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The fidelity of DNA synthesis by reverse transcriptases from human immunodeficiency virus and other
retroviruses was compared by measuring the rates of misincorporation of dCMP in the place of TMP in
cell-free DNA synthesis with polyadenylic acid as the template. The fidelity of human immunodeficiency virus
reverse transcriptase was found to be about one-third of that of the reverse transcriptases of other retroviruses.

The genetic variability of human immunodeficiency virus
(HIV) has been well established (1, 3, 7, 15). This property of
HIV might affect viral pathogenesis and enable the virus to
escape from host immune defenses. The rate of evolution of
HIV is reported to be more than a million times that of most
DNA genomes and possibly 10 times that of some other
RNA viruses, including certain oncoviruses (5, 7, 8). How-
ever, the molecular mechanisms of the rapid changes ofHIV
genomes are unknown. Polymorphisms in nucleic acid se-
quences have been found to be widely distributed over the
whole HIV genome, although variation in amino acid se-
quences is much higher in the envelope region than in the
remainder of the genome (1, 3, 7). Some processes of
genomic replication may participate in hypervariability of
HIV genome. In this study, we examined the possibility that
the reverse transcriptase (RT) of HIV replicates the genome
with low accuracy by comparing the fidelities of DNA
synthesis by RTs of HIV and other retroviruses by a
misincorporation assay (12).
The purification of RT from two independent isolates of

HIV, HTLV-IIIB (13, 14) and HIV[GUN-1] (14), were
described by Chandra et al. (4). Briefly, the enzymes were
purified from the culture fluids of HTLV-IIIB-infected
MOLT-4 cells and HIV[GUN-1]-infected U-937 cells by
column chromatography on DEAE-cellulose and phospho-
cellulose (4). The RT of avian myeloblastosis virus (AMV)
and cloned RT from Moloney murine leukemia virus (Mo-
MuLV) were obtained from Pharmacia and purified by the
FPLC system. RT of Rous-associated virus-2 (RAV-2) was
from Takara and was also purified by high-performance
liquid chromatography. With these similar levels of purity,
we assume that the polymerase activities analyzed reflect the
RT enzymes and not contaminating polymerases.
The reaction mixture for the misincorporation assay con-

tained RT, polyadenylic acid [poly(A)] as a template, oli-
go(dT) as a primer, [3H]TTP as a correct substrate, and
[a-32P]dCTP as an incorrect substrate. The specific radioac-
tivity of [a-32P]dCTP was about 2,000 times that of [3H]TTP
to allow detection and quantitation of minute amounts of
incorrect nucleotide incorporated. A sample (20 ,ul) of en-
zyme solution (50 mM Tris hydrochloride [pH 7.5], 1 mM
dithiothreitol, 0.02% Triton X-100, 10% glycerol, ca. 20 U of
RT per ml [1 U of RT catalyzes the incorporation of 1 nmol
of TMP into acid-insoluble product in 10 min at 37°C with
poly(A)-oligo(dT) as the template-primer]) was mixed with
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80 ,ul of a solution containing 250 jxg of bovine serum
albumin per ml, 40 mM Tris hydrochloride (pH 7.8), 4 mM
dithiothreitol, 48 mM KCl, 200 mM poly(A), 10 mM
oligo(dT)12-18, 10 mM MgCl2 31.3 ,uM TTP, 31.3 ,uM dCTP,
ca. 3 x 109 cpm of [32P]dCTP per ml, and 1.5 x 106 cpm of
[3H]TTP per ml. After incubation for 1 h at 37°C, the mixture
was extracted with phenol and then chloroform, and nucleic
acid was precipitated with ethanol and 1 jig of carrier tRNA.
Free mononucleotides were removed by four precipitations
with ethanol in 2 M ammonium acetate-0.1% sodium dode-
cyl sulfate-20 mM EDTA. After the purification, high-
molecular-weight nucleic acid was analyzed. The reaction
conditions used in these studies gave better than 80% of the
maximal activity as determined by comparison with optimal
conditions for each RT.

Analysis by alkaline agarose gel electrophoresis showed
that most of the 32P-labeled products were more than 150
nucleotides long (data not shown). The products were de-
graded to 3'-mononucleotides by digestion with micrococcal
nuclease and then spleen phosphodiesterase (9) or to 5'-
mononucleotides by digestion with nuclease P1. The undi-
gested products and the digests were separated by two-
dimensional thin-layer chromatography (2D-TLC). 2D-TLC
was carried out on avicel SF cellulose plates (Funakoshi) in
isobutyric acid-0.5 M NH40H (7:3) in the first dimension
and in isobutyl alcohol-HCl-H20 (75:12.5:12.5) in the sec-
ond dimension. Then the plates were autoradiographed. The
results obtained with the RTs of AMV and HTLV-IIIB are
shown in Fig. 1. A TLC autoradiogram of the undigested
product (Fig. 1, panels a and d) showed no evidence of
contamination with free nucleotides. If 5'-[32P]dCMP were
misincorporated into newly synthesized polynucleotides,
which should be complementary to poly(A), decomposition
of the polynucleotides to 3'-nucleotides and 5'-nucleotides
should give 3'-[32P]TMP and 5'-[32P]dCMP, respectively. A
single spot corresponding to 3'-TMP was observed on the
2D-TLC chromatogram of 3'-nucleotides (Fig. 1, panels b
and e). In each case, the spot of 3'-nucleotides was located
slightly to the right and above the spot of the corresponding
5'-nucleotide (data not shown). On 2D-TLC chromatograms
of 5'-nucleotides, 5'-dCMP was detected as expected, and
unexpectedly, two radioactive spots that corresponded to
5'-TMP and 5'-dUMP were also seen (Fig. 1, panels c and f).
For the following two reasons, we concluded that the
5'-[32P]TMP and 5'-[32P]dUMP incorporated into polynucle-
otide synthesized by RTs were derived from [a-32P]TTP and
[a-32P]dUTP, respectively, present in commercial [a-
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FICG. 1. 2D-TLC analysis of products of misincorporation by RTs
of AMV and HTLV-IIIB. Portions of the purified nucleic acid with
authentic markers (5'-dCMP, 5'-TMP, and 5'-dUMP) were sub-
jected to 2D-TLC before digestion (a and d), after digestion with
micrococcal nuclease and then spleen phosphodiesterase (b and e)
(9), or after digestion with nuclease P1 (c and f). The spots of
5'-dCMP, 5'-TMP and 5'-dUMP were located under a UV lamp and
are indicated as dpC, pT, and dpU, respectively. Results for the RTs
of AMV (a-c) and HTLV-IIIB (d-f) are-shown.

32P]dCTP, although in 103 to 105 times smaller amounts than
[o-32P]dCTP. First, when [a-32P]dCTP was purified by TLC
on a cellulose thin-layer sheet (Merck) in isobutyric acid-0.5
M NH40H (5:3) before use in the misincorporation assay for
RAV-2 RT, no spot of 5'-[32P]TMP was detected and the
spot of5'-[32P]dUMP was very faint in the nuclease P1 digest
of the product (data not shown). The 5'-[32P]dUMP incor-
porated might be derived from [a-32P]dUTP formed by
deamination of [a-32P]dCTP in acidic conditions during
purification by TLC, because nmuch more 5'-[32P]dUMP was
incorporated when [a-32P]dCTP that had been exposed to
the solvent for a long time was used (data not shown).
Second, the incorporation rates of 5'-[32P]TMP and 5'-
[32P]dUMP but not 5'-[32P]dCMP varied markedly when
different batches of [a-12P]dCTP were used (data not
shown). Thus, for accurate quantitation of misincorporation,

we extracted the spots corresponding to 5'-dCMP and 5'-
TMP from the TLC plates of 5'-nucleotides (Fig. 1, panels c
and f), counted the radioactivities, and calculated the error
rates. Nucleotides were extracted from the spots corre-
sponding to 5'-dCMP and 5'-TMP with 50 p.l of H20, and
their counts of 32p and 3H, respectively, were counted in 5
ml of aquasol-2 (NEN). Then the error rate was calculated as
follows: error rate = dCMP incorporated/TMP incorporated
= (incorporated count of 5'-[32P]dCMP/total counts of
[32P]dCTP in reaction mixture) x (total count of [3H]TTP in
reaction mixture/incorporated count of 5'-[3H]TMP). Exper-
iments were repeated three times with different batches of
[a-32P]dCTP (Table 1).

In another experiment, [a-32P]TTP and [3H]dCTP were
used as correct and incorrect substrates, respectively, and
the RTs of RAV-2 and HTLV-IIIB were used (Table 1, expt
4). In this experiment, the incorporation of 5'-[3H]TMP and
5'-[3H]dUMP was also observed (data not shown). The error
rates of the RTs of RAV-2, AMV, and Mo-MuLV ranged
from 1 in 60,000 to 1 in 152,000. On the other hand, the error
rates of HIV RTs ranged from 1 in 17,400 to 1 in 38,300.
These reproducible results indicated that the infidelity of
HIV RTs was 2.5 to 5 times that of the other RTs.
The error rate of AMV RT was reported to be 1 in 700

when poly(A) was used as the template in misincorporation
assays (2, 12) and 1 in 329 to 1 in 17,000 when 4)X174am3
DNA was used as a natural template in revertant assays (6,
10-12). The difference in these values for the error rate was
probably due to the difference in the methods used. The
sensitivity of the assay with the homopolynucleotide tem-
plate may be affected by the purity of the deoxynucleotide
substrate and the template. We detected. contaminating
radioactive TTP and dUTP in our dCTP preparation. Similar
contamination probably affected the error rates determined
in previous studies with poly(A) as the template, because the
total counts incorporated into acid-insoluble products were
considered to be the misincorporated counts (2), and so the
error rates may have been overestimated. The error rates
determined in our experiments might still have included a
background error due to possible contamination of the
poly(A) template with guanine or hypoxanthine residues. If
so, the apparent error rates of RTs would have been over-

TABLE 1. Fidelity of DNA synthesis by RTs of RAV-2, AMV, Mo-MuLV, HTLV-IIIB, and HIV[GUN-1]

RT Expt ~~~~Incorporation of Incorporation of Eorat Retienfdiya Mean relative infidelityRT Expt IncorTMP (pmol) dCMP (fmol) Error rate Relative infidelitya for group ± SDb
RAV-2 1 588 3.88 1/152,000 1

2 418 3.45 1/121,000 1
3 298 2.90 1/103,000 1
4c 375 5.18 1/2,400 1

AMV 1 543 5.80 1/93,500 1.63 1.57 + 0.18
2 185 2.10 1/88,100 1.37
3 330 5.53 1/60,000 1.72

Mo-MuLV 1 450 4.03 1/112,000 1.36 1.59 ± 0.27
2 885 13.8 1/64,100 1.89
3 523 7.68 1/68,100 1.51

HTLV-IIIB 1 583 17.9 1/32,600 4.66 5.01 ± 0.31
2 435 18.9 1/23,000 5.26
3 153 7.57 1/20,200 5.10
4C 79.3 4.55 1/17,400 4.16

HIV[GUN-1] 1 27.8 0.725 1/38,300 3.97 3.98 ± 0.08
2 41.8 1.39 1/30,000 4.03
3 31.5 1.21 1/26,100 3.95

a Relative infidelity was calculated as error rate for each RT/error rate for RAV-2 RT.
I Values are means ± standard deviations for one to three experiments for each RT.
c [3HJdCTP (7.1 x 108 cpm/ml) and [a-32P]TTP (1.1 x 106 cpm/ml) were used instead of [a-32P]dCTP and [3HJTTP, respectively.
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estimated. Therefore, the error rates determined so far,
including ours, might all have involved background errors. If
these backgrounds could be subtracted, the fidelities of the
RTs of Mo-MuLV, AMV, RAV-2, and HIVs would be
higher than observed in our experiments and reverse tran-
scription by HIV RT would be relatively much more error
prone than reverse transcription by other RTs.
To our knowledge, this is the first report of low fidelity of

HIV RTs. The lower accuracy of reverse transcription of
HIV than of other retroviruses might be responsible for the
hypervariation of the HIV genome. Studies are required on
the degree of fidelity ofHIV RT in DNA synthesis with other
homopolynucleotides or heteropolynucleotides as tem-
plates. Other processes in the HIV life cycle, such as
synthesis of genomic RNA by RNA polymerase in the
presence of transactivator proteins or other factors, may
also participate in the hypervariability of the genome. We
are now studying the fidelity of reverse transcription with
heteropolynucleotides and the accuracy of genomic RNA
synthesis.
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