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Retroviruses mutate at a high rate during replication. We used a spleen necrosis virus-based vector system
and helper cell line to characterize mutations occurring during a single round of retrovirus replication. The
vector used, JD216HyNeo, codes for two drug resistance genes, hygromycin resistance (hygro) and neomycin
resistance (neo). The downstream neo gene is expressed only when a mutation alleviates a block to splicing
which is located in the upstream hygro gene. The mutations allowing splicing were large deletions, ranging in
size from about 500 to about 2,000 bp. Most of the mutant proviruses lacked the encapsidation sequence, as
shown by our inability to rescue the mutant proviruses with wild-type reticuloendotheliosis virus strain A and
confirmed by Southern blotting and direct DNA sequence analysis. We therefore concluded that most of the
deletions arose during reverse transcription in the target cell, rather than during transcription in the host cell.
The sequence data also indicated that the deletions occurred by at least three different mechanisms: (i)
misalignment of the growing point; (ii) incorrect synthesis and termination in the primer-binding sequence
during synthesis of the plus-strand strong-stop DNA; and (iii) incorrect synthesis and termination before the
primer-binding sequence during synthesis of the plus-strand strong-stop DNA. The second mechanism also led
to the incorporation of cellular sequences into the proviral genome, pointing to a potential novel mechanism by
which retroviruses can acquire cellular genes.

Retroviruses are known to mutate at high rates (1, 24, 25).
This high rate of mutation means that retrovirus species exist
as heterogeneous populations, with the members represent-
ing a wide range of variants. These variants provide the
genetic material on which selection can operate, allowing
retroviruses to adapt quickly to changing environmental
conditions. Thus, a high rate of mutation is an important
component of the success of retroviruses.
An important source of these mutations is the reverse

transcription process. Reverse transcriptase itself is an er-
ror-prone enzyme (22), and it makes many mistakes in the
copying of the viral RNA genome into the viral DNA
genome. These mistakes include base-pair substitutions,
deletions, and insertions (20, 21), all of which increase the
variation in a retrovirus population. The reverse transcrip-
tion process also has other unusual features-in particular,
the strand transfer steps (1, 25)-which may be important in
the creation of mutant progeny.
To study the mutation process in more detail, we used a

system previously developed in this laboratory to study
mutations occurring during a single round of retrovirus
vector replication (5). This system uses a series of helper
cells and nonhelper target cells to generate a provirus that
has been propagated through one round of replication and
can proceed no further. This system enabled us to obtain
directly a per-cycle mutation rate and also to isolate the
events of a single round of replication from the cumulative
events of multiple rounds (5).
The vector used in these studies (JD216HyNeo) codes for

two resistance genes, hygro and neo (hygro encodes the
hygromycin B gene, conferring resistance to hygromycin;
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neo encodes the bacterial aminogycoside 3'-phosphotrans-
ferase gene, conferring resistance to G418). Expression of
the downstream neo gene is observed only if there is a
mutation in the upstream hygro gene (5). We characterized
mutations in this vector generated during a single round of
retrovirus replication. The observed mutations were large
deletions which we propose occurred by three mechanisms.
The first of these mechanisms involved misalignment of the
growing point, as previously described by Pathak and Temin
(21). The second and third mechanisms involved errors
during plus-strand strong-stop DNA synthesis and transfer,
either within or just before the primer-binding site (PBS).
These latter mechanisms represent a new class of errors, one
that is unique to retroviral replication.

MATERIALS AND METHODS

Plasmids and vectors. The vector pJD216HyNeo has been
described previously (5). The p designates the plasmid
vector; names without the p (e.g., JD216HyNeo) denote
viruses (or proviruses) derived from this vector. All se-
quence coordinates are given relative to the 5' end of the 5'
long terminal repeat (LTR) in the plasmid.

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
line created by transfection of DNA for a defective wild-type
reticuloendotheliosis virus strain A (REV-A) provirus into
D17 cells (27). Chicken embryo fibroblasts are primary
chicken cells permissive for SNV infection. Cell culture and
selection were done as previously described (5, 7, 26).

Transfection was performed by the dimethyl sulfoxide-
Polybrene method (13). Infections were done with 0.2 ml of
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FIG. 1. (a) Vector JD216HyNeo. The positions of the MscI sites
and the locations of the PCR primers are indicated. hygro, hygro-
mycin B resistance gene; neo, bacterial aminoglycoside 3'-phospho-
transferase gene; LTR, SNV LTR; E, SNV encapsidation sequence;
SA, REV-A splice acceptor fragment; ATG, initiation codon for
aminoglycoside 3'-phosphotransferase; U3-60, U3-60 PCR primer;
neo-rev, neo-rev PCR primer. (b) Experimental scheme.
pJD216HyNeo DNA was transfected into C3A2 helper cells (step 1).
After selection for hygromycin resistance, helper-free vector virus
was harvested and was used to infect fresh C3A2 helper cells (step
2). Hygromycin-resistant colonies were selected, and helper-free
vector virus was harvested. This vector virus was used to infect two
sets of target (nonhelper) cells (step 3). The target cells were
selected for hygromycin or G418 resistance, and the resulting
colonies were counted to ascertain the viral titer. The hygromycin-
resistant titer was the overall (wild-type) titer, and the G418-
resistant titer was the mutant titer; the ratio of the mutant to overall
titer was the mutation rate. The mutant proviruses in the G418-
resistant colonies were further characterized by REV-A superinfec-
tion and then Hirt extraction of unintegrated viral DNA, Southern
blotting of genomic DNA, and PCR amplification and sequencing of
mutant proviruses. Open boxes, SNV LTRs; A, deletion in the
hygro gene; hatched boxes, resistance genes; wavy lines, cell DNA;
straight lines, vector provirus DNA.

virus plus 0.2 ml of Polybrene (100 ,ug/ml for D17 cells or 15
Fxg/ml for chicken embryo fibroblasts) for 40 min.
To obtain the hygromycin- and neomycin-resistant titers,

we used 10-fold dilutions of virus to infect separate sets of
D17 cells. One set was selected with hygromycin B, and the

wild-type titer was determined at endpoint dilution; the other
set was selected with G418, and the mutant titer was
determined at endpoint dilution (5).

Preparation of DNA and Southern blotting. Unintegrated
viral DNA was prepared by the method of Hirt (10). Total
genomic DNA was prepared by standard procedures (15).

Southern blotting was performed by standard protocols
(15, 23). MscI restriction enzyme was purchased from New
England BioLabs. Nylon membranes (Pall; MSI New En-
gland Nuclear) were used, and blotting was performed with
a vacuum apparatus (LKB 2016 VacuGene). Probes were
labeled by nick translation with the Amersham labeling kit
(kit N.5000). Hybridization was done overnight at 65°C.
PCR. The polymerase chain reaction (PCR) was done on

genomic DNA isolated from the resistant cell clones of
interest (8). Primers were purchased from Genetic Designs/
Genosys (The Woodlands, Tex.). The following primers
were used: U3-60, GCTTGCCCTGGCCACTAACCG, lo-
cated in the U3 region of the 5' LTR at position 60; and
neo-rev, ACCCAAGCGGCCGGAGAACCT, located just
past the initiation codon for the aminoglycoside 3'-phospho-
transferase protein (neo gene) at position 2600. Amplifica-
tions were performed in a buffer consisting of 50 mM KCl, 10
mM Tris (pH 8.3), 0.01% gelatin, 1.8 mM MgCl2, and 40 ,uM
each deoxynucleoside triphosphate. Genomic DNA (1 ,ug)
was added to this buffer with the two primers (5 pmol each
for symmetric PCR or 0.5 pmol:50 pmol for asymmetric
PCR). Taq polymerase was obtained from PE-Cetus. Ampli-
fications were performed for 35 cycles in a Coy Laboratories
model 60 Tempcycler. Products were analyzed by electro-
phoresis on 1% TBE agarose gels (15) (1/10th of the total
PCR per lane).
PCR sequencing. The primers used in sequencing were, in

addition to the amplification primers, U3-360, CACCCTG
TAAGCTGTAAGCG, located in the U3 region of the 5'
LTR at position 360; and U5-550, TTGGCTCGCCTACT
GGGTGGG, located in the U5 region of the 5' LTR at
position 550. Templates were prepared for sequencing by
one of the following protocols.
For direct sequencing of symmetric PCR products, prim-

ers and excess nucleotides were removed with a Linkers 6
spin column (Boehringer Mannheim Biochemicals) accord-
ing to the manufacturer's directions or by purification from
agarose gels with NA-45 paper (Schleicher & Schuell). This
product was prepared for sequencing by either NaOH dena-
turation, following the method in reference 6, or boiling, as
described in reference 14.
For direct sequencing of asymmetric PCR products, the

amplification was performed as above, but using a ratio of 50
pmol of neo-rev primer to 0.5 pmol of U3-60 primer, thus
generating single strands of the minus strand of the provirus.
The PCR product was precipitated away from the excess
primers and nucleotides with ammonium acetate and isopro-
panol, as described in Chapter 5 of reference 8.
For some mutants, the PCR product was cloned to facili-

tate sequencing. Symmetric PCR product was passed
through the Linkers 6 column as described above. The
amplified DNA was then cut with appropriate enzymes
(Boehringer Mannheim) and ligated into the vector pTZ19R
(Pharmacia). The resulting double-stranded plasmid clones
were denatured following the instructions in the Sequenase
manual (United States Biochemical).
For all template preparation methods, sequencing was

performed using the Sequenase Kit (United States Biochem-
ical), essentially as described in the Sequenase manual,
except that the annealing was done for 10 min at 37°C rather
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FIG. 2. Ethidium bromide-stained agarose gel of the PCR amplification products. The size markers are indicated on the left. Step 2 #2 and
step 2 #5 are parental (Hygro) helper cell clones. 5.1Hy is a wild-type (Hygror) step 3 clone; the remaining clones are Neor step 3 clones.
The expected size for a wild-type provirus (2,555 bp) is marked as JD216HyNeo.

than at 65°C. For direct sequencing of the PCR products, the
supplied Mn2" buffer was added; this addition was not
necessary for plasmid sequencing. To obtain sequence far
from the primers, we used the supplied sequence extension
buffer.
The computer program DNA Strider (16) was used for

sequence organization; the GCG Sequence Analysis package
(3) was used to perform homology searches of the GenBank
and EMBL sequence data bases.

Nucleotide sequence accession numbers. The inserted se-
quences in mutants 5.14 and 3A.1 have been submitted to
GenBank (accession numbers M73045 and M73046, respec-
tively).

RESULTS
Generation of mutant proviruses. The vector pJD216

HyNeo has been previously described, as has been the
protocol for generating mutants in a single cycle of retroviral
vector replication (5) (Fig. 1). Briefly, this vector was
introduced into the C3A2 helper cell line by transfection.
After selection for hygromycin resistance, helper-free
JD216HyNeo virus was harvested and was used to infect
fresh C3A2 helper cells. Individual hygromycin-resistant
colonies were selected, and the resulting cell clones were
expanded. Four of these clones (numbered 2 through 5) were
selected for further study. Helper-free vector virus har-
vested from each of these clones was diluted serially and was
used to infect two parallel sets of D17 cells. One set was
selected for hygromycin resistance (Hygror), and the other
was selected for G418 (neomycin) resistance (Neor). The
titer of virus under each selection was determined, and the
two titers were compared. Mutant (Neor) viruses appeared
at a rate of about 1% of wild-type (Hygro) viruses, compa-
rable to the rate reported previously (5). Individual Neor
clones were picked and expanded. These expanded clones
were the source of the mutant proviruses analyzed below. In
the names of these clones, the first number designates the

parental step 2 clone that was the source of the infecting
virus and the second number designates the individual Neor
step 3 clone.

Analysis of mutant proviruses. We first attempted to rescue
the mutant proviruses by superinfection with REV-A helper
virus. The resulting vector plus helper virus was used to
infect chicken embryo fibroblasts, from which we prepared
unintegrated viral DNA. This DNA was Southern blotted
and hybridized to the neo gene probe. On these blots, 18 of
36 clones did not give detectable bands, suggesting that some
necessary cis sequence was missing from the mutants (data
not shown). For those 18 clones that did have detectable
bands, 13 were wild-type JD216HyNeo proviruses which
were present in addition to the mutant provirus that led to
the Neor phenotype (see Discussion). Six cell clones did
have rescuable mutant proviruses, and these were further
mapped by restriction analysis and Southern blotting of the
unintegrated DNA.
We then analyzed the mutant proviruses using Southern

blotting of genomic DNA. MscI was chosen because it cuts
only in regions presumably intact in the mutant proviruses
(i.e., the U3 region of the LTRs and within the selected neo
gene; see map in Fig. la). After digesting with MscI and
hybridizing with the neo fragment, we determined that all
mutants had large deletions, ranging in size from about 500
to about 2,000 bp (data not shown). We also determined,
using the encapsidation sequence as a probe on Southern
blots of genomic DNA, that the nonrescuable proviruses had
deleted the encapsidation sequence region (data not shown).
We next analyzed the mutant proviruses by the PCR.

Primers in the U3 region of the LTR and just past the
initiation codon of the neo gene, regions which were ex-
pected to remain in the mutant proviruses, were used to
amplify a 2,555-bp region in the wild-type provirus. These
same primers were then used to amplify the corresponding
region in the mutant proviruses. The difference in size
between the wild-type and mutant amplification products

Size
(bp)

J. VIROL.
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FIG. 3. Sizes of deletions in JD216HyNeo. Sizes were either estimated from the size of the PCR amplification product on agarose gels or
obtained directly by sequencing. All the E-deleted deletions are shown with a common starting site for size comparison. The choice of the
starting point is based on the observation that these deletions lack the E sequence, coupled with the sequence data, which shows that most
deletions begin in or near the PBS; this narrows the starting range down to a small region, and so for simplicity we chose the PBS as the
common start point. The dotted lines on the E-retained deletions indicate the range in which the alterations may lie; the exact endpoints have
not been determined.

gave the size of the alteration. Using this approach, we
confirmed and extended the results from the Southern blot-
ting. Figure 2 shows an agarose gel with the PCR amplifica-
tion products from a variety of step 3 clones. Again, the
mutants were found to have large deletions, ranging in size
from 500 to 2,000 bp (summarized in Fig. 3). In the cases in
which both Southern blotting and PCR were used to analyze
the same clone, the sizes of the alterations measured by the
two methods were in good agreement.
Using PCR and several different direct sequencing proto-

cols (see Materials and Methods), we determined the dele-
tion endpoints of 16 of the mutants (Fig. 4 and 5). We divided
these 16 alterations into three main classes, based on their
position relative to the PBS region: the misalignment class,
which occurred after the PBS (3 of 16); the PBS class, which
occurred within the PBS region (10 of 16); and the pre-PBS
class, which occurred just before the PBS region (3 of 16)
(Fig. 4) (see Discussion).

Several of the mutants also contained insertions. One of

the 16 clones, clone 5.14 (involving an error in plus-strand
strong-stop DNA termination), contained a long sequence
(489 bp) of nonviral origin, which was an open reading frame
encoding 162 amino acids (Fig. 5a). A search of the GenBank
and EMBL data bases revealed no sequences similar to this
inserted sequence. Two other mutants (clones 2.2 and 3A.1)
contained inserted tRNA sequences, arising from a failure of
reverse transcriptase to terminate at the correct base in the
tRNA primer. Clone 3A.1 contained, in addition to the 14
extra base pairs copied from the tRNA, 697 bp of inserted
sequence, 505 of which arose from a partial duplication of
LTR sequences and 192 of which arose from an unknown
sequence of nonviral origin (Fig. 5b and see Fig. 8a); this
mutant will be addressed more thoroughly in the Discussion.
A search of the GenBank and EMBL data bases revealed
that the inserted sequence in clone 3A.1 had a strong
similarity to the canine blood-clotting factor IX mRNA
(GenBank accession number M33826); the GCG program
BESTFIT (3) revealed 81.6% identity between the two
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4~.4TGG4.4 0~~~~~~~~~~~~~~~~~~A84b
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2 .3 CCGCCC\CTA bp nA ATCCT-CC
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-TACT FC7 A1T9T5T8bp T 3CC

608 1980
5 1

608 A1371/+3 bp 190
CC-ITACAA 7?CCr1 GSCGAGCGCA

FIG. 4. Alteration sequences. Sequences of 14 of the deletion endpoints are shown. The numbers above the diamonds indicate positions
in the PBS; the numbers above the large dots indicate the locations of the deletion endpoints relative to the 5' end of the 5' LTR. Underlining
indicates the position of the PBS. Three small dots in the sequence indicate regions of sequence that are present but not shown. Italics indicate
regions of sequence not found in the wild-type sequence. The bases in boxes indicate overlapping regions present in the normal sequence of
both endpoints; only one copy remains in the mutant provirus.
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sequences over a region of 161 bases. Clone 2.11 contained
an unusual inserted sequence of 42 bp which consisted
mainly of Cs and Ts and contained no Gs (Fig. 5c). This
clone also contained at the deletion endpoint a 9-bp se-
quence from the neo gene and an overlapping 10-bp se-
quence from the hygro gene. A similar misincorporation of
sequences from other parts of the viral genome was previ-
ously designated deletion with insertion by Pathak and
Temin (21). Finally, four mutants (2.18, 3A.2, 3B.1, and 5.1)
contained small inserts which were too short to allow
speculation as to their origin; however, we believe that the
mechanism which gave rise to these mutants may also bear
some similarity to the deletions with insertions observed by
Pathak and Temin (21).

DISCUSSION

We used a system developed by Dougherty and Temin (5)
to study mutations generated during a single round of

retrovirus replication. The vector virus construct used,
JD216HyNeo, expressed the downstream neo gene only if a
mutation occurred in the upstream hygro gene. Dougherty
and Temin (5) determined that the wild-type construct did
not splice correctly and that the mutations in some way
alleviated this block to splicing. Our data from REV-A
rescue and Southern blotting experiments indicated that
these mutations were large deletions, ranging in size from
about 500 to about 2,000 bp (Fig. 3), which presumably
deleted the sequences that interfered with correct splicing in
the wild-type vector.
Over one-third (13 of 36) of the G418-resistant clones

contained two proviruses, one of which was generally wild-
type and the other of which was the mutant. These doubly
infected clones were observed because, in order to see the
relatively rare mutants (which arose at a rate of 1%) while
using a reasonably small number of petri dishes, we infected
the cells with viral stocks which were fairly concentrated;
that is, the infection was done at a high multiplicity of

a . Inserted Sequence In Mutant 5.14

3/1 33/11
GCA GAG CTT GCT ACC CTT GAG TTC CCT CCA AAG AAA CTA TTT GGA AAC AAG GAT GAA CGT
ala glu leu ala thr leu glu phe pro pro lys lys leu phe gly asn lys asp glu arg

63/21 93/31
GTG ATT GCT GAG AGG CGA AGT CAC TTA GAG AAA GCC CTG GAG AAG GAC AGG GAG AGA TTA
val ile ala glu arg arg ser his leu glu lys ala leu glu lys asp arg glu arg leu

123/41 153/51
GAG CAC GAA ATC CAG CAG TTG AAG CAG AAG ATC TGT GAG GTT GAT GGT GTT CAA AAA GGG
glu his glu ile gln gln leu lys gln lys ile cys glu val asp gly val gln lys gly

183/61 213/71
CAT CAT CGG ACC TTG GAG GGG AAG GCT CCT TCT CCC AGC TTG CCA TCC AGT ACT GAG AAG
his his arg thr leu glu gly lys ala pro ser pro ser leu pro ser ser thr glu lys

243/81 273/91
TCA CAC CTG GTC CCT CTG ATG GAT GCC AGG ATC AAT GCT TAC ATT GAA GAA GAA GTC CAA
ser his leu val pro leu wet asp ala arg ile asn ala tyr ile glu glu glu val gln

303/101 333/111
AGA CGA CTT CAG GAT CTA CAT CGC GTG ATT AGT GAG GAT GCT GAT GCA TCT GCA GAT GTG
arg arg leu gln asp leu his arg val ile ser glu asp ala asp ala ser ala asp val

363/121 393/131
GTG AAG GAT AAT GAG AAA CTC CAC AAT GGC ACC ATT CAA CGC AAG CTA AAA TAT GAG CGG
val lys asp asn glu lys leu his asn gly thr ile gln arg lys leu lys tyr glu arg

423/141 453/151
ATG GTT TCT CGC TCT TTG GGA GCA AAT CCA GAC GAC CTG AAG GAC GAG CAC TTC GAG TTT
met val ser arg ser leu gly ala asn pro asp asp leu lys asp glu his phe glu phe

483/161
GAG GTC
glu val

b . Inserted Sequence In Mutant 3A.I1
GGCGCAGAGGTTTGGCGCCTGCCTTTGGCCCAGGGCGCGATCCTGGAGATCCGGGATCGAATCCCGCGTC

111111111 111111 11111 I I 11111 11 111111 11
2513 GTTGAGCCTTTGGCTCAGGGCATGATCCCAGCGTCCTGGGATTGAGTCCCGCATC

3A. 1 GGGCTCCCGGTGCATGGAGCCTGCTTCTCCCTCTGTCTATGTCTCTGCCTCTCTCTCTGTGTGTGTGACT
1111 11 1111 11 11111111111111111 11111111111 1 I 1 111111111

Canine mRNA AGGCTTCC. . TGCAGGGGGCCTGCTTCTCCCTCTGCTTATGTCTCTGCTTCTCTGTGTGTGTGTGTGTGT

3A. 1 ATC.ATAAATAAATAAAAAATT __GAAAAAAAAAAAAAAAAAA
11 I11I1111111 11 II1111111111

Canine mRNA CTCTCATGAAAAAAATAAATAAAATCTTTAAAAAAAAAAAAGGTAT 2681

Sequence of Mutant 2 .11

1187/+55 bp

613 PBS 630 42 bp 955 964
0 0I I e
IGQCTCGTrCM=AT CTTCTCTTTTCTCATTATCATCTTCTTCCTTTTCACTTATTT GCATC GCCT GAAC TC GATGCG

1 *1 1-
3324 3332 1619

FIG. 5. (a) Sequence of 489-bp insert in mutant 5.14. A translation of the open reading frame contained in this sequence is also shown.

(b) Sequence of 192-bp insert of nonviral origin in mutant 3A.1. The GCG BESTFIT alignment with the canine blood-clotting factor IX mRNA
is also shown. (c) Sequence of mutant 2.11, showing the 42-bp inserted sequence (large upper bracket) and the overlapping regions from
elsewhere in the vector sequence (smaller brackets, with the origins of the inserted base pairs in the proviral sequence indicated).
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nascent strand
template

misalignment

final product

FIG. 6. Mechanisms of deletion. Symbols are as defined in the legend to Fig. 1. (a) Misalignment mechanism. The generation of mutant
5.2 is shown as an example. During reverse transcription, the growing point misaligned to a sequence elsewhere in the vector similar to the
sequence being copied, deleting the intervening sequence. (b) PBS mechanism. The generation of mutant 2.2 is shown as an example. During
plus-strand strong-stop DNA synthesis, reverse transcription failed to terminate at the correct place in the tRNA primer and instead copied
17 extra bases of the tRNA (hatched lines). The resulting plus-strand strong-stop DNA product contained PBS sequences, and so it could
partially hybridize to the PBS, but it also contained extra 3' bases that could not hybridize. These free bases annealed internally in the vector
and the sequence was extended, resulting in the deletion of the intervening sequences. (c) Pre-PBS mechanism. The generation of mutant 2.16
is shown as an example. Since the minus-strand strong-stop DNA transfer was interstrand (see text) and reverse transcription occurred on
only one of the two viral RNA molecules, the (full-length) minus-strand viral DNA contained R and U5 regions at its 3' end (see also Fig. 7).
These regions provided the homology by which the truncated (and incorrect) plus-strand strong-stop DNA product could anneal to the
minus-strand DNA, with the exception of the incorrect 3' bases. Plus-strand synthesis then proceeded as described in panel b above, resulting
in the observed deletion.

infection of hygromycin resistance (but at an endpoint mul-
tiplicity for G418 resistance). Thus, cells which contained
mutant proviruses also often contained additional wild-type
proviruses.
A single cycle of retrovirus replication involves one round

of transcription and one round of reverse transcription. The
mutations could have arisen at either of these steps. How-
ever, since most mutant proviruses lacked the encapsidation
sequence, we concluded that they arose during reverse

transcription. If the deletions had occurred during transcrip-
tion, the viral RNA from the step 2 cells would have lacked
the encapsidation sequence and would not have been encap-
sidated into viral particles; therefore, it would not have been
seen in the following round of infection of the step 3 cells.
Without an encapsidation sequence, the viral RNA from

the step 3 cells cannot be encapsidated efficiently; in fact, we
were unable to rescue the mutant proviruses using wild-type
REV-A virus. The deleted proviruses are therefore unable to

I

J. VIROL.

EF]
I U.- I L.-Abl

' oL

as PBS ATG

%% I __jE x I



DELETIONS IN RETROVIRUS REPLICATION 4793

PBS tRNA
(18 bp) (16 bp)

3.

U3-R-U5-PBS-tRNA
5 ' xxx3'

U3-R-U5

+

5cJ

U3-R-U5

I Il- -I IDPQt *MA

3' j- 5'
PBSlf U3-R-U5

U3-R-U5-PBS-tRNA U3-R-U5
3 ~~~~~~~~~~~~~~~~'

\\\\ ,;~~~~~-.O

U3-R-U5-PBS-tRNA
FIG. 6-Continued.

produce progeny virus that can infect other cells, even in the
presence of a helper virus; these deletions are lethal in terms
of further propagation.
From the data generated by direct PCR sequencing, we

concluded that the deletions fall into three classes. The first
and simpler class accounted for 3 of the 16 sequenced
mutants. This class of mutants seemed to arise from a

misalignment of the growing point to a similar sequence
occurring elsewhere in the viral genome (Fig. 6a). These
mutants were very much like those described previously by
Pathak and Temin (21), who reported that they occur at a

rate of 2 x 10-6 per nucleotide per single round of replica-
tion. From this reported rate, we estimated that our mutation

target size was about 1,000 nucleotides (13 of 16 of this type
X 1% per cycle = 2 x 10-3 per cycle [the observed overall
rate]; 2 x 10-3/1,000 nucleotides = 2 x 10-6 per nucleotide
per cycle [the reported per-nucleotide rate]).
Mutant 5.2, which fell into this class, was the smallest

deletion sequenced. It had deleted a region of 531 bp near the
3' end of the hygro gene. Thus, this deletion helped define
the minimal sequence that interferes with the expression of
neo resistance. This region presumably contains sequences
that in some way interfere with splicing, although we have
not yet shown this property directly.
The other deletions were caused by mechanisms involving

errors in the synthesis or termination of the plus-strand

PBS
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strong-stop DNA. These mutants are distinguished by the
amount of the PBS copied: those that synthesized all or part
of the PBS form the PBS termination class, and those that
did not reach the PBS form the pre-PBS termination class.
The PBS termination class model is diagrammed in Fig.

6b. (For reference, the normal reverse transcription process
is diagrammed in Fig. 7.) Misincorporation during synthesis,
followed by incorrect termination of the plus-strand strong-
stop DNA, resulted in a product with incorrect nucleotides
at the 3' end of the DNA. The sequence shown in the
example, that of mutant 2.2, most clearly demonstrated this
mechanism (Fig. 4 and 6b). Plus-strand strong-stop DNA
synthesis failed to terminate at the correct base at the end of

the PBS in the tRNA. Such a failure could have arisen either
from a mistake during reverse transcription or from a tRNA
that was not correctly methylated at the A that is the normal
termination position. Synthesis continued into the tRNA,
terminating at an unmodified base near the end of the codon
loop. As a consequence, the plus-strand strong-stop DNA
contained 16 extra base pairs oftRNA sequence at its 3' end.
(In the other mutants in this class, other mechanisms, such
as simple misincorporation, could lead to incorrect terminal
bases on the strong-stop DNA.) After strand transfer, these
terminal bases could not pair with the minus-strand DNA
and so could not be extended as the growing point at the
correct position; they then annealed to a position farther 5'
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FIG. 7. Reverse transcription process. Thin lines represent

RNA, thick lines represent DNA. (a) Starting products. (b) Minus-

strand strong-stop DNA synthesis by reverse transcriptase. (c)

Removal of the bound RNA from the minus-strand strong-stop DNA

by RNase H. (d) Minus-strand strong-stop DNA transfer (intermo-

lecular transfer is shown). (e) Minus-strand DNA synthesis by

reverse transcriptase. (f) Nicking of RNA at the polypurine tract

(ppt) and removal of 3' sequence by RNase H. (g) Minus-strand

DNA synthesis and plus-strand strong-stop synthesis by reverse

transcriptase. (h) Removal of RNA by RNase H. (i) Plus-strand

strong-stop DNA transfer. (j) Completion of minus-strand and

plus-strand DNA syntheses by reverse transcriptase.

in the minus-strand DNA and continued synthesis at this

point, deleting the nucleotides between and resulting in the

observed sequence. Presumably, the incorrect nucleotides

on the strong-stop DNA were complementary to the site to

which they annealed in the minus strand and thus deter-

mined the 3' deletion boundary.

Insertion of tRNA sequences into retroviral DNA has
been observed in a slightly different context. Colicelli and
Goff (2) reported sequences at the junction of the LTRs in
two-LTR circles. They observed a much longer portion of
the tRNA inserted into this region. They also observed that
the reverse transcriptase was able to copy correctly certain
unusual bases (T, dihydro-U, methyl-G, and methyl-C) into
their correct complementary bases (A, A, C, and G, respec-
tively), which we observed as well. However, the two types
of insertions actually have their origins in different steps of
the reverse transcription process. The errors we observed
arose from incorrect termination of synthesis of the plus-
strand strong-stop DNA, while those reported by Colicelli
and Goff (2) in two-LTR circle junctions arose from the
failure of the RNase H to remove the unpaired tRNA
sequences from the end of the DNA molecule. More re-
cently, Olsen et al. (17) have reported the incorporation of
tRNA sequences into circular viral DNA of Rous sarcoma
virus. They also present other sequences from a class of
mutants, deletions extending from the U5 region of tandem
LTRs, which are very similar to the ones we observed in our
PBS and pre-PBS classes. These could have arisen from the
mechanisms we propose, with the deleted viral DNA under-
going blunt-end ligation to form the two-LTR circles studied
by Olsen et al. (17) or integrating normally to form the
proviruses studied by us.
The pre-PBS termination class arose from a mechanism

similar to that of the PBS termination class (Fig. 6c), except
that the misincorporation and premature termination oc-
curred earlier, before any of the PBS sequences were copied
from the tRNA primer. This mechanism is distinct from the
PBS mechanism in that the misincorporation took place
during the copying of a DNA template, rather than an RNA
template. The result of this abnormal synthesis was a plus-
strand strong-stop DNA product that had improper bases at
the 3' end but lacked any PBS sequences. For there to be
accurate jumping of the plus-strand strong-stop DNA, ho-
mology must exist between the plus-strand strong-stop DNA
and the 3' end of the minus-strand DNA. Such homology
exists when the minus-strand strong-stop DNA starts on
only one strand of the RNA and its transfer is intermolecu-
lar; that is, when there is asynchronous synthesis on the two
strands (11, 19). In such a situation, following interstrand
transfer, the minus-strand viral DNA would have intact R
and U3 regions at its 3' end, and so the plus-strand strong-
stop DNA molecule could have paired with these and then
have proceeded as in the model presented in Fig. 6c.
An alternative model for the generation of the pre-PBS

termination class deletions would not require homology
between the ends of the plus-strand strong-stop DNA and
the minus-strand DNA. Without homology, the strand trans-
fer step would be unable to proceed correctly. The 3' bases
of the plus-strand strong-stop DNA instead would bind to a
homologous position either in the vector or on another RNA
molecule, and there extend the sequence. The result would
be the deletion of that portion of the sequence between the
position at which the plus-strand strong-stop DNA termi-
nated and the point at which it randomly began synthesizing
the plus-strand DNA. However, we consider this mecha-
nism unlikely; since the ends of the two viral DNA strands
would not be annealed, this mechanism would require the
postulation of a rather unlikely series of steps to create a
viral DNA capable of integration into the cell genome.
O'Rear and Temin (18) previously suggested such an erro-
neous termination and transfer of the plus-strand strong-stop
DNA; however, they observed a different outcome (inser-
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FIG. 8. (a) Structure of mutant 3A.1. Symbols are as defined in the legend to Fig. 1. The box with ragged edges represents a partial

duplication of the LTR; the gray box with the question mark represents a 192-bp inserted cellular sequence. (b) Proposed mechanism for
generating mutant 3A.1. Thick lines represent DNA; thin lines represent RNA. The plus-strand strong-stop DNA product, which contained
14 extra bases of tRNA sequence at the 3' end (hatched lines), transferred correctly to the opposite end of the minus-strand DNA. The
unpaired bases at the 3' end then annealed near the beginning of the U3 region in the 3' LTR, and synthesis continued at this point. After
copying U3 and part of R, the reverse transcriptase growing point switched strands to a copackaged canine mRNA. This switch was
presumably facilitated by the binding of a section of 10 T residues in the R region to a poly(A) region in the mRNA. The mRNA was copied
for 192 bases, and then the growing point switched back to the minus-strand viral DNA, near the beginning of the neo gene. The rest of the
viral DNA was copied normally, and after resolution, the final observed provirus was produced.

tion instead of deletion), and they postulated a second
plus-strand strong-stop DNA transfer event that yielded
correct, double-stranded DNA ends.
Another unlikely alternative model would involve a pre-

maturely terminated minus-strand viral DNA product, cre-
ated perhaps by a break in the viral RNA. The plus-strand
strong-stop DNA transfer would be unable to transfer to the
(nonexistent) PBS on the minus-strand DNA and would
instead transfer to the random end of minus-strand DNA,
potentially losing some bases at the 3' end to an endonucle-

ase. We consider this mechanism unlikely since the high rate
of retrovirus recombination tends to repair RNA strand
breaks (11), and random transfer to an incomplete minus-
strand DNA is unlikely in a process as ordered as reverse
transcription.
Both the misalignment model and the incorrect plus-strand

strong-stop termination models have in common a require-
ment for sequence homology at the deletion junctions. All
the mutants (with the exception of clone 4.18) either had a
recognizable overlap of at least 1 bp at the junction or

PBS

mRNA

U3-R-U5

mRNA

ft I 5-~ r-
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contained inserted sequences of unknown origin which were
presumably incorporated because they had homology to the
deletion endpoints.
Another finding from this work was the incorporation of

foreign DNA sequences into the proviruses. Clone 5.14
contained a long insert (489 bp) of a sequence of unknown
origin (Fig. Sa). Because this sequence was a long open
reading frame, we believe it arose from an mRNA sequence.
Clone 3A.1 also contained an insert of 192 bp which was
very similar to the mRNA for canine blood-clotting factor
IX. Perhaps mRNAs from the parental canine helper cells
were encapsidated at some low frequency (4, 9, 12), or one
of the viral RNAs contained readthrough sequences from
cell DNA (1). In either case, the unpaired bases at the end of
the plus-strand strong-stop DNA could then have paired
with one of these RNA sequences and extended it for some
length before again transferring back to the original viral
DNA molecule (see also Fig. 8).

In addition to this incorporation of foreign DNA, clone
3A.1 had other interesting features (Fig. Sb). Clone 3A.1
contained 14 bp of tRNA sequence at the end of the PBS
sequence, similar to clone 2.2; it also contained a partial
duplication ofLTR sequences (505 bp) and 192 bp of inserted
DNA of nonviral origin (Fig. 8a). We believe that this mutant
arose by the mechanism shown in Fig. 8b. As in the creation
of clone 2.2, plus-strand strong-stop DNA synthesis did not
stop at the end of PBS, and 14 bases of tRNA were copied.
After normal strand transfer, the unpaired tRNA sequences
at the end of the plus-strand strong-stop DNA annealed near
the 5' end of U3 in the 3' LTR. Synthesis continued at this
point, causing the insertion of the partial LTR. Then, in a
region of 10 consecutive T residues in the R region, the
reverse transcriptase growing point switched templates to a
copackaged mRNA; this switch was presumably facilitated
by the binding of the poly(T) stretch to a poly(A) region on
the mRNA. The reverse transcriptase continued copying this
mRNA for 192 bases and then switched templates again, this
time back to the original minus-strand viral DNA, just
upstream of the neo gene. The synthesis was then finished to
the end of the DNA in normal fashion. The resulting product
has the final structure observed for clone 3A.1.
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