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ABSTRACT Human immunodeficiency virus type 1
(HIV-1) is genetically highly variable. This is attributed to the
error-prone nature of HIV-1 replication and its proclivity for
recombination. During replication and recombination, reverse
transcriptase (RT) must polymerize DNA to the 5’ ends of
multiple RNA and DNA template termini while converting
HIV-1RNA to double-stranded DNA. We have determined the
fidelity of HIV-1 RT in vitro during polymerization to the 5’
ends of HIV-1 long terminal repeat DNA template sequences
and to the end of a partial HIV-1 genomic RNA template that
mimics a recombination intermediate. HIV-1 RT readily ex-
tended recessed DNA primers to form full-length blunt-end
DNA'‘DNA and DNA-RNA duplexes. In addition, HIV-1 RT
catalyzed high yields of products with one to four extra
nucleotides at the 3’ ends of the nascent DNAs. These products
were formed processively via a nontemplated mechanism that
is highly specific for the addition of purine nucleotides (A > G
> T = C). Thus, HIV-1 RT is extremely unfaithful at both
DNA and RNA template ends, introducing errors (extra nu-
cleotides) in one out of every two or three nascent strands
processively polymerized. This error rate is 1000 times higher
than for HIV-1 RT-catalyzed errors at internal template posi-
tions. Blunt-end additions were also catalyzed by other retro-
viral RTs at relative rates of HIV-1 =~ Moloney murine
leukemia virus > avian myeloblastosis virus. These data sug-
gest a potentially important mechanism for retroviral mutation
mediated by nontemplated blunt-end addition of purines prior
to forced copy-choice recombination.

Acquired immunodeficiency syndrome (AIDS) results from a
chronic infection by the human immunodeficiency virus type
1 (HIV-1; ref. 1). HIV-1 is a highly variable retrovirus that
continuously alters its genetic composition during the course
of infection (2, 3). This propensity for mutation underlies the
alarmingly adaptive nature of HIV-1, which permits evasion
of immunosurveillance, rapid emergence of drug-resistant
variants, virus spread, and continued disease progression (4).
An understanding of the mechanisms of HIV-1 mutation is of
critical importance in the development of antiviral strategies
Q).

The high mutation frequency of HIV-1 is attributed to the
error-prone nature of retroviral replication (2, 3). Retrovi-
ruses convert their single-stranded genomic RNA to linear
duplex DNA in a series of complex steps involving two
template transpositions (jumps) and RNA- and DNA-
templated DNA polymerization catalyzed by virus-encoded
reverse transcriptase (RT; for review, see ref. 5). RT exhibits
low fidelity during both RNA- and DNA-templated DNA
polymerization in vitro (3, 6, 7). In addition, RT mediates
strand-transfer reactions that lead to recombination (8, 9). It
is likely that RT-catalyzed polymerization errors and recom-
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bination are major determinants of HIV-1 variability (2, 3,
10).

A unique aspect of retrovirus replication is that RT must
polymerize complementary strands of four different linear
template ends (5): (/) the RNA 5’ R region just prior to the first
jump, (ii) the RN A primer-binding site just prior to the second
jump, (iii) the DNA U3 long terminal repeat (LTR) during
completion of minus-strand synthesis, and (iv) the DNA U5
LTR during completion of plus-strand synthesis. In addition,
retroviral RN A genomes are often broken (11), and RT copies
these random RNA template ends just prior to recombination
by aforced copy-choice mechanism (10, 11). Thus, HIV-1RT
encounters multiple template ends during each cycle of
replication, and these ends presumably must be copied
efficiently to sustain viral growth.

In preliminary studies, we observed that purified HIV-1 RT
frequently adds nontemplated nucleotides while copying
DNA template ends (12). In the present study, we examined
the fidelity of HIV-1 RT in vitro during polymerization at
LTR DNA template ends and at the end of a partial HIV-1
genomic RNA template. Our data show that HIV-1 RT copies
both DNA and RNA template ends with extremely low
fidelity, yielding large amounts of product (30-50% of mol-
ecules processively polymerized) with one to four extra
nucleotides added beyond the template termini. This non-
templated polymerization is highly specific for the addition of
purine nucleotides (A > G) and is associated with RTs from
the lentivirus, avian sarcoma-leukosis, and mammalian type
C retroviral groups. These results suggest a potentially im-
portant mechanism for retroviral mutation.

MATERIALS AND METHODS

Materials. Virion and recombinant HIV-1 RTs were iso-
lated as described (6, 13). The purified recombinant protein
(8400 units/mg; units as defined in ref. 13) consisted of
equimolar ratios of 66- and 51-kDa subunits and was bio-
chemically indistinguishable from RT purified from HIV-1
virions (6, 13, 14). Escherichia coli DNA polymerase I large
fragment was purchased from New England Biolabs. 2'-
Deoxyribonucleoside 5’'-triphosphates (INTPs; FPLC-pure),
poly(rA)«(dT)i>-18, and Sephadex G-50 (DNA grade) were
purchased from Pharmacia LKB Biotechnology. Bovine se-
rum albumin (RIA grade) was purchased from Sigma. All
other reagents were obtained in the purest available form
from Fisher Scientific.

Polymerization at Template Ends. DNA-DNA primertem-
plates were constructed from synthetic oligodeoxyribonucle-
otides (HPLC-purified; Operon Technologies, Alameda, CA)
with sequences corresponding to HIV-1 U3 and US LTR
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termini (see Figs. 1 and 3). 5'-32P-labeled primers (15 or 24 nt
long, i.e., 15-mers or 24-mers) were prepared by standard
procedures (15) and hybridized to 30-mer templates (0.9:1
primer/template ratio) under conditions yielding >90% hy-
bridization of the radiolabeled primer (6). All DNA-DNA
primertemplates were designed with a 5'-recessed primer
strand; this ensured that each duplex DNA contained a single
3'-hydroxyl group that is a substrate for polymerase-
catalyzed primer extension or blunt-end addition.

Primertemplate DNA'RNA was prepared from run-off
transcripts of a subclone of HIV-1 pNL4-3 proviral DNA
(13). The Kpn I-HindIIl fragment of pNL4-3 (HIV-1 nt
6347-8130) was cloned into the vector pGEM-3zf(+)
(Promega), and run-off RNA transcripts were generated in
vitro by T7 RNA polymerase as described (13). The resultant
RNA (1.8 kb long) corresponded to a fragment of the HIV-1
genomic plus-strand (portion of env). This RNA was hybrid-
ized to a synthetic [5’-32P]15-mer DNA to yield a DNA-RNA
primertemplate with the 3’ nucleotide of the DNA primer
positioned 20 nt from the 5’ end of the RNA template. RNA
was handled under standard RNase-free conditions (15), and
there was no detectable strand breakage (<1% per template
site) during the hybridization and polymerization reactions
13).

Polymerizations of both DNA-DNA and DNA-RNA
primertemplates were conducted in vitro at 30°C for 3-60
min in 10- to 100-ul reaction mixtures containing 20 mM
Tris‘HCI (pH 8), 2 mM dithiothreitol, S mM MgCl,, 24 mM
KCl, bovine serum albumin (0.1 mg/ml), 2 nM
primertemplate, RNasin (1 unit/ul in RNA reaction mix-
tures; Promega), the indicated dNTPs (each at 1-500 uM),
and 0.3-6 nM HIV-1 RT active sites. All reactions, except
those confined to a single cycle, were initiated by the addition
of HIV-1 RT. Single-cycle reactions were initiated by first
equilibrating HIV-1 RT with primertemplate in the absence
of dNTPs (5 min at room temperature), followed by addition
of poly(rA)«(dT)12-1s (0.05 mg/ml) and ANTPs as described
(13). All reactions were stopped by adding EDTA (7.5 mM).
Products were eluted through Sephadex G-50 spin columns,
separated in 15% or 20% gels by polyacrylamide/urea gel
electrophoresis, visualized by autoradiography, and quanti-
fied by densitometry as described (6, 14).

RESULTS AND DISCUSSION

Fidelity of Polymerization at DNA Template Ends. To
examine polymerization at HIV-1 DNA template ends, syn-
thetic DNA-DNA primertemplates were constructed that
correspond to sequences of the nearly complete HIV-1 U3
and US LTR termini (Fig. 1). Incubations of HIV-1 RT with
these primer-templates resulted in the formation of two major
products (Fig. 1): the predicted blunt-end 24-mers and large
amounts of 25-mers. Similar results were observed with viral
and recombinant HIV-1 RTs at both the U3 and U5 LTR
termini (data not shown). Analyses of primer{5'-32P]tem-
plates before and after incubation with HIV-1 RT showed no
evidence of contaminating templates with altered electropho-
retic mobilities (<3%; data not shown). Thus, the 25-mer
products did not result from polymerization on impure tem-
plates or templates modified during the incubations with
HIV-1 RT.

The rates of both 24-mer and 25-mer synthesis were
constant up to =10 min on both LTR templates, indicating
that the products resulted from multiple cycles of RT-
primertemplate binding, DNA polymerization, RT dissocia-
tion, and binding to another primer-template molecule. More-
over, the yields of 25-mers were exceptionally high (20-90%
of nascent products). This high rate of 25-mer synthesis may
result from two mechanisms: (i) efficient synthesis of prod-
ucts with an extra nucleotide during each cycle of processive
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Fi1G. 1. Polymerization at the US LTR DNA end. Synthetic U5
LTR DNA-DNA primertemplate
[5'—32P]GTCAGTGTGGAAAAT (+)
( GAAATCAGTCACACCTTTTAGAGATCGTC (-—)
was incubated with (lanes 2-10) or without (lane 1) recombinant
HIV-1RT (0.3 nM; 0.0010 unit/ul) in the presence of dATP, dCTP,
dGTP, and dT TP (each at 500 uM) at 30°C. Incubations were stopped
after 3, 6, 9, 12, 15, 20, 25, 30, and 60 min, and the products were
separated by polyacrylamide/urea gel electrophoresis, visualized by
autoradiography, and quantified by densitometry. The predicted
blunt-end products are 24 nt long (length markers are indicated to the
left). Reactions containing synthetic U3 LTR DNA-DNA primer
template [5'—32P ] TGGGAGTGAATTAGC (—)
GAAGCAACCCTCACTTAATCGGGAAGGTCA (+)
yielded a similar distribution of products (data not shown). The U3
and US primertemplate sequences used in these reactions are based
on those predicted from sequences at the primer binding site and
polypurine tract junctions of HIV-1 IIIB HXB?2 (16).

polymerization and/or (ii) rapid enzyme cycling and distrib-
utive synthesis after forming blunt-end precursors.

To distinguish between these two mechanisms and to
accurately determine the frequency of extra nucleotide ad-
dition during processive synthesis, reactions were conducted
in the presence of competing poly(rA)«(dT) (Fig. 2). These
single-cycle reactions resulted in yields of 24- and 25-mers
essentially identical to those observed during the early time
points with multiple enzyme cycling (compare Fig. 2, lane 3,
with Fig. 1, lanes 2—-4). Therefore, the products observed at
the early time points in Fig. 1 likely resulted from processive

C U3 Us

" s— 25-mer
f ™ — 24-mer

. (blunt end)

— 15-mer
(primer)

F1G. 2. Processive polymerization at LTR termini. Single-cycle
reactions with HIV-1 RT (3 nM; 0.010 unit/ul) in the presence of a
poly(rA)-oligo(dT) trap were conducted as described (13) using U3
(lane 2) or US (lane 3) primertemplates in the presence of all four
dNTPs (each at 500 uM; see Fig. 1 for primertemplate sequences).
The relative yields of 25-mers [nM 25-mer/(nM 24-mer + nM
25-mer)] after 10-min incubations were 0.3 and 0.5 on the U3 and U5
LTR primertemplates, respectively. A control reaction in which
HIV-1 RT was first equilibrated with a poly(rA)-oligo(dT) trap and
then initiated by the addition of dNTPs and the U3 primertemplate
yielded no extension products and demonstrated that the trap was
effective for at least 10 min (lane 1).
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synthesis, and the high yield of 25-mers reflects an extremely
high rate of HIV-1 RT errors during processive polymeriza-
tion at template ends. From densitometric analysis, we
calculate that HIV-1 RT introduces an extra nucleotide in one
out of every two or three primer-template molecules poly-
merized in a single processive cycle. This error rate is 1000
times higher than for HIV-1 RT-catalyzed errors at internal
template positions (6, 7).

Sequence Specificity of Extra Nucleotide Addition. The
25-mer products from both LTRs were sequenced by the
Maxam and Gilbert method to determine the site of extra
nucleotide addition. This analysis showed that the 25-mers
were complementary to the template up to the 24-mer posi-
tions and revealed an extra nucleotide incorporated at the 3’
ends of both LTR nascent strands (data not shown). There-
fore, the 25-mers were likely formed directly from blunt-end
24-mer precursors. The ability of HIV-1 RT to add nucleo-
tides onto blunt-ends was verified by incubating HIV-1 RT
with preformed blunt-end LTR sequences in the presence of
all four dNTPs (Fig. 3, lane a). These reactions resulted in
high yields of 25-mer products. Similar incubations with
unhybridized [32P]24-mer resulted in no 25-mer formation
(Fig. 3, lane b). Thus, extra nucleotide addition does not
result from a loopback priming mechanism (17).

The Maxam and Gilbert sequence analyses suggested that
dAMP is preferentially added as the extra nucleotide onto
both LTR ends. However, ambiguities at the terminal nucle-
otide positions indicated that other nucleotides may also be
added onto blunt-ends (data not shown). To determine the
relative rates of addition of each nucleotide, HIV-1 RT was
incubated with preformed blunt-end U3 LTR DNA in the
presence of each ANTP individually, and the rates of 25-mer
synthesis were compared (Fig. 3). Purine nucleotides were
strongly favored substrates for this reaction with initial
velocities of incorporation of dAAMP (0.1 nM/min) > dGMP
(0.02 nM/min) > dTMP (0.002 nM/min) > dCMP (<0.001
nM/min; limit of detection). This trend was observed over a
range of ANTP concentrations (13-500 «M) and on U5 as well
as ¢X174 DNAs (data not shown). Thus, the specificity of
extra nucleotide incorporation is not dependent on
primer-template sequence.

These data demonstrate that the infidelity of HIV-1 RT at
template ends is due to a high rate of processive polymer-
ization of an extra nucleotide onto blunt-end duplexes. The
preferential addition of a single dAMP residue on all
primertemplates indicates that extra nucleotide addition is
not due to template switching (8, 9), polymerization on
discontinuous templates (18), or loopback polymerization
(17), because these processes would result in the incorpo-
ration of each of the four nucleotides in a sequence-
dATP | dGTP

J dCTP \ dTTP

L — 25-mer —_ -
— 24-mer —
ab (blunt end)

C 518|C 318|C 3—> 18‘0 3——>”

Time (min)

Fi1G. 3. Specificity of extra nucleotide addition. Blunt-end U3
DNA [5'—32P ] TGGGAGTGAATTAGCCCTTCCAGT (—)
( GAAGCAACCCTCACTTAATCGGGAAGGTCA (+)
was incubated with HIV-1 RT (3 nM; 0.010 unit/ul) or without HIV-1
RT (control lanes ‘‘C’’) in the presence of 500 uM dATP, 500 uM
dGTP, 500 uM dTTP, or 500 uM dCTP, individually. Incubations
with HIV-1 RT were at 30°C for 3, 6, 9, 12, 15, and 18 min (except
for the dT TP reactions where the 15-min point was omitted). Lanes
aand b are from incubations (30°C, 10 min) of HIV-1RT (3 nM; 0.010
unit/ul) with either blunt-end U3 DNA (lane a) or unhybridized
[32P]24-mer (lane b) in the presence of all four ANTPs (each at 500
uM). All products were analyzed by polyacrylamide/urea gel elec-
trophoresis and quantified by densitometry.
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dependent fashion and would yield products of heteroge-
neous length on different primer-templates. Other polymer-
ases, including RTs from avian myeloblastosis virus and
Moloney murine leukemia virus, have also been reported to
add nucleotides onto DNA termini in vitro by a blunt-end
addition mechanism (12, 19, 20).

Fidelity of Polymerization at RNA Template Ends. To
determine the fidelity of polymerization at RNA template
ends, an RNA segment corresponding to 1.8 kb of the HIV-1
genome was hybridized to a 15-mer DNA primer to form a
DNA-RNA primer-template. The 3’ nucleotide of the DNA
primer was positioned 20 bases from the 5' RNA end. Thus,
this synthetic DNA-RNA partial duplex is similar to what
HIV-1 RT will encounter as it approaches the 5’ end of a
broken genomic RNA template.

Incubation of this primertemplate with HIV-1 RT and
dNTPs in vitro yielded a series of extension products ranging
from 16 to 39 nt long (Fig. 4, lanes 3-7). The 35-mer
corresponds to blunt-end DNA-RNA duplex. Thus, the for-
mation of abundant products longer than 35-mers indicates
that HIV-1 RT also introduces extra nucleotides at a high
frequency during polymerization at RNA template ends. The
yields of these longer products relative to the blunt-end
35-mer were constant at the early time points. Thus, the
addition of extra nucleotides likely occurs during processive
synthesis, as was observed on the LTR DNA templates (Figs.
1 and 2). Unlike the DNA templates, polymerization at this
RNA template end also resulted in relatively high yields of
products with up to four additional nucleotides (Fig. 4, lane
7). Reverse transcription with E. coli DNA polymerase I only
yielded products <35 nt long (Fig. 4, lane 2). This is consis-
tent with previous reports that blunt-end addition by E. coli
DNA polymerase I is inefficient (19) and provides indirect
evidence that the RNA template ends were homogeneous.
Analyses of [2P]JRNAs before and after hydrolysis with

Excess dNTP
AGCT

~
a

>0 OO
CcC>00

Length (nt)
Template Sequence

0 >PC OO OCOO>OOC

1234567

8 91011

FiG. 4. Polymerization at an RNA template end. [5'-32P]-
DNA-RNA primertemplates were incubated with HIV-1 RT (3 nM;
0.010 unit/ul) in the presence of all four dNTPs (each at 1 uM; lanes
3-7) or three ANTPs (each at 1 uM) with the fourth ANTP at 500 uM
(lanes 8-11). Incubations at 30°C were stopped after 3, 6, 9, or 12 min
(lanes 3-6) or 60 min (lanes 7-11). The products were analyzed by
polyacrylamide/urea gel electrophoresis and quantified by densi-
tometry. Incubations with E. coli DNA polymerase I large fragment
(lane 2; 0.8 unit/ul; units as defined by the manufacturer) or without
polymerase (lane 1) were conducted for 10 min at 30°C in the
presence of all four ANTPs (each at 500 uM). The 5’ end of the RNA
template sequence is displayed at the right, and the product lengths
are shown at the left of the autoradiographs.
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specific RNases confirmed that the RNA template ends were
uniform (data not shown). Thus, extra nucleotide addition by
HIV-1 RT is not an artifact of imprecise transcription initi-
ation by T7 RNA polymerase. These data show that HIV-1
RT copies RNA template ends with very low fidelity and
introduces extra nucleotides at a frequency of =50% during
processive synthesis (Fig. 4, lane 3). RTs from other retro-
viruses also formed high yields of products with extra nu-
cleotides (HIV-1 RT = Moloney murine leukemia virus RT >
avian myeloblastosis virus RT; data not shown). Thus, this
activity is associated with RTs from a broad range of retro-
viral groups.

To determine the base specificity of extra nucleotide
addition on the DNA-RNA primer-template, the yields of
products with extra nucleotides (>35-mers) were compared
in polymerization reaction mixtures containing either low
concentrations of all four dNTPs (each at 1 uM) or low levels
of three ANTPs (each at 1 uM) plus a high level (500 uM) of
the fourth ANTP (Fig. 4, lanes 7-11). After 60 min in the
presence of 1 uM dNTPs, products >35-mers made up 30%
of the total extended primers and contained as many as four
extra nucleotides beyond the predicted blunt end (Fig. 4, lane
7). Incubation mixtures containing high concentrations of
dATP or dGTP, but not dCTP or dTTP, gave significantly
higher yields of products >35-mers (Fig. 4, lanes 8-11). The
relative rates of elongation to products >35-mers were 20, 3,
1, and 1 for the reaction mixtures containing excess dATP,
dGTP, dTTP, and dCTP, respectively (calculated as de-
scribed in ref. 6). The selective incorporation of purine
nucleotides argues against template switching, loopback

RNACopy 1 ———VAU +
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priming, and polymerization on discontinuous templates as
mechanisms of extra nucleotide addition (see above). Thus,
as with DNA templates, extra nucleotides incorporated be-
yond RNA template ends result from preferential blunt-end
addition of dAMP by a nontemplated mechanism.

Blunt-End Addition and Retroviral Mutagenesis. The pro-
clivity of RT to add extra nucleotides during processive
synthesis and at physiologic dNTP levels (Fig. 4, lanes 3-7)
strongly suggests that blunt-end addition can occur during
retroviral replication in vivo and may contribute significantly
to retroviral mutation (Fig. 5). RT continuously encounters
broken 5' RNA template ends in vivo and responds by
switching templates and continuing polymerization (10, 11).
Blunt-end addition of one or several nucleotides at these
broken ends will result in a high frequency of mismatched
nucleotides at primertemplate termini after template transfer
(Fig. 5, steps 1-3). The fate of these mismatches will depend
both on the nature of the flanking sequences and on the ability
of RT to extend the aberrant primer-template structures.
Studies in vitro show that RTs, particularly HIV-1 RT,
efficiently extend primer-templates with terminal mismatches
(14, 21) or misaligned nucleotides (22, 23). Extension of
terminal mismatches will yield base-substitution mutations
(Fig. §, step 4). In addition, extra nucleotides at broken RNA
ends could result in small deletions or insertions after strand
transfer, primer-template misalignment, and subsequent ex-
tension (Fig. 5, steps 5 and 6). A combination of deletions,
insertions, and base substitutions may also occur if several
nucleotides are added onto blunt ends prior to strand trans-
fer.

<« — Nascent Minus-Strand DNA

RNACopy 2 v +
(broken)
@ L Minus-Strand Synthesis
—UAU
(2| Buunt-EndAddition
— VAU

AA

@l Strand Transfer

UAU-

Lo —
—_

@ Mispair Misalignment
Extension
e, T fe—
’ f | d
Extension of Misaligne
j l PrimereTemplate i
€ ATA N A
| { I
TTTe + TATT: + TTe +
AP — ATAA = AR =
N—T Base Substitution Insertion Deletion

Fi1G6. 5. Model for mutagenesis by blunt-end addition and forced copy-choice recombination. After polymerization to the 5’ end of a broken
RNA genome (step 1), RT adds an extra nucleotide (depicted here as A) by blunt-end addition onto the nascent strand (step 2). Subsequent forced
copy-choice strand transfer to the intact RNA genome copy will result in a mispair (step 3) with a probability of 0.75 (assuming that RNA breaks
are random). This mispair can result in three classes of mutation. Mispair extension (step 4) and continued reverse transcription will result in
base substitution errors (N — T) in the proviral DNA plus strand. Alternatively, the extra adenosine residue may lead to misalignment of the
primer-template resulting in either insertion or deletion mutations depending on the flanking template sequences (steps S and 6). Misalignment
with upstream uridine residues (step 5Sa) will result in nucleotide insertions, while misalignment with downstream uridine residues (step 5b) will
yield deletions; both of these pathways require RT to extend misaligned primertemplates with unpaired extra nucleotides in either the primer
(step 6a) or the template (step 6b) strand. More than one nucleotide may be inserted or deleted depending on the extent of misalignment. The
sequence shown surrounding the RNA break is arbitrary and was selected for illustration purposes. Thin and thick lines represent RNA and
DNA, respectively; ¥ and A represent insertion and deletion mutations, respectively.
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The results of our studies suggest a potentially important
mechanism for RT-catalyzed mutagenesis involving initial
nontemplated polymerization at RNA template ends and
subsequent forced-copy choice recombination. The rate of
mutation by this mechanism is potentially high. Based on the
high rate of retroviral minus-strand recombination (20%; ref.
10) and the high frequency of blunt-end addition during
processive synthesis (30-50%; Figs. 2 and 4), we estimate
that 1 out of every 10-20 viruses could mutate by this
mechanism during a single cycle of replication. Studies of
unintegrated proviral DNAs from infected cells in culture
suggest that blunt-end addition occurs widely in retroviruses
(24-28) and in the retroelement copia (29), although the
frequency in vivo appears somewhat lower than in vitro (27,
28, 30, 31).

The observed preference for addition of purine residues
(Figs. 3 and 4) leads to very distinct predictions about the
nature and location of mutations arising by this mechanism.
Base substitutions will be predominantly N— T and N— C
substitutions in the proviral plus-strand, and small deletions
or insertions will occur flanked by plus-strand thymidine or
cytidine residues. Both types of mutations should occur at
minus-strand recombination junctions. This model is readily
testable in viral (10, 32) and cell-free (8, 13) replication
systems and may account for the short nucleotide insertions
observed at mutation junctions in retroviral deletion mutants
(33, 34).

Note. While this paper was in preparation, Peliska and Benkovic (35)
proposed a similar mechanism for HIV-1 base-substitution mutagen-
esis.
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