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Retroviral recombination can occur between two viral RNA molecules (intermolecular) or between two
sequences within the same RNA molecule (intramolecular). The rate of retroviral intramolecular recombina-
tion is high. Previous studies showed that, after a single round of replication, 50 to 60% of retroviral
recombinations occur between two identical sequences within a Moloney murine leukemia virus-based vector.
Recombination can occur at any polymerization step within the retroviral replication cycle. Although reverse
transcriptase is assumed to contribute to the template switches, previous studies could not distinguish between
changes introduced by host RNA polymerase II (Pol II) or by reverse transcriptase. A cell culture system has
been established to detect the individual contribution of host RNA Pol II, host DNA polymerase or viral reverse
transcriptase, as well as the recombination events taking place during minus-strand DNA synthesis and
plus-strand DNA synthesis in a single round of viral intramolecular replication. Studies in this report
demonstrate that intramolecular recombination between two identical sequences during transcription by host
RNA Pol II is minimal and that most recombinations occur during minus-strand DNA synthesis catalyzed by

viral reverse transcriptase.

Retroviral recombinations generate new variants that can
survive various environmental challenges. Retroviral particles
contain two copies of the single-stranded RNA genome. Re-
combination between these two RNA molecules (intermolec-
ular) occurs at a high rate (7). Recombination can also occur
between two identical sequences within the same RNA mole-
cule (intramolecular) (23). In previous studies, the rate of such
intramolecular recombination is determined as 50 to 60% dur-
ing a single round of retroviral replication (14, 24).

After a retrovirus enters a cell, the reverse transcriptases
within the virion copy the viral RNA genome into a double-
stranded DNA, which is subsequently integrated into host
chromosomal DNA and becomes a provirus. The provirus is
then replicated by cellular DNA polymerases as an integral
element of host chromosome. Transcription of the provirus is
carried out by cellular RNA polymerase II (Pol II), which
produces both viral genomic RNAs and mRNAs encoding viral
proteins. Viral proteins and viral RNAs are assembled into
virions, and progeny viruses are released from the infected
cells. Therefore, during the retroviral life cycle, retroviral ge-
netic information is transmitted by viral reverse transcriptase,
host DNA polymerase, and host RNA Pol II. Reverse tran-
scription by viral reverse transcriptase can be further divided
into two steps: minus-strand DNA synthesis with the viral
RNA molecule as a template and plus-strand DNA synthesis
with minus-strand DNA as a template. Each of these polymer-
ization steps has the potential to introduce variations or mu-
tations into progeny viruses.

In vivo systems for studying retroviral recombination or mu-
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tation include viral vectors, helper cells, and target cells. Viral
vectors carry all viral cis-acting sequences required for viral
replication and packaging; the frans-acting sequences in the
vectors are replaced with gene(s) of interest. The helper cells
constitutively provide viral proteins in #rans so that the viral
vector introduced into them can be packaged into infectious
virions (vector viruses). Vector viruses are used to infect target
cells, which do not express any viral proteins, and therefore do
not support the production of new viruses. This strategy en-
sures that the life cycle of the viral vectors is restricted to a
single round of replication (26). The rates of retroviral recom-
bination are calculated by ratios of the number of recombi-
nants to the number of the total progeny viruses.

The high fidelity of DNA replication suggests that recombi-
nation at the DNA level should be much less frequent than
that incurred by reverse transcriptase. The fidelity of mamma-
lian cellular RNA Pol II in retroviral template transcription is
not yet known. Since retroviral genomic RNA is first tran-
scribed from DNA by RNA Pol II, any deletion or recombi-
nation occurring during this process will contribute to genomic
variation in retroviral replication. The present demonstrates
that deletion during retroviral replication by host RNA Pol II
was minimal. A previous study indicated that the frequency of
deletion by DNA polymerase was also negligible (14); there-
fore, reverse transcription was the step associated with the high
rate of intramolecular recombination.

Retroviral reverse transcriptase copies both minus-strand
DNA and plus-strand DNA. Although most retroviral inter-
molecular recombinations occur during minus-strand DNA
synthesis (25), it is unclear whether intramolecular recom-
binations also occur during minus-strand synthesis. We dem-
onstrate here that, like intermolecular recombination, intra-
molecular recombination of Moloney murine leukemia virus
(MLV) also occurs during minus-strand DNA synthesis. How-
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FIG. 1. Structure of retrovirus vector used for determining of the recombination rate between two identical sequences within the same RNA
molecule. (A) Structure of retrovirus vector containing two mutated gfp genes. JZ481 contains two nonfunctional gfp sequences in tandem positions
and the neo gene. The 3’ end of the first gfp and the 5" end of the second gfp are mutated. The neo gene is expressed from the encephalomyocarditis
viral IRES. (B) Structure of a recombinant provirus. After one round of replication, the downstream gfp sequence recombines with the identical
upstream gfp sequence, resulting in a functional gfp gene. The dashed lines between JZ481 and the recombinant provirus indicate identical
sequences. (C) Structure of retrovirus vector encoding wild-type gfp gene. The structures of JZ419 and the expected recombinant JZ481 are
identical. (D) Northern analysis of viral RNAs. Viral RNAs were extracted from viruses released from clear PG13 cells infected with JZ481 and
PG13 cells infected with JZ419 and hybridized with a probe of the neo gene sequence. The approximate molecular sizes are shown on the left.

ever, Bowman et al. (3) reported that recombination between
two identical sequences within the same spleen necrosis virus
RNA occur at similar frequencies during minus- and plus-
strand DNA synthesis. This conclusion was based on observa-
tions obtained with a pool of viruses harvested after transfec-
tion, which did not allow the unambiguous determination of
the structure and amount of the precursors to recombination
(17, 24). Transfection could also introduce mutations and re-
combination, which could have interfered with their results. In
this report, MLV-based vectors were constructed. The data
demonstrated that plus-strand deletion did not occur.

MATERIALS AND METHODS

Nomenclature. Plasmids are designated as, for example, pJZ481; viruses made
from these plasmids are designated as, for example, JZ481.

Vector construction. The construction of the MLV-based retroviral vectors
JZ481 and JZ419 were described previously. Briefly, from the 5’ to 3’ direction,
JZA481 carried two mutated copies of the color reporter gene, gfp, an internal
ribosome entry segment (IRES) sequence, and a drug resistance gene, neo (Fig.
1A) (14).JZ419 is identical to JZ481 except that the two mutated gfp genes were
replaced with a functional gfp gene (21). JZ442 (Fig. 2A) and JZ442+3'Hyg (Fig.
2B) were described previously (24). JZ442 encoded a hyg gene and a gfp genes,
whereas JZ442+3'Hyg encoded the same /yg and gfp genes and an additional
290-bp 3’ hyg segment downstream of the gfp gene. JZ442 PPT+3'Hyg (Fig. 2C)
was identical to pJZ442+3'Hyg except that the 290-bp 3’ hyg sequence was
located downstream of the ppt and attL sequence. PJZ442+3'Hyg was digested
with Clal and Nhel, followed by repair with Klenow fragment and ligation by T4
ligase, to delete the 75-bp Clal-Nhel sequence (positions 4415 and 4490) encod-
ing the ppt and attL regions. The resulting plasmid was designated pJZ589.
pJZ508 was identical to pJZ442 (Fig. 2A) except that pJZ508 contained a Clal
site and a NotI sites at the 3’ end of the hyg gene. The Asel-Nhel fragment of
pJZ508 containing the 5’ long terminal repeat, the hyg gene, the IRES, the gfp
gene, and the 75-bp of ppt and attL region was inserted into the Asel-Xbal sites
of pJZ589, in which a Xhal was located at the 5’ end of the 290-bp hyg sequence.
The resulting plasmid was designated pJZ442 PPT+3'Hyg (Fig. 2C). In addition
to restriction mapping, the 3’ end of gfp gene, the MLV 3'-nontranslated region,

ppt, attL, the 290-bp 3’ hyg sequence, and the 5’ U3 of pJZ442 PPT+3'Hyg were
sequenced. The sequences coincided with the structure predicted in Fig. 2C.

Transfections, infections, and cells. PA317 and PG13 are NIH 3T3-derived
MLV-based helper cell lines that support the propagation of MLV-based vector
virus (15, 16). D17 is a dog osteosarcoma cell line obtained from the American
Type Culture Collection (CRL 8468). Transfections, infections, and the mainte-
nance of the cells were previously described (26). Briefly, plasmid DNA of
pJZA481 (or JZ442 PPT+3'Hyg), which carries a neo (or hyg) resistant gene, was
transfected into the MLV amphotropic helper cell line PA317 (Fig. 3, step 1).
The supernatant media containing the viruses were used to infect the MLV
xenotropic helper cell line PG13 cells. After selection with an analog of neomy-
cin, G418 (or hygromycin), well-separated colonies were individually cloned (Fig.
3, step 2). Viruses released from each clone were used to infect the D17 target
cells. Visible D17 colonies appeared ca. 12 days after selection with G418 (or
hygromycin) (Fig. 3, step 3).

Isolation of viral RNA. Fresh media were added to virus-producing PG13 cells
24 h prior to harvesting. Cell debris was removed from the supernatant media by
low-speed centrifugation. Viruses were concentrated by centrifugation with an
SW41 rotor at 25,000 rpm for 1.5 h. Viral RNAs were isolated from the con-
centrated viruses by using NuceoSpin kit (Clontech, Palo Alto, Calif.) as de-
scribed by the manufacturer.

Northern analysis. Northern blotting was performed by standard methods
(27). Briefly, 1 pg of viral RNAs was electrophoresd on a 1% agarose gel. The
RNAs were then transferred onto a nitrocellulose membrane, which was probed
with a 3*P-labeled DNA fragment encompassing the neo gene (Fig. 1).

Preparation of Hirt fractionation. A total of 2 X 10 > cells were infected with
JZ442 PPT+3'Hyg of step 2 clone 5 with the highest titer (multiplicity of
infection = 1:1). Cells were lysed for 20 min. by 1 ml of 0.6% sodium dodecyl
sulfate (SDS) and 0.01 M EDTA at 36 h after infection (9). After being incu-
bated at 4°C for overnight, the sample was centrifuged at 17,000 X g for 30 min
at 4°C to remove the major proteins and the SDS. Then, 5 M NaCl was added to
a final concentration of 1 M, and the DNA in a Hirt fractionation was precipi-
tated with isopropanol. The remaining EDTA was removed by Wizard PCR
DNA purification kit (Promega, Madison, Wis.).

Amplification of proviruses and sequencing analysis. The proviruses of step 2
were amplified with primer GFP 2312 (CTGGAGTTCGTGACCG), which an-
nealed within the 3" end of gfp gene, and primer U3 3469 (GCTGGACCGCA
TCTGG), which annealed within the 3’ U3. Hirt DNA and proviral DNA in step
3 cells were amplified by primer Hygro 1685 (GCTTGTATGGAGCAGCAGA
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FIG. 2. Structure of retrovirus vector used for intramolecular recombination. (A) JZ442 encodes a hyg gene and a gfp genes. (B) JZ442+3'Hyg
encodes the same Ayg and gfp genes and an additional 290-bp 3’ hyg segment downstream of the gfp gene. (C) JZ442 PPT+3'Hyg is identical to
pJZ442+3'Hyg except that the 3’ hyg gene sequence is located downstream of the ppt and attL sequence. The dashed lines indicate identical

sequences. (D, E, and F) Structure of step 3 proviruses.

CG), which annealed with the 3’ end of the Ayg upstream the 290-bp sequence,
and primer U3 3469. The sequencing primers were GFP 2312 (CTGGAGTTC
GTGACCG), MLV U3 (ATGCCTTGCAAAATGG), GFP 1627 (TGAGCAA
GGGCGAGGAGCTG), and GFP 2011 (GAACCGCATCGAGCTGAA).

Fluorescence microscopy. A fluorescence inverted microscope (Zeiss Axiovert
25) with a mercury arc lamp (100 W) and a fluorescent filter set (CZ909)
consisting of a 470- to 40-nm exciter, a 515-nm emitter, and a 500-nm beam-
splitter were used to detect green fluorescent protein (GFP) in living cells.

Flow cytometric analysis. Flow cytometric analysis was conducted by using a
MoFlo Cytomation (Becton Dickinson) with a 488-nm argon ion laser operating
at a constant power output at a flow rate of 500 to 600 cells per s with a total
accumulation of 20,000 cells/run. The FL-1 emission channel was used to mon-
itor the intensity of the GFP.

RESULTS

Experimental protocol to distinguish between deletions
made by RNA Pol II and by reverse transcriptase. Virus JZ481
carried, from the 5" to 3’ direction, two mutated gfp color
reporter genes (4), an IRES, and a drug resistance gene, neo
(Fig. 1A). The 3’ end of the first gfp and the 5’ end of the
second gfp gene were mutated (25), so that neither of the two
gfp genes was functional. The rates of reverse mutation of the
two frameshifts had been shown to be lower than 107> (25).
Intramolecular recombination between the identical sequences
within the two defective gfp genes resulted in a recombinant
virus that encoded a functional gfp gene (Fig. 1B) (14). Cells
infected with parental-type viruses encoding two nonfunctional
gfp sequences formed clear (or colorless) colonies under a
fluorescence microscope (14), whereas cells transduced with
recombinant viruses with a functional gfp gene appeared green.

The IRES sequence of encephalomyocarditis virus origin al-
lowed ribosomes to bind to the internal AUG and indepen-
dently initiate the translation of the neo gene (1). The drug
resistance gene, neo, was expressed by the IRES, and the gfp
gene was expressed from the 5" end of the RNA transcript by
a traditional ribosome scanning model. Cells infected with viral
vector JZ481 can survive neomycin (G418) selection and form
green or clear colonies depending on whether or not intramo-
lecular recombination occurs during vector virus replication.
The number of the green neomycin-resistant colonies repre-
sented the number of recombinant viruses, whereas the num-
ber of clear colonies represented the number of the parental-
type viruses. Using this approach, the rates of recombinations
are determined by the ratio of the number of the green colo-
nies to the number of the total colonies (green colonies plus
clear colonies).

To determine the overall rates of recombination during a
single replication cycle (Fig. 3), the vector viruses of JZ481
were introduced into PG13 cells by infection as described in
Materials and Methods to eliminate deletion caused by trans-
fection (24). PG13 cells infected with JZ481 were designated
step 2 cells. Viruses released from step 2 cells were unable to
infect cells of murine origin, including PG13 itself (16). Fur-
thermore, the target cells (D17) do not express any viral struc-
tural proteins; therefore, the infection of D17 cells with JZ481
viruses released from step 2 PG13 cells represented a single
round of viral replication (Fig. 3) (26). A previous study dem-
onstrated that, due to recombination between the two gfp
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FIG. 3. (A) Outline of the experimental approach. Plasmid DNAs of pJZ481 and pJZ419 were transfected into an MLV amphotropic helper
cell line, PA317, respectively (step 1). Supernatant medium containing the viruses was used to infect an MLV xenotropic helper cell line PG13.
After selection with neomycin, clear and green neomycin-resistant (Neo") colonies were formed (step 2). PG13 cells were analyzed by flow
cytometry. Viruses released from infected PG13 cells were analyzed by Northern blotting and were also used to infect D17 cells. The infected D17
cells were selected for neomycin resistance (step 3). Individual neomycin-resistant colonies were analyzed by fluorescence microscopy. (B) Sche-
matic illustration of the experimental strategy for the study of a single round of JZ481 virus replication. The viral life cycle is represented in the
form of DNA (provirus in PG13 cells), RNA (viruses released from PG13 cell), and DNA (provirus in target D17 cell), which depicts a single round
of viral replication. Three polymerases are involved in four polymerization events (shown in boldface letters) during the transmission of retroviral

genetic information.

genes, 51% * 2% of the viruses underwent deletion after a
single round of replication (14). The rate was redetermined
here to be 46.2% = 5.9% (Table 1).

Determination of the frequency of deletion during transcrip-
tion by host RNA Pol II. After the replication cycle of JZ481
began with a provirus in PG13 cells (Fig. 3, step 2 cells), as
many as 46% of the viruses recombined during one round of
retroviral replication. The deletion between the two mutated
gfp genes could occur during transcription by the host RNA Pol
II and/or during reverse transcription by the viral reverse tran-
scriptase (Fig. 3). If a sizable portion of the deletions are
caused by RNA Pol II, the synthesis of functional GFP pro-
teins would generate notable fluorescence that could be mon-
itored by fluorescence intensities in a flow cytometric analysis.
The fluorescence intensity should delineate the concentration
of the functional GFP proteins or the amount of functional gfp
transcripts in the cells.

In PG13 lines containing recombinant JZ481 proviruses, all
of the viral RNA transcripts encode functional gfp; thus, the

TABLE 1. Microscopic analysis of D17 cells infected with JZ481¢

No. of colonies

J7481 Overall Plus-strand
clone  Green Mix colored Clear  Total rate rate (%)
1-1 50 1 73 124 41.1(%) <08
1-3 52 0 52 104 50.0 0

3-1 68 1 58 127 54.3 <0.8
3-2 37 0 45 82 45.1 0

3-3 35 0 51 86 40.7 0
Total 242 2 279 523 462 *+59 <03+04

“ Each clone was an individual clear colony of PG13 cells containing a parent-
type JZ481 provirus. The viruses released from each clone were used to infect
D17 cells. Infected cells were selected for neomycin resistance. Neomycin-resis-
tant colonies were analyzed by using a fluorescence microscope. The overall rate
of recombination after one round of replication was determined by the ratio of
the sum of the green and mix-colored colonies to the number of total neomycin-
resistant colonies. The rate of recombination during plus-strand DNA synthesis
is less than the ratio of the number of mix-colored colonies to that of the total
number of colonies.
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FIG. 4. Flow cytometric analysis of virus-infected PG13 cells. PG13 cells were infected with viruses JZ481 or JZ419, respectively. Infected PG13
cells were selected for neomycin resistance. Individual neomycin-resistant clones were isolated and analyzed by flow cytometry.

fluorescence intensity of these cells represents the amount of
total viral RNA transcripts in the cells. In PG13 lines encoding
parental-type JZ481 proviruses, most of the viral transcripts
are of the parental type (encoding nonfunctional gfp), hence
contributing no fluorescence to the host, but the amount of
total viral RNA transcripts should be equal to that in cells with
recombinant JZ481. If a portion of the viral RNAs have un-
dergone deletion by recombination, thus encoding functional
gfp, the amount of these deletion transcripts would be com-
mensurate to the fluorescence they produced. Therefore, the
ratio of the fluorescence intensity of PG13/parent-type JZ481
to that of PG13/recombinant JZ481 represents the percentage
of recombinant transcripts present in the parent-type cells, or
in other words, the frequency of deletion during transcription
by host RNA Pol II.

Clear (parent-type) and green (recombinant) neomycin-re-
sistant PG13 colonies (Fig. 3, step 2) were individually sub-
cloned and then analyzed by flow cytometry. To compare the

recombinant GFP with wild-type GFP, a PG13 cell line carry-
ing JZ419 provirus was also analyzed (21). JZ419 encodes the
same sequences as a recombinant JZ481 (Fig. 1B and C). The
fluorescence intensity of PG13 carrying the recombinant JZ481
was the same as that of PG13/JZ419, which encoded a wild-
type gfp gene (Fig. 4C and D). The fluorescence intensity of
PG13 cells infected with parent-type JZ481 was similar to that
of uninfected PG13 cells. (Fig. 4A and B).

Uninfected PG13 cells exhibited a mean fluorescence inten-
sity of 3.28 (Fig. 4A), which denoted a background. After
subtraction of the background from both PG13/parent-type
JZ481 and PG13/recombinant JZ481, the ratio of these two
differences (3.45 — 3.28)/(134.87 — 3.28) represented the per-
centage of GFP proteins in PG13/parent-type JZ481 cells.
Therefore, the frequency of the functional JZ481 transcript in
the PG13/JZ481 was only 0.1%, indicating that no significant
amount of recombinant RNAs were used as messenger RNAs.
Compared to the overall rate of retroviral recombination be-
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TABLE 2. Relative recombination rates during
retroviral life cycle for JZ481

Stage in cycle” Rate (%) Distribution’ (%)
Minus-strand DNA synthesis 45.8° >99.15
Plus-strand DNA synthesis <0.3¢ <0.65
Viral RNA transcription <0.14 <0.2
Provirus replication 0.85 X 1073 Negligible
Total 46.2 100

“ Four stages comprise one single round of a retroviral life cycle.

® The rate was determined by subtracting the portions of plus-strand DNA
synthesis (0.3%) and of viral RNA transcription (0.1%) from the overall rate
(46.2%).

¢ The rate of recombination during plus-strand DNA synthesis was determined
as described in Table 1.

@ The rate of recombination during viral RNA transcription was estimated on
the basis of flow cytometry analysis.

¢ The frequency of recombination at the DNA level was determined as the
number of green cells per cell division. The mean value is 0.85 X 107> (14).

/The relative distribution of the recombination events during transmission of
the viral genetic information through the four types of macromolecules was
determined by the ratio of the rate at each stage over the overall rate (46.2%).

tween the two mutated gfp genes (46%), the cellular contribu-
tion by RNA Pol II to the total retroviral recombination was
minimal.

In addition to analysis of the mRNA in the helper cells, the
viral RNAs packaged into virions were also analyzed. A de-
leted JZ481 transcript contained the same sequence as the
JZA19 transcript. Viruses released from PG13/JZ481 and
PG13/JZ419 were concentrated, and viral RNAs were isolated
for analysis by Northern blotting by using a radiolabeled probe
that hybridized to the neo gene sequence, which is encoded by
both the parent-type and the recombinant viral RNAs (Fig. 1).
Northern analysis showed that parent-type virion contained a
5.3-kb viral RNA, whereas the virions released from PG13/
JZ419 cells contained a viral RNA of 4.4 kb. Had a significant
amount of recombinant RNAs been transcribed by the RNA
Pol II and subsequently packaged into virions, 4.4-kb RNAs
should be produced by PG13/JZ481. Analysis by a density
photometer showed that the amount of the deleted fragments
of JZ481 was <6% of the undeleted JZ481. The Northern
analysis revealed that very little, if any, amount of deleted viral
RNAs were transcribed in the helper cells (Fig. 1D) and that
most deletions must have occurred during reverse transcrip-
tion.

Determination of the relative rates of intramolecular recom-
bination during minus-strand and plus-strand DNA synthesis.
The frequency of recombination at the proviral level (DNA) is
only 1077 events/cell division (Table 2) (14). Flow cytometry
and Northern analysis indicated that 99.9% of recombinations
took place during reverse transcription. Retroviral reverse
transcription includes the synthesis of minus-strand and plus-
strand DNAs. Therefore, reverse transcriptase-promoted tem-
plate switching may occur during minus-strand DNA synthesis
and/or during plus-strand synthesis. A previous study showed
that most, if not all, retroviral intermolecular recombinations
between two different viral vectors occurred during minus-
strand DNA synthesis (25). To study whether most intramo-
lecular recombinations also occur during the minus-strand
DNA synthesis, individual step 3 colonies of the JZ481-in-
fected DNA cells were analyzed (Fig. 3, step 3). If recombina-
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tion takes place during minus-strand DNA synthesis, since
plus-strand DNA is made by using the minus-strand as a tem-
plate, the resulting double-stranded viral DNAs will encode
recombinant JZ481 on both strands. After integration into the
host cell chromosome, the recombinant virus-infected target
cell will grow to a green colony. If an intramolecular recombi-
nation takes place during plus-strand DNA synthesis, since the
minus-strand DNA still carries the parental-type gfp, the re-
sulting double-stranded viral DNA will be a heteroduplex with
a portion of the minus strand looping out. When such a duplex
integrates into host DNA and the cellular repair system cannot
correct the mismatched sequences within the viral double-
stranded DNA, subsequent cell division would result in two
genotypically different daughter cells; one receives the parent-
type provirus, and the other receives the recombinant provirus.
While their progeny would form a single colony, it will have a
mixed phenotype, with half clear cells and half green cells. The
D17 cell line was chosen as target cell in the present study
because it is unable to repair mismatches within the retroviral
double-stranded DNA (22, 25). When neomycin-resistant col-
onies of JZ481-infected D17 cells were analyzed under a flu-
orescence microscope, only 2 of 244 green colonies examined
were mixtures of green and clear cells (Table 1). In addition to
recombination during plus-strand DNA synthesis, mix-colored
colonies could be also resulted either from a mutation of the
gfp gene during plus-strand DNA synthesis or from two sepa-
rate infection events (25). Therefore, at least 99% of the ret-
roviral intramolecular recombinations had occurred during mi-
nus-strand DNA synthesis by reverse transcriptase (Table 2).

Intramolecular recombinations did not occur during plus-
strand DNA synthesis. JZ442+3'Hyg carried the Ahyg gene, and
a 290-bp repeat sequence of the 3’ hyg gene was inserted into
the 3’ untranslated region of the gfp gene (Fig. 2B). The rate
of deletion between the two identical sequences was found to
be 62% (24). Our previous study demonstrated that a deletion
occurring between the two identical sequences within the same
viral RNA molecule was the result of intramolecular recom-
binations (23). Furthermore, we demonstrated that intermo-
lecular recombination occurred during minus-strand DNA
synthesis (25). In the present, we demonstrated that in-
tramolecular recombinations occur also during minus-strand
DNA synthesis. However, this result conflicts with a study done
by Bowman et al. (3), who reported that in a spleen necrosis
virus-based system the recombination between two direct re-
peats occurred at the same frequency during minus- and plus-
strand DNA syntheses. To further investigate intramolecular
recombinations, an MLV-based vector was constructed under
the same principle as that reported by Bowman et al. JZ442
PPT+3'Hyg (Fig. 2C) was identical to JZ442 +3'Hyg (Fig.
2B), except that the MLV ppt and attL sequences were moved
to a position upstream of the second 3’ hyg sequence. During
reverse transcription, ppt is the sequence for initiation of plus-
strand DNA synthesis exactly before the attL, which is essen-
tial for retroviral integration into the host chromosomal DNA
(8). If recombination between the two identical hyg sequences
occurred during minus-strand DNA synthesis, in addition to
deletion of the gfp sequence, the ppt and attL. would also be
deleted. As a consequence of the absence of ppt, the plus-
strand DNA synthesis could not initiate and the reverse tran-
scription could not be completed. If a recombination occurred
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during plus-strand DNA synthesis, the minus-strand DNA
would still contain the ppt and attL, and it was proposed that
a plus-strand DNA could initiate (3). In this case the deleted
plus-strand DNA and undeleted minus-strand DNA would
form a mismatched viral double-stranded DNA, which would
integrate into the cell chromosome. Provirus derived from the
deleted plus-strand DNA would lack the gfp gene. Cells with
the provirus without the gfp gene were clear under a fluores-
cence microscope. Observations by Bowman et al. were based
on viruses collected from transfected helper cells (3). However,
previous studies have indicated that during transfection dele-
tion between two identical sequences occurred at a very high
frequency (24); furthermore, transfection could not allow the
unambiguous determination of the DNA structure or the
quantitation of the precursors to recombination (17).

To demonstrate JZ442 PPT+3'Hyg (Fig. 2C) also encoded
two identical sequences, the 3’ end of the plasmid of pJZ442
PPT+3"Hyg was sequenced. The sequences coincided with the
structure predicted in Fig. 2C. The plasmid DNA of pJZ442
PPT+3'Hyg was used to transfect an amphotropic helper cell
line, PA317 (15) (step 1). Virions from the cells can infect
mouse cells. To eliminate the influence of deletion during
transfection, viruses released from the transfected cells were
used to infect a xenotropic helper cell line, PG13 derived from
the mouse cell line NIH 3T3 (16). Viruses released from this
xenotropic helper cell lines can infect the dog cell line D17 but
not mouse cells such as PG13. This procedure ensures that
there is only a single round of replication. After selection for
hygromycin resistance, individual hygromycin-resistant colo-
nies were examined under a fluorescence microscope. Seven
well-separated green clones were isolated and used for further
studies (step 2). The GFP-positive phenotype of these clones
indicated that the cells encoded the gfp gene and that the two
identical sequences had not yet recombined within the provi-
ruses found in the green step 2 cells, since the gfp gene is
located between the two identical sequences of the 290-bp 3’
hyg sequences. Furthermore, the 3’ end of proviruses from
three step 2 clones were amplified and sequences, which coin-
cided with the plasmid of pJZ442 PPT+3'Hyg. Therefore, in
contrast to the report by Bowman et al., there could not be any
deleted viral clones used in the present study. Virus released
from step 2 cells were used to infect D17 cells, and the infected
D17 cells were selected for hygromycin resistance. Individual
hygromycin-resistant colonies were examined by fluorescence
microscopy. The ratio of the number of clear plus mixed col-
onies to the number of total colonies was determined to be
0.9% =+ 0.4% (Table 3), which is much lower than the deletion
rate for JZ442+3'Hyg (62% * 9%) but is similar to the rate of
mutation for JZ442 (1.3% = 0.4%), which did not contain any
repeat sequences (Fig. 2A) (24). Therefore, although JZ442
PPT+3'Hyg viruses carried two 290 base repeats of identical
sequence similar in structure to JZ442+3'Hyg, the rate of
recombination between the two sequences was only 1% (0.9%/
62%) of the rate of recombination for JZ442+3'Hyg. The only
difference between the two vectors lies in the localization of
the ppt and attR, in which JZ442+3"Hyg allows the generation
of double-stranded viral DNA after the deletion of its minus-
strand DNA but JZ442 PPT+3'Hyg does not. Therefore, this
result is consistent with our conclusion that intramolecular
recombinations occur during minus-strand DNA synthesis.
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TABLE 3. Analyses of JZ442 PPT + 3’ Hyg on D17 cells®

No. colonies

Rate of
Clone . mutation Titer
Mix
Green Clear colored (%)
Clone 1 431 1 2 0.7 0.18 X 10°
Clone 2 487 1 1 0.4 1x10°
Clone 3 761 8 1 1.2 0.25 X 10°
Clone 4 782 8 5 1.6 0.27 X 10°
Clone 5 564 3 1 0.7 1.2 X 10°
Clone 6 172 2 0 1.2 0.34 x 10°
Clone 7 289 1 0 0.5 0.57 X 10°
Total 3,486 24 10 0.9 = 0.4° (054 X 10°) = (0.40 X 10°)°

“ Viruses from step 2 PG13 cells, which contain a gfp gene, were used to infect
D17 cells. Infected D17 cells were selected for hygromycin resistance. Each
hygromycin-resistant colony was analyzed under a fluorescence microscope.

" The rate of deletion of JZ442+3' Hyg was 62%, whereas the rate mutation
of JZ442 was 1% (24).

:The titer of viruses released from JZ442+3'Hyg was (0.86 X 10°) + (0.38 X
10°) (24).

To determine the nature of the clear step 3 D17 cells, three
clones, one mixed colony (4M) and two clear colonies (4C and
5C) were amplified by PCR and sequenced. Provirus in clone
4 M (Fig. 2D) contained the same sequences as the plasmid
DNA, which carried the complete gfp, the ppt, the 290-bp hyg
sequences and the 3’ U3. The complete gfp sequence in pro-
virus 5M indicated that its colorless phenotype did not result
from a deletion between the two repeated hyg sequences. A
mutation (N140P) was found in the 718-bp open reading frame
of the gfp gene, as shown by sequences from both directions.
The 4C provirus (Fig. 2E) carried a 95-nucleotide deletion at
the 3’ end of the gfp gene, which was followed the 3" 209-bp of
the hyg gene and the U3, which was probably resulted from a
nonhomologous recombination during minus-strand DNA syn-
thesis, followed by an intermolecular transfer of the plus strong
stop primer. The provirus of 5C (Fig. 2F) only contained the
hyg gene followed by the U3, which should have resulted from
a homologous intramolecular recombination between the two
identical 290-bp 3’ hyg sequences during minus-strand DNA
synthesis, followed by an intermolecular transfer of the plus
strong stop DNA.

Due to the presence of the identical 290-bp sequences in the
JZ442 PPT+3'Hyg, during minus-strand DNA synthesis dele-
tion between the two repeats should occur at a high frequency.
Although the deleted minus-strand DNA could neither be
used to synthesize the plus-strand DNA nor be integrated into
the cellular chromosomal DNA, the deleted and unintegrated
minus-strand DNA should be found in the Hirt section (9). To
demonstrate that deletions within JZ442 PPT+3'Hyg occurred
during minus-strand DNA synthesis, DNAs in the Hirt portion
were isolated as described in Methods and Materials. Uninte-
grated viral DNAs were amplified by PCR with two primers.
The first primer annealed to the hyg seqeunce upstream the 3’
290-bp end, whereas the second one annealed to the U3 region
(Fig. 5A). The PCR product was resolved by electrophoresis,
and two fragments were separated on an agarose gel (Fig. 5B).
The 2.1-kb fragment represented the amplified sequence
within the parent-type JZ442 PPT+3'Hyg, whereas the 0.5-kb
fragment represented the sequence with the deletion between
the two identical 290-bp within the JZ442 PPT+3'Hyg. A large
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FIG. 5. PCR amplification of Hirt fractionation. (A) Structure
of undeleted DNA and deleted minus-strand DNA of JZ442
PPT+3'Hyg. The arrows represent the primers used to amplify the
Hirt fractionation DNA: Hygro 1685 (GCTTGTATGGAGCAGCAG
ACG) and U3 3469 (GCTGGACCGCATCTGG). (B) Electrophoresis
of amplified fragments: line 1, 1-kb DNA ladder (Invitrogen, Carlsbad,
Calif.); line 2, PCR fragment of Hirt fractionation DNA; line 3, PCR
fragments of the step 3 clone 5C; and line 4, PCR fragment of pJZ442
PPT+3'Hyg.

portion of the unintegrated viral DNAs contained a deletion
(Fig. 5B); however,<1% proviruses contained the deletion,
indicating that most deleted DNA were not integrated into
host chromosome.

DISCUSSION

The first goal of the present study was to determine the
contribution of RNA Pol II to retroviral recombination during
a single round of retroviral replication. The design of the
experimental study was different from previous studies in that
(i) the rate of intramolecular recombination between two iden-
tical sequences was very high (46%), (ii) the vector used in this
report encoded a gfp gene that allowed recombination to be
monitored by flow cytometry, and (iii) recombination resulted
in deletion that was detectable by Northern blot analysis. After
a single round of replication using the retroviral vector with
this tandem repeat sequence, recombination took place at a
high rate (46.2% per cycle). The contributions of RNA Pol 11
and DNA polymerase to such recombinations were minimal.
Moreover, most recombinations took place during minus-
strand DNA synthesis and were catalyzed by reverse transcrip-
tase.
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Although RNA Pol II can switch between RNA templates
(5), the present study is the first to explore the potential effect
of eucaryotic RNA Pol II on retroviral recombination. RNA
recombination has been observed mostly in studies of RNA
viruses that use RNA as their sole genetic material and utilize
RNA-dependent RNA polymerases (6). In a prokaryotic sys-
tem, end-to-end template switching by RNA polymerase has
also been reported (18, 19); such template switching generates
hybrid RNA molecules in an in vitro system. In an in vivo
study, Birge and Low postulated a template-switching model
for the generation of a recombinant RNA by a prokaryotic
RNA polymerase (2). The present study demonstrates that, in
our cell culture system, RNA Pol II does not promote any
detectable RNA recombination events in a mammalian cell
line (NIH 3T3).

A previous study shows that the frequency of recombination
at the proviral level is exceedingly low (ca. 10~ per cell divi-
sion) (14). Hence, it must be the reverse transcriptase that
causes the high incidence of recombination. In addition, we
demonstrated that at least 99% intramolecular recombination
occurred during minus-strand DNA synthesis. This conclusion
contrasts with the report by Bowman et al. (3). The discrepancy
might be attributed to the difference between MLV and spleen
necrosis virus systems. However, this is very unlikely consider-
ing the universal mechanism of reverse transcription. The cur-
rent model for plus-strand replacement (12, 13) proposed that
plus-strand DNA synthesis is initially discontinuous (Fig. 6A),
and a fragment of product DNA might be displaced by a
continuous DNA synthesis (Fig. 6B). The displaced DNA frag-
ment may then hybridize to the minus-strand DNA synthesized
from the other molecule of viral RNA used as a template (Fig.
6C).

We have demonstrated that recombinations between two
identical sequences occur intramolecularly (23). During plus-
strand DNA synthesis, recombination between two sequences
on the same molecule (intramolecular) would be more difficult
than recombination between two homologous molecules (in-
termolecular). It is noted that a replaced plus-strand DNA
fragment could hardly hybridize intramolecularly. In vector
JZ442 PPT+3'Hyg (Fig. 2C), the second hyg sequence was
located downstream of the ppt. Since retroviral plus-strand
DNA synthesis initiated at the ppt region, the downstream
sequence should be copied first (Fig. 6D). Suppose plus-strand
synthesis of MLV was discontinous; if this newly synthesized
plus-strand DNA was displaced by the upstream DNA synthe-
sis, it was theoretically able to hybridize to the homologous
regions on both minus-strand DNAs. However, in reality, both
hyg sequences on the original template would have been occu-
pied by already-synthesized plus-strand DNA: the 5" hyg se-
quence would be double stranded due to the subsequent plus-
strand DNA synthesis; the downstream 3’ hyg sequence and
the long terminal repeat would have base paired before and
after the plus strong stop DNA was displaced (Fig. 6E). There-
fore, the displaced DNA fragment of the plus strong stop
primer could not hybridize to the original template, which
means an intramolecular recombination would be impossible.
Furthermore, the original double-stranded viral DNA was
nonfunctional since the attL would not be available for inte-
gration (Fig. 6E). Although a deletion could be resulted from
an intermolecular recombination event, it requires the dis-
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FIG. 6. Current recombination models do not support any intramolecular recombination occurring during plus-strand DNA synthesis.
(A) Model of plus-strand replacement recombination. Plus-strand DNA synthesis is initially discontinuous. (B) A fragment of product DNA might
be displaced by continuous DNA synthesis. (C) The displaced DNA fragment may then hybridize to the minus-strand DNA synthesized from the
other molecule of viral RNA used as the template. (D) The plus-strand primer DNA is displaced by subsequent upstream DNA synthesis. (E) The
displaced fragment could not hybridize to the homologous regions intramolecular, because its original template has been occupied by already-
synthesized plus-strand DNA. (F) The opposite minus-strand DNA is possibly single stranded. An undeleted minus-strand DNA and an
intermolecular transfer of plus strong stop primer resulted in an undeleted provirus. (G) A deleted minus-strand DNA and an intermolecular

transfer of plus strong stop primer resulted in a deleted provirus.

placed plus-strand fragment to hybridize to the other minus-
strand template, which might be single stranded (Fig. 6F and
G). However, the rate of intermolecular recombination (1%)
(23) is much lower than the intramolecular rate (62%) (24).
Taken together, these results suggest that fewer than 2% (1%
of 62%) of the deletions could have resulted from intermolec-
ular transfer of the plus strong stop DNA.

The original plus-strand displacement model for intermolec-
ular homologous recombination proposed that the displaced
fragments are able to hybridize with the opposite minus-strand
DNA (Fig. 6B and C). If the plus-strand primer somehow
hybridized with an undeleted opposite minus-strand DNA, the
resulting double-stranded DNA would be undeleted (Fig. 6F).
If the primer hybridized to an opposite minus-strand DNA that
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had undergone deletion during minus-strand DNA synthesis
(Fig. 6G), the double-stranded DNA would lack the gfp gene
and would be able to integrate. Since this process required an
intermolecular transfer of the plus strong stop DNA, the fre-
quency should be very low (10, 11, 20). Since the deleted
proviruses did not result from recombination during plus-
strand DNA synthesis, colonies of the infected cells should
exhibit a clear phenotype instead of a mixed one. The provi-
ruses from two clear colonies were analyzed and found to
contain a deletion of the ppt region, which should have re-
sulted from a minus-strand deletion, followed by an intermo-
lecular transfer of the plus strong DNA primer. One step 3
provirus from a mixed colony did not contained any deletion,
but a mutation was detected in the open reading frame of the
gfp gene, indicating that the mixed colony had not resulted
from a plus-strand recombination either. This mutation prob-
ably occurred during plus-strand DNA synthesis. Therefore,
structure of the step 3 proviruses did not support plus-strand
intramolecular recombination.

In summary, neither our experimental observations nor the
current plus-strand replacement model (12, 13) support any
intramolecular recombination during plus-strand DNA synthe-
sis.
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