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ABSTRACT We made spleen necrosis virus-based retro-
viral vectors with mutations at the 3' end of the primer binding
site region to observe the effects of terminal mismatches on
retroviral replication. These vectors, when compared to a
vector with the wild-type primer binding sequence, allowed us
to assay the effects of the mutations on the viral titer during a
single cycle of replication. The mutant vectors had titers that
were comparable to the wild-type vector, indicating that re-
verse transcriptase has no trouble extending mismatches of as
many as 3 bases under normal in vivo conditions. These results
confirm and extend previous in vitro studies [Yu, H. & Good-
man, M. (1992) J. Biol. Chem. 15, 10888-10896] that showed
that such mismatch extension could occur in a cell-free system
at high concentrations of incorrect nucleotides and in the
absence of correct nucleotides. We now show that mismatch
extension can occur during normal retroviral replication in
cells and at normal physiological nucleotide concentrations.

Retroviruses are RNA viruses that replicate through a DNA
intermediate. The process by which viral RNA is copied into
DNA is known as reverse transcription, and it is carried out
by the viral-encoded enzyme reverse transcriptase (1, 2).
This reverse transcription process is extremely error-prone,
which gives retroviruses a very high mutation rate. This high
mutation rate, in turn, leads to a high degree of genomic
variability, which allows retroviruses to adapt quickly to
changing environmental conditions.

Several features of the reverse transcription process can
give rise to these mutational errors. First, the enzyme reverse
transcriptase itself is highly error-prone, and it makes many
mistakes in copying viral RNA into DNA; these mistakes
include base-pair substitutions, frameshifts, deletions, and
insertions, as well as combinations of these alterations (3, 4).
Reverse transcription also involves two primer transfer steps
(plus-strand primer transfer and minus-strand primer trans-
fer; for further details of the reverse transcription process,
see ref. 1), and these primer transfers also seem prone to
errors, which can generate mutant progeny. In fact, the
requirement for reverse transcriptase to facilitate these
primer jumps may lead to the overall high error rate (5).

In a previous report, we (6) presented results from a system
for studying deletions generated during a single round of
retrovirus replication. This system uses a series of helper
cells and nonhelper target cells to isolate proviruses that have
undergone only one round of replication, thus allowing us to
separate the events of a single round of replication from the
cumulative effects of multiple rounds. The vector used in
these experiments, JD216HyNeo, codes for two resistance
genes, hyg and neo [hyg is the hygromycin B gene, conferring
resistance to hygromycin B (Hygr); neo is the bacterial
neomycin gene, conferring resistance to the neomycin analog
G418 in mammalian cells].

In this report, we describe experiments with vectors de-
rived from JD216HyNeo. These derivatives contain mutant
bases at the 3' end of the primer binding-site (PBS) region,
and they enable us to assay the ability of the reverse
transcriptase to extend mismatches during normal retroviral
replication. After plus-strand primer transfer, these 3' PBS
bases normally pair with sequences copied from the tRNA
that serves as the primer for minus-strand synthesis; the PBS
mutants have a mismatch at this position. These mutants
present a unique opportunity to study the effects of primer-
template mismatches on normal retroviral replication.
The results from our studies with these vectors indicate

that reverse transcriptase can extend mismatches ranging in
size from 1 to 3 bases. Other investigators have studied
mismatch extension by reverse transcriptase (7-10), but all of
this work has been with cell-free systems containing high
nucleotide concentrations and using purified reverse tran-
scriptase [usually from human immunodeficiency virus type
1 (HIV-1)] to extend a single base mismatch on a nonviral
template. Yu and Goodman (11) have shown that HIV-1
reverse transcriptase routinely extends mismatches of up to
3 bases, but again in a cell-free system containing unnaturally
high concentrations of incorrect nucleotides and lacking
correct nucleotides. Our results confirm and extend this
previous work in a system close to the natural viral replica-
tion events that occur within cells at normal nucleotide
concentrations. The mutant vectors had titers that were
comparable to the wild-type vector, and sequencing of the
resulting proviruses indicated that both wild-type and mutant
sequences were found at the PBS region. The observed
mixture of wild-type and mutant sequences is consistent with
known mechanisms and nucleotide preferences of the mam-
malian DNA mismatch repair system (12).

MATERIALS AND METHODS
Nomendature. The "p" at the beginning of construct

names (e.g., pJD216HyNeo) designates the plasmid vectors,
whereas names without the "p" (e.g., JD216HyNeo) denote
viruses (or proviruses) derived from the corresponding plas-
mid vector. All sequence coordinates are given relative to the
5' end of the 5' long terminal repeat (LTR) in the plasmid.
Pasmids and Vectors. The vectorpJD216HyNeo is described

in Dougherty and Temin (13). pGP1 contains the 1100-bpEcoRI
fragmentfrompJD216HyNeo cloned into pTZ19R (Pharmacia),
and pGP2 is the remaining pJD216HyNeo backbone ligated
back together. The vectors pGP216mutl.3, pGP216mut2.1,
pGP216mut2.2, pGP216mut2.3, and pGP216mut2.1A& are PBS
mutant derivatives of pJD216HyNeo (see Fig. 1).

Cells, Transfection, and Infection. D17 cells are derived
from a dog osteosarcoma and are permissive for spleen
necrosis virus (SNV) infection. C3A2 cells are a helper cell

Abbreviations: SNV, spleen necrosis virus; PBS, primer binding
site; Hygr, hygromycin resistant; HIV-1, human immunodeficiency
virus type 1; LTR, long terminal repeat.
tDeceased February 9, 1994.
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line created by transfection of DNA for two defective retic-
uloendotheliosis virus, strain A, proviruses into D17 cells
(14). DSN cells are an SNV-based helper cell line derived
from D17 cells; they contain the coding sequences for viral
proteins but virtually no other viral sequences (15). The
DSDh cells are similar to DSN cells; they differ only in the
selectable marker used in constructing them (16). DSN cells
contain the neo gene for G418 resistance (17), while DSDh
cells contain a mutant dihydrofolate reductase gene (18) for
methotrexate resistance. Cell culture and selection were
carried out as described (7).

Transfection was performed by the dimethyl sulfoxide/
Polybrene method (19). Infections were done with 0.2 ml or
0.4 ml of virus (clarified by centrifugation at 1600 x g for 4
min) plus 0.2 ml of Polybrene (100 ,ug/ml) for 40 min at 370C.
To obtain the Hygr titer, 10-fold serial dilutions of virus

were used to infect D17 cells. These D17 cells were selected
with hygromycin B, and the titer was determined at endpoint
dilution (7).
PBS Mutagenesis. To facilitate mutagenesis, an EcoRI

fragment from pJD216HyNeo containing the PBS was sub-
cloned into pTZ18R, creating pGP1. Single-stranded phage-
mid DNA was isolated, and site-directed mutagenesis was
performed by the method described in McClary et al. (20); the
mutagenesis primers, obtained from Genosys (The Wood-
lands, TX) or synthesized on an Applied liosystems model
391 DNA synthesizer, are (sequences listed 5'-- 3'; changed
bases are underlined; mutant plasmids generated from each
primer are listed in parentheses on the right)

pbs-mutl CTCGTCCGGGACACCCTCCCC (pGP216mut2.1)

pbs-mutl.3 CTCGTCCGGAGCACCCTCCCC (pGP216mutl.3)

pbs-mut2 CTCGTCCGGGCCACCCTCCCC (pGP216mut2.2,
-mut2.1A)

pbs-mut2.3 CTCGTCCGGCCCACCCTCCCC (pGP216mut2.3)

After verification of mutations 1.3, 2.1, 2.2, 2.3, and 2.1A by
sequencing (Sequenase kit, United States Biochemical), the
EcoRI fragment was cloned back into pGP2, regenerating an
intact proviral vector. Restriction enzymes were obtained
from Boehringer Mannheim unless otherwise noted. The final
mutant plasmids were designated pGP2l6mutl.3, pGP216-
mut2.1, pGP216mut2.2, pGP216mut2.3, and pGP216mut2.1A.
PCR. To obtain material for PCR analysis of proviruses,

confluent 60-mm dishes of cells were rinsed with Tris buffer
and then lysed in 0.5 ml of PCR buffer with nonionic
detergents and proteinase K [50 mM KCl/10 mM Tris, pH
8.3/1.8 mM MgCI2/0.45% Nonidet P-40/0.45% Tween 20; 6
pl ofproteinase K (20 mg/ml) was added per ml oflysis buffer
just before use] (21). After transfer to a microcentrifuge tube,
the lysates were incubated at 58°C for 1 hr and then stored at
-200C.
The PCR was carried out on lysates from the resistant cell

clones of interest. Primers were purchased from Genosys.
The primers used were (sequences listed 5' -* 3') U3-60,
GCTTGCCCTGGCCACTAACCG, located in the U3 region
of the 5' LTR at position 60; and neo-rev, ACCCAAGCG-
GCCGGAGAACCT, locatedjust past the initiation codon for
the neo gene at position 2600 and in the opposite orientation
to the vector. Amplifications were performed in a buffer
consisting of 50 mM KCl, 10 mM Tris (pH 8.3), 1.8 mM
MgCl2, and 40 ,uM each dNTP. For amplification, 1-20 ,4 of
lysate was added to this buffer with 5 pmol of each of the two
primers in a total volume of 100 ,4. After heating the reaction
mixtures to 95°C for 12 min to denature the DNA and to
destroy the proteinase K, 2 units of Taq polymerase (ob-
tained from Perkin-Elmer/Cetus or Boehringer Mannheim)

was added to each reaction mixture. Amplifications were
performed for 35-40 cycles in a Coy Laboratory Products
(Ann Arbor, MI) TempCycler (model 60) or on a Perkin-
Elmer/Cetus Thermal Cycler (model 480). Products were
analyzed by electrophoresis on 1% TBE agarose gels (1/10th
of the total PCR reaction mixture per lane).
PCR Sequencing and Digestion. The primers used in se-

quencing were (sequences listed 5' -- 3') U5-550, TTGGC-
TCGCCTACTGGGTGGG, located in the U5 region ofthe 5'
LTR at position 550; and E-seq, CCAAACCCTCGCGAG-
GTACCA, located at the beginning of the encapsidation
sequence at position 720 and in the opposite orientation to the
vector.
For PBS mutants 1.3, 2.1, 2.1A, and 2.3, the PCR products

were analyzed by direct sequencing. Templates were se-
quenced using one of the following protocols:

(i) After removal of the mineral oil by chloroform extrac-
tion, primers and excess nucleotides were removed from the
PCR reactions using a Linkers 6 Quick Spin column (Boeh-
ringer Mannheim) or using a Chroma Spin-400 column (Clon-
tech), in both cases according to the manufacturer's direc-
tions. The PCR products were then denatured for sequencing
by boiling (22). Sequencing was then performed using the
Sequenase kit (United States Biochemical), essentially as
described in the Sequenase manual, except that the annealing
was done for 10 min at 37°C rather than at 65°C and the
supplied Mn2+ buffer was added.

(ii) Alternatively, the PCR products were used directly for
cycle sequencing with the AmpliTaq cycle sequencing kit
(Perkin-Elmer/Cetus). This method was used to generate
most of the sequence data in this report.
For analysis of PBS mutant 2.2, 1 p1 of Hae III (New

England Biolabs) was added to 9-18 ,l of PCR product and
incubated at 37°C for 1 hr. The resulting digests were ana-
lyzed by electrophoresis on a 1.5% agarose gel.
The computer program DNA STRIDER (23) was used for

sequence organization and analysis.

RESULTS
To study the effects of template-primer mismatches on
retroviral replication, we constructed vectors with mutations
at the end of the PBS region (Fig. 1). The wild-type vector
JD216HyNeo has the bases . . . cggGAT ... at the 3' end of
the PBS. The mutant vector GP216mutl.3 contains the

G G G G G C T C G T C C G G G A T

1.3 T G G G G G C T C G

2.3 T G G G G G C T C G

2.1A T G G G G G C T C G

2.2 T G G G G G C T C G

T C C G GCC

T C C G G GI
T C C G G GIE

2.1 T G G G G G C T C G T C C G G G A 0

FIG. 1. PBS mutants. The vector JD216HyNeo is shown at the
top. LTR, SNV LTR; E, SNV encapsidation sequence; SD, splice
donor sequence; SA, splice acceptor sequence. The first sequence
line shows the wild-type (WT) PBS sequence. The remaining lines
show the PBS regions of the mutant constructs; the changed bases
are boxed. Note that mutant 2.1A is 1 base shorter than the others.
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transition mutation for each of the last three bases (.. . cg-

gAGC ... at the 3' end of the PBS); transitions were chosen
since they are the most common type of base substitution
error made by reverse transcriptase (3), and we wanted to
generate a situation that was as representative of real reverse
transcriptase errors as possible. The mutant vectors
GP216mut2.1, 2.2, and 2.3 change the last one, two, or three
bases, respectively, to C.
The PBS region is involved in both primer transfer steps of

retroviral replication. First, this region is the site at which the
tRNA primer binds and initiates minus-strand synthesis. We
predicted that these mutations would not interfere with this
initiation, since the tRNA primer would still have at least 15
normal PBS bases with which to pair and the small disruption
would be at the 5' end of the primer. Second, the PBS region
is the transfer point for the plus-strand primer. At the
completion of minus-strand DNA synthesis, the minus-
strand DNA contains the complement of the PBS sequence
from the viral vector RNA. The 3' end of the plus-strand
primer contains the PBS sequence copied from the tRNA
primer. Normally, plus-strand primer transfer results in the
pairing of these two complementary PBS sequences, fol-
lowed by extension to complete the double-stranded viral
genome. However, with our mutants, plus-strand primer
transfer should result in mismatches between the mutant
bases copied from the vector PBS (now present in the
minus-strand DNA) and the wild-type bases copied from the
normal tRNA primer (now present at the 3' end of the
plus-strand primer DNA) (Fig. 2). Such mismatches could
either be easily extended as observed in vitro (12), with little
or no effect on viral titer, or they might not be extended,
reducing viral titer. Further, proviruses with wild-type se-
quences in the PBS can only arise if the reverse transcriptase
extends the mismatch between the wild-type bases from the
tRNA and the mutant bases from the vector PBS, since the
tRNA is the only source of wild-type bases present during
reverse transcription.
The mutant vectors were introduced into DSDh helper

cells by transfection, followed by selection for Hygr clones.
These clones were designated Step 1 producer clones. In
some cases, virus harvested from these clones was used to
infect a further round of DSDh helper cells; clones derived
from these infections were designated Step 2 producer
clones. The proviruses in these Step 1 and Step 2 producer
clones were verified by PCR amplification followed by direct
sequencing of the resulting PCR products. Only virus ob-

A
WT TGGGGGCTCGTCCGGGATACC

1.3 TGGGGGCTCGTCCGGAGCACC

-( TGGGGGCTCGTCCGGGAT

B ACCCCCGAGCAGGCCTCGTGG 1acccccgagcaggcccta

C
Plus-strand primer transfer

| TGGGGGCTCGTCCGGGAT
111111111111111
ACCCCCGAGCAGGCCTCGTGG

Mismatch

FIG. 2. Predicted effects of PBS mutants. (A) Sequences of the
wild-type (WT) PBS and mutant 1.3 proviral PBS. The mutant bases
are shown in outlined letters. (B) Viral DNA after completion of
plus-strand DNA primer synthesis (top strand) and minus-strand
DNA synthesis (bottom strand). White boxes, LTR sequences;
hatched boxes, hyg and neo coding regions; thick lines, viral se-
quences. (C) Viral DNA after plus-strand primer transfer. The last
three bases of the wild-type plus-strand primer cannot pair with the
mutant PBS in the minus-strand DNA, creating a primer-template
mismatch. Correct base pairing is indicated by vertical lines.

tained from clones containing proviruses with the correct
mutant sequence was used for subsequent infections. Virus
harvested from either Step 1 or Step 2 producer clones was
then serially diluted and used to infect D17 target cells, which
were selected for Hygr clones, and the Hygr titer was

obtained.
The range of Hygr titers observed was similar to that seen

with the wild-type vector (24), indicating that the mutations
did not interfere with either minus-strand or plus-strand
priming or with any other part of retroviral replication. We
used PCR to amplify the Hygr D17 clones and determined the
sequence at the PBS by one of three methods: (i) direct
sequencing after column purification, (ii) direct cycle se-
quencing, or (iii) restriction analysis for mutant 2.2. This
sequence analysis revealed that 50-80% of the Hygr clones
maintained the mutant PBS sequence, depending on the
specific mutant; most ofthe remainder reverted exactly to the
wild-type sequence; and in some cases both types ofprovirus
were present (Table 1) (these clones with both proviruses
presumably arose when a cell containing a provirus with an
unrepaired mismatch in the PBS region divided into two cells,
each of which then contained a different proviral sequence;
see Discussion). The presence of the wild-type and mixed
sequences indicated that, at least some portion of the time,
the reverse transcriptase was able to extend mismatches of
1-3 bases. As further support for this hypothesis, we found
one Hygr provirus derived from mutant 1.3 (3 changed PBS
bases) in which only the last base remained mutant; the first
two reverted to wild type, suggesting that they were copied
from the tRNA, whereas the last base was not, and then
reverse transcriptase extended the 2-base mismatch to create
the combined PBS provirus (see footnote *, Table 1; see
Discussion).

Because we were concerned about the possibility that con-
taminatng wild-type viruses were responsible for the observed
wild-type Hygr clones, we constructed the GP216mut2.1A mu-
tant. The mutant vector 2.1A changes the last two bases to a
single C, which is the equivalent ofa 2-base mismatch (see Figs.
1 and 3). This vector allows us to discriminate between a
contaminating wild-type vector and a true mismatch extension,
since the two types ofclones will have different sequences (Fig.
3); the pseudo-wild-type vector resulting from mismatch exten-
sion should be one base shorter than the true wild-type vector.
We observed no Hygr proviruses with completely wild-type
PBS regions but found many mismatch-extended provinises or
both mismatch-extended and mutant 2.1A proviruses (Table 1).
Thus, the wild-type clones we observed are, in fact, the result
of mismatch extension and not contamination.

Table 1. Proviral sequences of infected Hygr D17 clones from
PBS mutant vectors

PBS mutant
No. of Provirus sequence distribution

Name changes Mutant Wild type Both Other
mutl.3 3 15 2 3 1*
mut2.3 3 10 2 0 0
mut2.2 2 9 10 1 0
mut2.1A 2 4 12t 10 0
mut2.1 1 20 7 1 1t
*Clone 1.3-2(D)-6H has portions of both wild-type and mutant
sequence:
Wild-type vector AACATT TGGGGGCTCGTCCG GAT ACCTC
Clone 1.3-2(D)-6H AACATT TGGGGGCTCGTCCG GAC ACCTC
Mutant 1.3 vector AACATT TGGGGGCTCGTCCG AGC ACCTC
tFor mut2.1A, "wild type" is defined as the read-through revertant,
which has a deletion of 1 base 3' to the PBS.
tClone 2.1-7(D)-3H has aPBS deletion with an insertion; the last base
ofthe PBS is changed to G, matching neither the wild-type T nor the
mut2.1 C.

Proc. Natl. Acad Sci. USA 91 (1994)



Proc. NatL. Acad. Sci. USA 91 (1994) 9493

A
WT TGGGGGCTCGTCCGGGATACC

2.1A TGGGGGCTCGTCCGGGC ACC

B TGGGGGCTCGTCCGGGAT
I I i i i 11I

ACCCCCGAGCAGGCCCG TGG acccccgagcaggcccta

Plus-strand Drimar transfer
C

)O1AdaGil

TGGGGGCTCGTCCGGGAT

I IACCCCCGAGCAGGCCCG TGG

D 4'
Mismatch extension

I TGGGGGCTCGTCCGGGAT CC _7xZ
q,..ACCCCCGAGCAGGCCCG TGG

Completion of synthesis

I TGGGGGCTCGTCCGGGAT CC

I11111 I

r--ACCCCCGAGCAGGCCCG TGG

F
Repair/resolutioncc ~~~~Mismatch-~TGGGGGCTCGTCCGGGAT CC **EZ3CS *c(:j exsmtende

11 extendedIACCCCCGAGCAGGCCCTA GG %4provirus

and/or

l TGGGGGCTCGTCCGGGC ACC
111111111111 IIIr-J-ACCCCCGAGCAGGCCCG TGG -E3SDC

Mutant

provirus

G
TGGGGGCTCGTCCG |TACC C True wild-type

IACCCCCGAGCAGGCCCTATGG provirus

FIG. 3. Predicted outcome of mismatch extension of mutant 2.1L
vector. The spaces in the sequences are included only to emphasize
that these sequences are 1 base shorter than the wild-type sequence
in these regions; no actual gaps exist in the DNA. (A) Sequences of
the wild-type (WT) PBS and mutant 2.1A proviral PBS. The mutant
base is shown in boldfaced type. (B) Viral DNA after completion of
plus-strand primer DNA synthesis (top strand) and minus-strand
DNA synthesis (bottom strand). Symbols are as in Fig. 2. (C) Viral
DNA after plus-strand primer transfer. The last 2 bases of the
wild-type primer cannot pair with the mutant PBS in the minus-
strand DNA, creating a mismatch in the DNA. (D) Viral DNA after
extension of the plus-strand DNA past the mismatch and extension
of the minus-strand DNA. (E) Viral DNA after completion of DNA
synthesis, containing a mismatch at the end of the PBS. (F) Possible
outcomes of mismatched PBS: repair to mismatch-extended provi-
rus, repair to mutant provirus, or no repair followed by cell division
to yield a clone with two different proviruses (not shown). Note that
the mismatch-extended provirus is 1 base shorter than the true
wild-type provirus shown in G.

DISCUSSION

To study the effects of primer-template mismatches on
retroviral replication, we mutated the bases at the 3' end of
the PBS in the vector JD216HyNeo (Fig. 1). We made several
mutations, ranging in length from 1 to 3 bases. These muta-
tions left at least 15 bases to which the tRNA could bind and
prime minus-strand DNA synthesis. After completion of
minus-strand synthesis and priming of plus-strand DNA
synthesis, the plus-strand primer DNA molecule should
contain the wild-type bases at the end of the PBS (copied
from the normal tRNA), whereas the minus-strand DNA
should contain mutant bases at the end of the PBS (copied
from the mutant vector) (Fig. 2). After plus-strand primer
transfer, the two sequences should be mismatched, present-
ing us a unique opportunity to study the effects of primer-
template mismatches on normal retroviral replication.
When we tested these vectors in cell culture, we saw no

apparent reduction in the Hygr titer (24). Many of the

proviruses from the Hygr cells that we amplified and se-
quenced retained the mutant PBS sequence, but many others
had an exact reversion to wild type (Table 1). The presence
of the wild-type PBS in a significant portion of the Hygr
proviruses indicates that the reverse transcriptase is able to
extend mismatches as long as 3 bases (and possibly longer, as
this is the longest mismatch we have studied). Yu and
Goodman (11) reported a similar result in an in vitro system
containing a high concentration of incorrect nucleotides and
lacking correct nucleotides; we now show that such mis-
match extension can occur in vivo and under normal reverse
transcription conditions (including normal, physiological nu-
cleotide concentrations). Further support for this conclusion
is provided by the structure of Hygr clone 1.3-2(D)-6H (see
footnote *, Table 1). This clone has a mixed structure at the
end of the PBS; that is, the next-to-last 2 bases are derived
from the tRNA (and are hence wild type), while the last base
is derived from the vector PBS (and is hence mutant). This
partial reversion indicates that the plus-strand primer transfer
occurred just before the copying of the final base of the PBS
in the tRNA, and the reverse transcriptase was then able to
extend past the 2-base mismatch.

This finding of a high rate of mismatch extension during
normal retroviral replication is particularly important in
reference to the work of Perrino et al. (7). They report that
the high HIV-1 misincorporation rate is not due to a higher
frequency of incorporating incorrect nucleotides into the
growing strand but rather to a higher frequency of extending
these incorrect nucleotides after they are incorporated. The
high rate of mismatch extension now observed by us in an
SNV vector system thus suggests that this mechanism is also
operative during normal retroviral replication and not solely
in a cell-free system.
We must point out a possible difficulty with these data. The

PBS mutant vectors showed a remarkable tendency to revert
to wild type upon transfection or infection of certain types of
helper cells (namely, the C3A2 and DSN lines). Reversion
frequencies in these cells ranged from 50%o to 100lo (24). This
tendency was not observed with the helper cell line DSDh or
target cell line D17. For this reason, most of the work
described in this paper was performed using DSDh helper
cells to provide virus for infecting the D17 target cells, and all
Step 1 and Step 2 producers used to generate the described
results were screened (by sequencing or digestion) to be sure
that they maintained the PBS mutation; however, we could
not exclude the possibility that some residual contaminating
wild-type proviruses were present at some low level and
contributed to the wild-type proviruses in the D17 target cells
or that the unknown reversion tendency was active in the
target cells at a much lower frequency than in the helper cells.
To address this point, we used the vector GP216mut2.1A.

This vector changes the last 2 bases of the PBS to a single C
(AT to C). This mutant thus allows us to distinguish a true
reversion to wild-type from a mismatch extension, since the
mismatch extension will be 1 base shorter than the true
revertant (Fig. 3). All of the progeny of this vector contained
either a mutant PBS, a mismatch-extended PBS, or both PBS
sequences; we saw no instances oftrue reversion to complete
wild type. Thus, the phenomenon we are studying is, in fact,
true mismatch extension and not an artifact of contamination
with wild-type vectors.

This high rate of mismatch extension strongly contradicts
our original hypothesis about the origin of the PBS deletions.
This hypothesis was dependent on the inability ofthe reverse
transcriptase to extend such mismatches and instead to use
them to create deletions. This contradiction, along with other
data and a new hypothesis, will be discussed in another
report.
Because the mismatch extension creates an unpaired re-

gion in the integrated provirus, we attempted to interpret the
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distribution of mutant and wild-type proviruses in terms of
what is known about mammalian DNA mismatch repair. Not
much is known about the details of this process, but some
data from in vitro systems is available (refs. 25 and 26;
reviewed in ref. 13). Results from these systems indicate that
the repair process is initiated at a nick in the DNA, with the
nicked strand being the strand that is repaired. The retroviral
integration process proceeds in a way that leaves a gap at the
5' end ofthe plus strand [and minus strand, but this gap is too
far away to be used by the system, which seems limited to
about 1 kb (13)], which is later repaired (27). This gap could
facilitate the repair process and guide it to the plus strand; the
result would be a tendency to repair the wild-type strand to
match the mutant strand. This tendency would account for
the observed preference for the 1.3, 2.3, and 2.1 mutants to
maintain the mutant sequence at such high frequency. Alter-
natively, the repair of the mismatched PBS sequences might
simply be part of the normal gap-repair process required for
retroviral integration.
The repair process also has pronounced tendency to repair

certain mismatches more efficiently than others (13). The 1.3
and 2.1 mutants are almost ideal substrates for repair; they
have the mismatches that are most easily repaired (indeed,
the 2.1 GUT mismatch- is the most easily repaired, and the cell
may even have special mechanisms for doing so). Mutants
2.2, 2.3, and 3 are mixed-they contain some mismatches
that are easily repaired and others whose repair is dependent
on sequence context. The 2.3 mutant appears to be in a good
context, because it is repaired as easily as the 1.3 mutant. The
2.2 and 3 mutants may be in a less good context, judging from
the more even distribution between mutant and wild-type
proviruses that we observed. The 2.1A mutant contains two
mismatches, which appear to be intractable to repair in the
current sequence context. Since the mismatch is therefore
not repaired, cell division results in two cells with different
sequences, which would account for the observed tendency
to see both sequences in the 2.1A clones. [Berwin and Barklis
(28) clearly show that a retroviral vector with a mismatched
PBS can integrate and give rise to two populations of cells
with identical integration positions but different PBS se-
quences; Thomas et al. (26) also showed that the repair
process is not 100%6 effective and depends on the sequence
being repaired.] A system based on the ability of the reverse
transcription process to create these unpaired regions might
be valuable in providing further insight into the mammalian
DNA mismatch repair process.
An alternative interpretation for the wild-type/mutant PBS

distribution is that the synthesis of the plus-strand primer
failed to reach the end of the tRNA and instead the primer
transferred prematurely. Our data cannot rule out this pos-
sibility; indeed, we believe that this is exactly what occurred
with clone 1.3-2(D)-6H (see footnote *, Table 1). However,
if incomplete synthesis were the primary source of the
proviruses with mutant sequences, then the mutants of
similar length should have similar distributions ofmutant and
wild-type sequences. This is true for mutants 1.3 and 2.3 but
not for 2.2 and 2.1A. Further, premature transfer would also
be expected to lead -to more recombined PBS sequences
similar to clone 1.3-2(D)-6H, which we did not observe.
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