (12) 86 6.34 X 102 19.3
M2301
6 50 50 50 50 599 0 0 <278 X 107* <2.6
3 1 440 40 20 431 17 17 6.57 X 1077 115
2 0.5 440 40 20 389 136 169 7.24 X 1072 70.3
2 0.2 440 40 20 321 152 (2) 174 9.03 X 102 67.4
2 0.1 440 40 20 181 115 (22) 167 1.54 x 107! 47.0

“The number of mutant plaques that carried a G—A substitution in the target sequence and the total number of plaques were scored in 2 to 12 independent

experiments.

® The frequency of G—A transitions (fg_,») Was calculated as follows: (number of G—A substitutions identified at Trp codons)/(number of target nucleotides) X

(total number of plaques analyzed).

¢ Relative frequencies (fg_. rel.) are the result of dividing the f;_., value for each mutant enzyme and dNTP concentration by the corresponding value obtained

with the WT RT.

4 Values in parentheses represent the number of clones containing a deletion of 8 to 10 nt in addition to at least one G—A mutation.

transition frequencies for the mutant RTs with M230I and
M230L were very low in reactions carried out with a 50 uM
concentration of each dNTP (frequencies of <4 X 10~*%) but
increased to as much as 0.154 and 0.0634, respectively, in
assays done with a [dCTP]/[dTTP] ratio of 1:4,400. These val-
ues were also significantly higher than those determined with
the WT RT. The mutant RT with M230I was around two to
three times more error prone than that with M230L in assays
carried out with biased concentrations of dCTP and dTTP.

The genetic assay used allows the identification of specific
G—A mutations occurring at six positions within the Trp
codons present in the amplified insert. We have determined
the f5_, o values at each position (Fig. 1A). These values were
consistently higher for the mutant RT with M230I than for the
mutant RT with M230L and very low in the case of the WT RT.
Mutations were evenly distributed, and none of the Gs ana-
lyzed appeared as a mutational hot spot. Thus, in those cases
where the number of identified G—A mutations was higher
than 30, the statistical analysis showed that the observed dis-
tribution was not significantly different from random (P > 0.2
by the two-tailed chi-square test).

Plaques containing two or more G—A transitions per clone
were rarely found in assays done with the WT RT but were
relatively frequent with the mutant RT with M2301 (Fig. 1B),
indicating that this variant enzyme is strongly hypermutagenic
in the presence of highly biased dNTP pools. The frequencies
of plaques containing two or more G—A substitutions ob-
tained with the mutant RT with M230I fit well to binomial
distributions whose corresponding P values were the frequen-
cies reported in Table 1 and were not higher than those ex-

pected by random chance (P > 0.5 by the two-tailed chi-square
test).

Fidelity assessments based on primer extension assays. The
higher efficiency of misincorporation of T opposite G during
RNA-dependent DNA synthesis shown by the mutant RTs
with M230I and M230L in comparison with the WT RT was
further confirmed in a gel-based fidelity assay with a 25-mer
oligonucleotide primer (2TRP [5'-TGTGGCTTGCCAATAC
TCTGTCCAC-3']) and the 141-nt RNA template used in the
genetic assay. Nucleotide incorporations at positions +1, +2,
and +3 were determined in the presence of different combi-
nations of dNTPs. As shown in Fig. 2, in the presence of dCTP,
dATP, and dTTP (lane *), all three enzymes showed similar
kinetics, with a final product of 28 nt. When dCTP, dATP, or
dTTP was absent from the reaction mixture (lane —C, —A, or
—T, respectively), the percentage of extension past the barrier
site was highest for the mutant RT with M2301I and lowest for
the WT RT. With all of the enzymes, the largest percentages
were observed in lane —C, which would involve misincorpora-
tion of A or T opposite G and further extension of mispaired
template-primers. Misincorporation of T opposite G was about
twofold more efficient with the mutant RTs with M230L and
M230I than with the WT RT in comparison with the incorpo-
ration of C opposite G (compare lane +T with lane +C).

Analysis of deletions arising during reverse transcription. A
number of colorless plaques rendering DNA fragments of
around 380 bp upon PCR amplification with primers 1R and
1F were found to contain deletions of 8 to 10 nt that involved
a tandem repeat sequence found in the reverse-transcribed
66-nt pol fragment (Fig. 3A). These deletions appeared more
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FIG. 1. Frequency distribution of G—A transitions at specific sites of the tryptophan trap. (A) Frequency distribution for reactions performed
with WT RT and the mutant RTs with M230L and M230I. The six G sites indicated correspond to the second and third bases of the Trp codons
as they appear in the RNA template (read from the 5’ to the 3’ end). (B) Number of G—A transitions per clone obtained with the three RTs.
With decreasing dCTP concentrations, the number of highly mutated clones (containing two or three G—A transitions) increased, particularly in
the case of the mutant RT with M230I. Mutated clones were rarely found with the WT RT and represented less than 2% of the total number of

clones analyzed (data shown in the insert).

frequently in DNAs from plaques obtained in the assays car-
ried out with the lowest concentrations of dCTP (Table 1),
thereby indicating that they arise during reverse transcription.
Since that type of error may not necessarily be associated with
G—A mutations in these assays, we screened all plaques (blue
and white) for tandem repeat deletions. The results are shown
in Table 2. The deletion frequencies were at least 18-fold
higher with biased [dCTP]/[dTTP] pools than with equimolar
dNTP concentrations, for all three of the RTs tested. However,
differences between the enzymes were not statistically
significant.

Mutations at the first nucleotide of the repeat sequence (i.e.,
G—A transitions, 1-nt deletions, and 1-nt insertions) were
often detected after sequencing of mutant clones containing
the deletion (Fig. 3B). The percentage of clones having these
mutations was three- to fourfold higher in reactions carried out
with primer grip mutant RTs than in reactions performed with
the WT RT. Thus, mutations were found at the relevant site in
33 out of 44 clones with M230L and in 25 out of 31 clones with
M2301. In contrast, only 6 out of 28 clones obtained with the
WT RT were found to contain a G—A mutation at the first
nucleotide of the repeat sequence.

Our results are consistent with a model in which deletion
mutant RTs would result from strand transfer mediated by

HIV-1 RT (Fig. 3C). RT pausing at the GGG stretch located
between the two tandem repeat sequences could facilitate
RNase H-mediated degradation of the template, thus favoring
a subsequent transfer event involving annealing of the synthe-
sized cDNA to the second repeat sequence within the same
RNA template or to a different acceptor RNA molecule (11,
35, 36). Our data indicate that reduced reverse transcription
rates and RT pausing result from the low dCTP concentrations
available in reactions carried out with strongly biased dNTP
pools.

Discussion. Understanding the basis of HIV hypermutability
is crucial for AIDS management. Mutational analyses of RTs
have been extensively used to elucidate the role of different
residues in DNA synthesis fidelity (25, 37). Methods to detect
differences in nucleotide specificity among mutant RTs include
in vitro assays based on the determination of kinetic constants
for the incorporation of dNTPs on specific template-primers
(gel-based assays) (6) and assays in which the single-stranded
region of a gapped-duplex DNA, which includes a reporter
gene (typically lacZw), is copied by the RT in the presence of
dNTP substrates (genetic assays). Errors arising during this
process are estimated after analyzing the phenotype of plaques
generated by infection of host bacteria (2). Although this
method is useful for the analysis of a wide range of sequence
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FIG. 2. Extension of primer 2TRP by WT and mutant RTs in assays containing an RNA template. The nucleotides used in these assays were
dATP-dCTP-dTTP (lane *), dATP-dTTP (lane —C), dCTP-dTTP (lane —A), dATP-dCTP (lane —T), dCTP alone (lane +C), and dTTP alone
(lane +T). Template RNA nucleotides at positions +1, +2 and +3 are shown on the right and include the first 2 nt of the second Trp codon in
the insert analyzed. The labeled template-primer at 30 nM was incubated with 20 to 40 nM RT at 37°C for up to 35 min in a total volume of 24
wl containing 50 mM HEPES (pH 7.0), 15 mM NaCl, 15 mM magnesium acetate, 130 mM KCH;COO, 1 mM DTT, and 5% polyethylene glycol
6000 (23). The concentration of all nucleotides in the extension reaction mixtures was 5 wM. Histograms below show the relative fidelities of the
WT and mutant RTs. The amount of extension products was quantitated by phosphorimaging. Maximum extensions were determined for each
enzyme and time point, as the sum of the intensities of bands at positions +1, +2 and +3, relative to the intensity of the band corresponding to
the unextended primer, in reactions carried out with 3 nt (lane *). In the absence of dCTP (lane —C), dATP (lane —A), or dTTP (lane —T),
misinsertion and mispair extension errors render bands at position +3 (i.e., in reactions shown in lanes —A and —T) or bands at positions +2 and
+3 (lane —C). Reported ratios were obtained from the intensities of these bands referred to those obtained for unextended or shorter primers
and then divided by the maximum intensity as obtained from results in lane *. The T/C ratio was determined as the relative amount of extended
primer in the presence of dTTP (lane +T) compared with that in the presence of dCTP (lane +C) for each enzyme and time point. All results
represent the average = the standard deviation from three independent experiments.
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contexts and has been widely used to estimate the fidelity of
RT variants, its adaptation to the study of RNA-dependent
DNA synthesis fidelity is relatively complex (3, 10, 15, 16). In
addition, these assays have to be done in the presence of high
concentrations of dNTPs to ensure complete synthesis of the
gapped sequence, and effects on fidelity resulting from alter-
ations in nucleotide affinity may be difficult to detect.

In this study, we used an alternative assay that allows easy
determination of G—A transition frequencies during RNA-
dependent DNA synthesis and their sensitivity to biased dNTP
pools, i.e., low [dCTP]/[dTTP] ratios. In agreement with pre-
vious reports, our results obtained with WT RT show an in-
verse relationship between fidelity and the magnitude of the

[dCTP]/[dTTP] bias (20, 21). This correlation was also ob-
served with the mutant RTs with M230L and M2301I, which
were much more mutagenic than the WT enzyme in the pres-
ence of strongly biased dNTP pools. For WT RT, G—A tran-
sition frequencies were up to 30-fold higher when the most
unbalanced dNTP pools were used than when equimolar nu-
cleotide concentrations were used, in contrast to the >150-
and >550-fold increases observed with the mutant RTs with
M230L and M2301, respectively. These data reveal that primer
grip mutant RTs exhibit a strong tendency to form rG -dT
mispairs.

These results are also consistent with our previous reports
showing that substitution of Ile for Met-230 confers reduced
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A B WT -CCCATACAAAA|A GAAACATG|GTGGACA.. (6)
..CCCATACAAAA|G GAAACATG|GTGGACA.. (20)
RNA template ..CCCATACAAAA|G GAAACATA|GTGGACA.. (1)
5’ GGG...CCCAUACAAAA|GGAAACAUG | GGAAACAUG |GUGGACAG. . .CCACA 37 ~CCCATACAARA|G GAAACATG|GTAGACA.. (1)
= 57
M230L -CCCATACAAAA|A GAAACATG|GTGGACA.. (16)
..CCCATACAARA|A GAAACATA|GTGGACA.. (2)
..CCCATACAAAA|A GAAACATG|ATGGACA. (3)
..CCCATACAAMA|A GAAACATG|GTAGACA.. (5)
..CCCATACAAAA|A GAAACATG|GTGAACA.. (1)
..CCCATACAAAA |- GAAACATG|GTGGACA.. (3)
..CCCATACAARA|= GAAACATG|ATGGACA. (1)
..CCCATACAAAA|- GAAACATG|GTAGACA. (1)
C ..CCCATACAARA|A GAAACATG|G---ACA.. (1)
5’ | S— — 3’ ..CCCATACAAAA|G GAAACATG|GTGGACA.. (7)
T—= 5 ..CCCATACAARA|G GAAACATA|GTGGACA.. (1)
..CCCATACAAAA|G GAAACATG|GTAGACA. (2)
1 ..CCCATACAARA|G GAAACATG|GTGAACA.. (1)
GGG M230| -CCCATACAAAA|A GAAACATG|GTGGACA.. (3)
5 | : - a ] e e e e e e 3 ..CCCATACAAAA|A GAAACATA|GTGGACA.. (1)
[r— 5’ .CCCATACAAAA|A GAAACATG|ATGGACA.. (2)
MG .CCCATACAARA|A GAAACATG|GTAGACA.. (6)
.CCCATACAARA|A GAAACATG|GTGAACA.. (7)
l ..CCCATACAAAA|A AAAACATG|GTGAACA.. (1)
..CCCATACAAAA | AAGAAACATG | ATGGACA.. (1)
¥ 18 : ..CCCATACAAAA|- GAAACATG|GTGGACA.. (2)
3 = S ..CCCATACAAAA|A GAAACATG|G---ACA.. (2)
5, 3,
AAAAGG ..CCCATACAAAA|G GAAACATG|GTGGACA.. (2)
..CCCATACAAAA|G GAAACATG|GTAGACA.. (2)
..CCCATACAAAA|G GAAACATG|GTGAACA. (2)

FIG. 3. Analysis of deletions generated in the genetic assay. (A) Nucleotide sequence of the RNA template containing the 9-nt tandem repeat
sequence (boxed). (B) DNA sequences of deletion-containing clones identified with the genetic screening assay. Underlined nucleotides represent
mutations found in each clone. The total number of occurrences of each sequence is shown on the right. (C) Proposed model for the mechanism
leading to the observed deletions. The low concentration of dCTP in the biased dNTP assays leads to RT pausing and degradation of the RNA
template by the RT’s RNase H activity while copying the first repeat sequence. Strand transfer through annealing of the synthesized cDNA to the
second repeat sequence in the RNA template would then allow fixation of the deletion. The relatively high proportion of G—A mutations at the
strand transfer site found in clones obtained with the mutant RTs with M230L and M230I results from the higher frequency of misincorporation

of T opposite G displayed by those enzymes.

fidelity of DNA synthesis in gel-based misincorporation fidelity
assays (7). Interestingly, our results show that the mutant RT
with M230L has similar properties but its influence on fidelity
is relatively smaller. Crystallographic studies of HIV-1 RT
have demonstrated that Met-230 interacts with the primer
along the minor groove of DNA-DNA complexes (4). Resi-
dues lining the minor groove include Gly-262 and Trp-266,
whose effect on fidelity has been previously shown (1). In
addition, one residue that interacts with the primer at the
RNase H domain of murine leukemia virus RT (Tyr-586) has
been shown to increase the mutation rate in the vicinity of
adenine-thymidine tracts (46). Taken together, all of these
data indicate that the template-primer is an important struc-
tural determinant of fidelity in retroviral RTs.

Besides G—A mutations, other types of errors (i.e., short
deletions) in the reporter sequence were also detected in the
presence of the low [dCTP]/[dTTP] ratios. The mutational
pattern observed in these reactions was consistent with a
model in which deletions result from primer dissociation after
copying of the first tandem repeat sequence, followed by an-
nealing to the second repeat, probably on a different RNA

template molecule (Fig. 3C). This event would be favored by
RNA template degradation mediated by the RT’s RNase H
activity (11, 35, 36). Deletion frequencies in the presence of
biased dNTP pools were similar but relatively high for all of the
RTs tested, suggesting that RT pausing due to the low dCTP
concentration was not influenced by primer grip mutations. On
the other hand, the frequency of G—A mutations at the strand
transfer site was higher for the mutant RTs with M230L and
M230I than for the WT RT. These data indicate that, in the
sequence context analyzed, misinsertion of T opposite G does
not produce a significant increase in the deletion frequency,
although the mutator phenotype of primer grip mutant RTs
explains the occurrence of G—A mutations at the strand trans-
fer site.

Estimates of dNTP concentrations in different cell types
revealed a 3- to 15-fold excess of dTTP over dCTP (41). These
ratios are rather small in comparison with those used in our
assays, but there are no data on the variance or the distribution
of dNTP concentrations for individual cells or subcellular com-
partments. In any case, intracellular ANTP pools are known to
affect the rate and spectrum of retroviral mutations (17), as
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TABLE 2. Effects of RT mutations on the frequency of tandem
repeat deletions

Enzyme and No. of clones containing deletions
[dCTP] of 8-10 nt/total no. of plaques fars-10ne°
(LM)“ analyzed”
WT RT
50 0/182 <55x10°°
0.1 58/146 0.397
M230L
50 0/141 <7.1x1073
0.1 36/205 0.176
M2301
50 1/224 45x1073
0.1 18/222 0.081

“ Nucleotide concentrations in the assays were either 50 uM each dNTP or 0.1
pM dCTP, 440 pM dTTP, 40 uM dATP, and 20 pM dGTP.

> The number of clones harboring deletions of 8 to 10 nt in the target sequence
and the total number of plaques were determined from two or three independent
experiments. Blue and white plaques were both screened for deletions. The
proportion of blue and white plaques analyzed was consistent with the data
shown in Table 1. For example, in reactions carried out with the RT with M2301
in the presence of a biased [dCTP]/[dTTP] ratio, we analyzed 80 blue plaques
and 142 white plaques.

¢ Deletion frequencies (fa(s_10ng) Were calculated as the ratio of the number of
plaques containing a deletion of 8 to 10 nt to the total number of plaques
analyzed. Deletions were identified by nucleotide sequencing. Frequencies ob-
tained in different experiments were within a threefold range.

well as the frequency of tandem repeat deletions during re-
verse transcription (31), and are likely to have a large influence
on retroviral mutation rates. Since M230L and M230I arise
during treatment with RT inhibitors (9, 12, 18), we could en-
vision a situation similar to that recently described for mutant
RTs arising during treatment with zidovudine (i.e., M41L/
T215Y, M41L/D67N/K70R/T215Y), which were shown to in-
crease HIV mutation frequencies, particularly in the presence
of nucleoside analogue inhibitors (19). Nonnucleoside RT in-
hibitors per se are not expected to modify viral mutation rates.
However, primer grip mutations arising during treatment with
those drugs may have a significant impact on HIV-1 population
dynamics, a possibility that needs to be investigated further.
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