large substituent that precludes incorpo-
ration by the host cell DNA polymerase, but
allows incorporation by HIV-1 RT.
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The Accuracy of Reverse Transcriptase from HIV-1

JoHN D. RoBERTS, KATARZYNA BEBENEK, THOMAS A. KUNKEL*

A study was conducted to determine the fidelity of DNA synthesis catalyzed in vitro by
the reverse transcriptase from a human immunodeficiency virus type 1 (HIV-1). Like
other retroviral reverse transcriptases, the HIV-1 enzyme does not correct errors by
exonucleolytic proofreading. Measurements with M13mp2-based fidelity assays indi-
cated that the HIV-1 enzyme, isolated either from virus particles or from Escherichia
coli cells infected with a plasmid expressing the cloned gene, was exceptionally
inaccurate, having an average error rate per detectable nucleotide incorporated of
1/1700. It was, in fact, the least accurate reverse transcriptase described to date, one-
tenth as accurate as the polymerases isolated from avian myeloblastosis or murine
leukemia viruses, which have average error rates of ~1/17,000 and ~1/30,000,
respectively. DNA sequence analyses of mutations generated by HIV-1 polymerase
showed that base substitution, addition, and deletion errors were all produced. Certain
template positions were mutational hotspots where the error rate could be as high as 1
per 70 polymerized nucleotides. The data are consistent with the notion that the
exceptional diversity of the HIV-1 genome results from error-prone reverse transcrip-

tion.

HE ABILITY OF HIV-1 TO ESCAPE

the host’s immune response (1), in

part the result of extensive genetic
variation, is one of the key features of this
virus that complicates development of an
effective vaccine for the prevention of AIDS.
However, no information is available on the
rate of mutation per HIV-1 growth cycle. In
fact, the only calculation of a mutation rate
for any retrovirus comes from a recent study
(2) of an avian retroviral expression vector.
Nevertheless, comparisons of HIV-1 iso-
lates from patients in different geographic
locations allow estimates of the frequency of
change in terms of nucleotide substitutions
per site per year, and values of =0.002 have
been obtained (3, 4). Mutation frequencies
have also been estimated from the nucleo-
tide sequences of HIV-1 isolates taken from
a single patient at different times after infec-
tion (5). Minimum estimates for the varia-
tion rate in the env gene range from 0.001 to
0.01 nucleotide substitutions per site per
year, whereas mutation frequencies for the
gag gene are about one-tenth as high. The
most remarkable feature of HIV-1 variabili-
ty is the presence of hypervariable regions

Laboratory of Molecular Genetics, National Institute of
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NC 27709.
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within specific portions of the env and nef
genes (4). The diversity in these regions is
characterized by a wide variety of changes,
including transitions, transversions, inser-
tions, and deletions (5).

Genetic variability in HIV-1 may involve
one or all of several steps in the viral life
cycle (6), including reverse transcription,
integration into the host chromosome to
establish the proviral state, provirus replica-
tion by the host replication machinery, and
transcription by RNA polymerase II into
RNAs to be packaged into virions. In this
study we focused on the HIV-1 reverse
transcriptase (RT) as a potential source of
diversity. We have used the RT as purified
from virus particles as well as the purified
enzyme that had been overproduced in E.
coli carrying the cloned gene for HIV-1 RT.
This recombinant enzyme appears to have
the same subunit structure and kinetic prop-
erties as the natural enzyme (7).

We first examined HIV-1 RT for associat-
ed 3' — 5’ proofreading exonuclease activi-
ty using two separate assays for excision of a
mismatched base from a primer terminus. In
the first assay (8), a mismatched substrate
was constructed by hybridizing a 15-base
oligonucleotide labeled with *?P at the 5’
end to M13mp2 single-strand DNA; this
created an A (template): G mispair at the 3’
primer terminus. The products of excision
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reactions were analyzed by electrophoresis
in a denaturing 20% polyacrylamide gel
(Fig. 1). Efficient excision of the terminal
nucleotide occurs within 5 min when the
Klenow fragment of E. coli DNA polymer-
ase I is used as a positive control (Fig. 1,
lane 4). Under identical conditions, only a
trace of 3' = 5’ exonuclease activity was
detected in the viral HIV-1 RT preparation
after 2 hours of incubation (lane 3). On the
basis of the amounts of polymerase present
in these reactions (7), we calculated that the
natural HIV-1 RT preparation contained
about 1/10,000 as much 3’ — 5’ exonucle-
ase activity as the Klenow polymerase. The
exonuclease activity of the bacterially ex-
pressed recombinant HIV-1 polymerase was
one-fifth that of the natural enzyme (lane 2).
The contribution to fidelity of this trace
amount of exonuclease in the HIV-1 RT
preparations is likely to be negligible, partic-
ularly since the contribution to fidelity of

1 2 3 4
' »
T
|
15-nt CISIllx - = =
14-nt (|3-C|Z -
13-nt ('3°(|3
| |
B
*I s
5 3

Fig. 1. Electrophoretic analysis of terminal mis-
match excision. Reactions (25 pl) contained 50
mM tris-HCI (pH 7.8), 2 mM dithiothreitol, 10
mM MgCl,, 300 ng of mismatched DNA [see
(8)), and 0.176 pmol of Klenow fragment of
DNA polymerase I or ~7.4 pmol of HIV-1
polymerase. After incubating at 37°C for 5 min
with the Klenow polymerase or 120 min with the
HIV-1 polymerases, reactions were terminated as
described (8). Aliquots (4 pl) were analyzed by
electrophoresis, and the radioactivity in each band
was quantitated as described (8). Lane 1, no
enzyme; lane 2, recombinant HIV-1 RT; lane 3,
natural HIV-1 RT; and lane 4, Klenow polymer-
ase. The calculation of exonuclease activity is
based on the percentage of radioactivity present in
bands shorter than the original 15-base oligonu-
cleotide: no enzyme, 2.6%; recombinant HIV-1
RT, 4.2%; nawral HIV-1 RT, 11%; and
Klenow, 82%. The relative amount of exonucle-
ase activity was estimated by subtracting the
background (no enzyme), dividing by the pico-
moles of enzyme present in the assay, then divid-
ing by the ime of incubation. This calculation
yields a value of 90% removed per picomole per
minute for Klenow polymerase [(82% — 2.6%)/
0.176 pmol per 5 min], 0.0095% per picomole
per minute for natural HIV-1 RT [(11% —
2.6%)/7.4 pmol per 120 min], and 0.0018% per
picomole per minute for recombinant HIV-1 RT
[(4.2% — 2.6%)/7.4 pmol per 120 min]. Thus,
the difference in activity between Klenow poly-
merase and HIV-1 RT is ~10,000-fold for the
natural enzyme and ~50,000-fold for the recom-

binant enzyme.
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exonucleolytic proofreading by E. coli poly-
merase I is modest (9).

The second assay, which measures both
the ability of an exonuclease to excise a
mismatched base and the ability of its associ-
ated polymerase to extend from a terminal
mispair (8), requires the use of an M13mp3
DNA substrate containing a 363-base sin-
gle-strand gap and an A (template):C mis-
pair at the 3’ primer terminus. The codons
resulting from the two bases in the mispair
code for two different lacZ phenotypes. Ex-
cision of the cytosine followed by gap-filling
synthesis generates a homoduplex DNA
product that, upon transfection, yields ex-
clusively faint blue M13 plaques. Polymer-
ization from the mispair without excision
generates a heteroduplex molecule that
yields a high proportion of easily distin-
guishable medium blue plaques. The ratio of
faint to medium blue plaques thus describes
the extent of mismatch excision prior to
polymerization. Polymerase reactions were
performed with the Klenow polymerase and
the recombinant form of HIV-1 RT; each
efficiently filled the single-strand gap. Trans-
fection of the Klenow polymerase reaction
products yielded few medium blue plaques,
demonstrating that this enzyme excised 97%
of the mismatched cytosines prior to poly-

Table 1. Fidelity of HIV-1 and AMYV reverse transcriptases and cellular DNA

merization (8, 10, 11). In contrast, HIV-1
RT efficiently extended from the mispair
without excising the mismatched cytosine,
since the proportion of medium blue
plaques (341 out of 891 total plaques, 41%)
observed upon transfection of the reaction
products was similar to the 43% (355 out of
830 total plaques) obtained when the exo-
nuclease-deficient avian myeloblastosis virus
(AMV) RT (12) was used. These data con-
firm the absence of detectable proofreading
exonuclease activity and also demonstrate
the ability of HIV-1 RT to polymerize from
mispaired termini.

We next examined the fidelity of DNA
synthesis catalyzed by HIV-1 RT using a
M13mp2-based nonsense codon reversion
assay that detects single base substitution
errors (10). An M13mp2 DNA molecule
was constructed with a 361-nucleotide gap
containing a single base change, G— A in
the viral (plus) template strand at position
89 of the lacZa coding sequence. This
change creates a chain-termination TGA co-
don, resulting in a colorless plaque pheno-
type. This DNA was used as a substrate for a
polymerization reaction in vitro. A portion
of the products was analyzed by agarose gel
electrophoresis, confirming gap-filling syn-
thesis. The remaining products were used to

polymerases in a base

subsitution reversion assay. The background revertant frequency for the assay was 2 X 107. Error rates
are calculated by subtracting the background, correcting for the expression [60%, see (8)] of errors in
the complementary (minus) strand, and dividing by the number of detectable sites (three) [see (8, 18)].
The AMV RT data are from (17); polymerase a—primase (13); polymerase B and polymerase 8 (10); and
polymerase y (8). Multiple experiments with the same enzymes indicate that the M13mp2-based
mutation assays are highly reproducible with standard deviations that are usually between 10% and

20% of the mean value [for example, see (19)].

Plaques scored Revertant
Enzyme uency Error rate

Total Blue (x1079)
Recombinant HIV-1 RT 730,000 75 100 1/18,000
AMV RT 370,000 29 78 1/24,000
Polymerase a—primase (calf thymus) 370,000 84 230 1/8,000
Polymerase B (rat hepatoma) 84,000 151 1800 1/1,000
Polymerase 8 (calf thymus) 2,300,000 12 52 1/1,700,000
Polymerase vy (chick embryo) 600,000 5 8.3 1/290,000

Table 2. Forward mutant frequencies in DNA copied by HIV-1 RT. Wild-type lacZa DNA was copied
and used to transfect competent E. coli. The background mutant frequency in this assay (6 X 10™*) was
determined as described (14). The three mutant frequency values for HIV-1 RT yield an average of 393

(£61) x 107%. The polymerase B data were taken

m (14), the AMV and M-MuLV data from (17).

Plaques scored Mutant
Enzyme 4 frequency En;or
Total Mutant (x107% rate
Recombinant HIV-1 RT
Experiment 1 6,109 284 460 1/1,500
Experiment 2 6,511 221 340 1/2,000
Natural HIV-1 RT 5,741 216 380 1/1,800
AMV RT 4,221 19 45 1/17,000
M-MuLV RT 19,112 53 28 1/30,000
Polymerase B (rat) 10,646 495 460 1/1,500
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transfect competent «-complementation
host cells to score the colors of the resulting
M13mp2 plaques. Base substitution errors
were detected as blue plaques and the rever-
sion frequency (the proportion of blue to
total plaques) reflected the base substitution
error rate.

HIV-1 RT generated revertants at a fre-
quency of 100 x 107 (Table 1). This is
more than 50 times above the spontaneous
background reversion frequency of uncop-
ied DNA, showing that errors are indeed
the result of DNA polymerization in vitro.
The error rate at the three template nucleo-
tides of the TGA codon is 1 for each 18,000
nucleotides polymerized (for calculation, see
legend to Table 1). For comparison in the
same assay, Table 1 also shows results for
AMV RT and for the four known DNA
polymerases (a, B, 3, and v) in animal cells.
HIV-1 RT has accuracy similar to that of
AMV RT and an exonuclease-deficient
DNA polymerase a—primase complex that
had been freshly purified from calf thymus
(13). The HIV-1 enzyme is 18 times more
accurate than the DNA polymerase B for
base substitution errors at this TGA codon.
None of these DNA polymerases contain
associated exonuclease activity. In contrast,
HIV-1 RT is error-prone compared to the
highly accurate DNA polymerases v and 3,
both of which contain associated proofread-
ing exonuclease activity (8, 10).

Other exonuclease-deficient DNA poly-
merases commit a variety of errors in addi-
tion to single base substitutions, including
simple frameshift errors and extensive and
complex deletions (11, 14, 15). In addition,
the known diversity of the HIV-1 genome
described by DNA sequence analyses of
individual isolates of HIV-1 includes diverse
base substitutions, additions, and deletions
(4, 5). Furthermore, for reasons yet un-
known, these changes are not randomly
distributed but are clustered within certain
regions of the genome (4, 5).

Thus, in order to score a broad spectrum
of polymerization errors, we next examined
the fidelity of HIV-1 RT in the M13mp2
forward mutation assay (14). This assay uses
the wild-type lacZa sequence. Correct poly-
merization to fill a 390-nucleotide gap pro-
duces DNA that, when used to transfect the
appropriate E. coli host strain, produces dark
blue M13 plaques. Errors during synthesis
are scored as lighter blue or colorless
plaques. Since the assay measures loss of a
gene function that is not essential for phage
production (a-complementation of B-galac-
tosidase activity), a wide variety of muta-
tions at many different sites can be recovered
and scored (14, 15).

Gap-filling polymerization reactions were
performed with both the recombinant and
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the natural form of HIV-1 RT. Transfection
of reaction products yielded the mutant
frequencies shown in Table 2. Both sources
of HIV-1 RT are highly inaccurate, produc-
ing efrors about ten times as frequently as
RTs from either AMV or Moloney murine
leukemia virus (M-MuLV). HIV-1 RT is, in
fact, as inaccurate in the forward mutation
assay as DNA polymerase B, the least accu-
rate. DNA polymerase described to date.
This result was unexpected, since HIV-1 RT
appears much more accurate than polymer-
ase B in the base substitution reversion assay
(Table 1). This suggests that the error rate
of these polymerases differs substantially
from site to site.

We therefore determined the DNA se-
quences of 40 independent and randomly
chosen mutants, 20 generated by the recom-
binant and 20 by the natural enzyme. Both
enzyme preparations yielded similar results,
producing three classes of errors: single base
substitutions (7 out of 20 and 9 out of 20
sequenced mutations generated by the
recombinant and natural enzymes, respec-
tively), —1 errors (11 out of 20 and 10 out
of 20) and +1 errors (2 out of 20 and 1 out
of 20). The errors were dramatically nonran-
dom in their distribution within the target
sequence. For example, although there are at
least 110 different sites at which base substi-
tution errors can be scored, 10 of the 16
single base substitution errors were T — C
transitions at a single template nucleotide,
position —36. This site is so mutable that
even the small number of mutants se-
quenced allows us to calculate the error
frequency for this T:dGTP mispair to be an
extraordinarily high 1 out of 70. Similarly,
although there ate a variety of monotonous
template nucleotide runs in the target se-
quence, 8 out of 21 detected —1 errors were
within a single TTT sequence at positions
137 to 139. Here, the error rate per detect-
able nucleotide incorporated is 1/250, pre-
sumably because of a Streisinger slippage
mechanism (16).

We also note that even after the removal
of the base substitution and frameshift er-
rors at the hot spots from the collection of
HIV-1 mutations sequenced thus far, the
base substitution error rate for HIV-1 RT is
several times that for AMV RT. In addition,
both the base substitution and frameshift
hot spots observed with HIV-1 RT are
unique when compared to the mutational
spectra of eight other DNA polymerases
whose error specificities have been defined
(11, 14, 15, 17).

These results are consistent with the pos-
sibility that the infidelity of reverse tran-
scription is responsible for the DNA se-
quence diversity among different HIV-1 iso-
lates. A more detailed description of error

specificity in vitro will allow comparisons to
the in vivo database to further examine this
possibility. Since it is possible that polymer-
ase-mediated fidelity differences may reflect
differences in the structure of active sites, it
is also possible that error specificity differ-
ences between HIV-1 RT and normal cellu-
lar DNA polymerases may provide informa-
tion that could be exploited for intervention
therapy.
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