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The relationship between RNA synthesis and homologous pairing in vitro, catalyzed by RecA protein, was
examined by using an established strand transfer assay system. When a short DNA duplex is mixed with
single-stranded circles, RecA protein promotes the transfer of the minus strand of the duplex onto the
complementary region of the plus-strand circle, with the displacement of the plus strand of the duplex.
However, if minus-strand RNA is synthesized from the duplex pairing partner, joint molecules containing the
RNA transcript, the plus strand of the DNA duplex, and the plus-strand circle are also observed to form. This
reaction, which is dependent on RNA polymerase, sequence homology, and RecA protein, produces a joint
molecule that can be dissolved by treatment with RNase H but not RNase A. Under these reaction conditions,
product molecules form even when the length of shared homology between duplex and circle is reduced to 15 bp.

Among the most important phases of the recombination
process is the homologous alignment of DNA molecules. The
formation of this structure is a requirement for progression
through the exchange of genetic material based on sequence
homology. Once alignment has occurred, heteroduplexed mol-
ecules are created and subsequent resolution completes the
recombination cycle. Much of the information about homolo-
gous pairing has been gathered from studies on the action of
the Escherichia coli RecA protein (see reviews, see references
3 and 21). This remarkable 37,842-Da protein promotes the
homologous pairing of a wide variety of DNA substrates,
including duplex linear DNA and single-stranded circles. This
duo has been used extensively in the in vitro characterization
of homologous recombination, and the results of these exper-
iments contributed to the identification of certain stages within
the genetic exchange process.

One of the reaction parameters surrounding the duplex by
circle pairing reaction is the length of homology shared by the
two molecules. In recombination assays in which RecA protein
acted as the recombinase, the lower limit of complementarity
was originally defined to lie between 30 and 151 bp (6). The
lower range was established because 30 bp of homology was
insufficient to facilitate pairing even when reaction conditions
that approached V,,,,, were used. Hence, only stable reaction
intermediates are formed when the length of homology is this
low. Recently, Hsieh et al. (8) reported that RecA protein
could catalyze the formation of low levels of joint molecules
when there was 38 bp of homology between pairing partners.
This same group extended this analysis by using a nonhydro-
lyzable ATP analog, 5'-[y-thio]ATP, in pairing reactions (9).
These workers found that stable joint molecules were formed
when there is as little as 26 bases of homology between the
DNA substrates. Furthermore, synaptic complexes which re-
quire the presence of RecA protein for stability were formed
when 8 or 15 bases of shared homology was present.

We have been examining the process of homologous pairing
on chromatin templates by using the duplex DNA-single-
stranded circle pairing reaction. Our data indicate that a
positioned nucleosome inhibits strand transfer by reducing the
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accessibility of RecA for the homologous regions within the
duplex (14, 15). Subsequently, we demonstrated that transcrip-
tion through the chromatin template destabilizes the nucleo-
some, facilitating RecA-promoted joint molecule formation.
During the course of our preliminary studies on DNA tem-
plates devoid of nucleosomes, we detected the RNA transcript
itself in the products of the strand transfer reaction. In some of
these reactions, the positive strand of the duplex molecule was
transferred in conjunction with the RNA transcript, forming a
complex that consisted of plus-strand linear duplex DNA,
minus-strand RNA, and plus-strand DNA circle. The creation
of this complex was found to be dependent on RecA protein,
single-stranded circles, minus-strand RNA, and DNA homol-
ogy.

In this report, we focus on the length of DNA homology
required to facilitate the (co)transfer of the positive-strand of
the naked DNA duplex onto the single-stranded circle, RNA-
mediated complex formation under reaction conditions that
include ATP. In agreement with Gonda and Radding (5, 6)
and Hsieh et al. (8), we find that a lower limit of DNA
homology exists for the minus-strand transfer onto the plus-
strand circle by the action of RecA protein. This barrier
approaches 72 bases of homology under our reaction condi-
tions. Plus-strand transfer which is dependent on RNA synthe-
sis, however, occurs when the region of homology is as low as
15 bp.

MATERIALS AND METHODS

DNA templates and proteins. The 224-bp switch region (S,,;)
of the y constant region gene was a kind gift from Y. Chen
(Temple University). This fragment was cloned into the ex-
pression vector pSP72 (Promega Biotec) via the Pst-BamHI
compatible sites. Such an arrangement places the fragment 49
bases away from a T7 RNA polymerase promoter. A construct
containing this fragment and the T7 promoter was isolated by
a PstI-Hpal double digestion, producing a 308-bp duplex DNA
fragment. Radiolabeling of either the negative or positive
strand was accomplished by the action of T4 polynucleotide
kinase (U.S. Biochemicals). The 5’ end of the PstI (recessed)
or Hpal (blunt) end was radiolabeled with [y-*?P]ATP by T4
polynucleotide kinase. To accomplish the labeling of only one
strand, the plasmid was cleaved first with either PstI or Hpal,
radiolabeled, and then recut with the other restriction enzyme.
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Because of the lower labeling efficiency expected from these
two types of termini, an excess of T4 polynucleotide kinase (10
U/pmol of termini) was used. M13 mp18 phage DNA contain-
ing the 239 bases of homology was created by inserting the
PstI-BamHI fragment with M13 mp18 replicative form I DNA
at the compatible sites. M13 phage DNA, containing the S,
fragment described above, was purified and harbors 239 bases
of homology with the duplex pairing partner. Single-stranded
phage DNA was purified as described by Cunningham et al.
3).

For experiments addressing the homology requirements, the
same parent clone as described above was used, with the
following modifications. An Apalll and PstI digest of the
parent clone produces a duplex containing 530 bp of nonho-
mologous sequence, 3’ relative to the T7 promoter element,
and 239 bases of homologous sequence. Reduced lengths of
homology were created at the 5’ end of this construct by
digestion with Ddel (149 bp), BstEIl (72 bp), or BamHI (21
bp). (The numbers in parentheses indicate the amount of
homology to the circle remaining in each duplex.) For the
duplex containing 15 bp of homology, a Sacl-Ndel fragment
from plasmid pSPT19 (Boehringer Mannheim) was cloned into
plasmid pSPT18. The duplex template was then extracted by
PstI-Ndel digestion, producing a molecule with 15 bp of
homology at the 5’ end and 270 bases of nonhomology. This is
the only PstI site in this plasmid, and the 5’ recessed terminus
was radiolabeled prior to digestion with Ndel. M13 mpl8
phage DNA was used as the single-stranded pairing partner
only for this reaction.

RecA protein and single-stranded-DNA-binding protein
(SSB) were purchased from U.S. Biochemicals. T7 RNA
polymerase was purchased from Boehringer Mannheim, and
all nucleoside triphosphates (NTPs) were purchased from
Pharmacia. Plasmid DNA was purified by organic extraction
and was passed through two CsCl gradients prior to restriction
enzyme digestion. RNase H and RNase A were purchased
from Boehringer Mannheim and used according to the man-
ufacturer’s suggestions.

Strand transfer and transcription assays. Reaction mixtures
(20 ul) containing 0.25 ng of *P-labeled duplex fragments,
12.5 ng of viral single-stranded circular DNA, 1 pg or indicated
levels of RecA protein, and 0.1 pg of E. coli SSB in 20 mM
Tris-HCI (pH 7.5)-10 mM MgCl,-3 mM ATP-1 mM dithio-
threitol were incubated at 37°C for various times. We have
found that the use of an ATP-regenerating system commonly
found in RecA incubations interferes with the transcriptional
activity of T7 RNA polymerase. To circumvent this problem
we have used higher concentrations of ATP (3 mM). The
reactions were terminated by the addition of sodium dodecyl
sulfate (SDS; 0.1%), and the mixtures were incubated at 37°C
for 60 min with proteinase K (10 mg/ml). The deproteinized
samples were electrophoresed through 1% agarose for 4 h in a
gel box (20 by 20 cm) at 80 V in Tris-glycine buffer without
recirculation. Joint molecule formation was visualized by au-
toradiography of the dried gel.

Transcription reaction conditions were identical to those for
strand transfer except that 0.5 mM GTP, UTP, and CTP were
included in the reaction mixture at the start. >*S-labeled RNA
was generated by using 0.1 mM [**S]JUTP (1,327 Ci/nmol;
Dupont) in place of unlabeled UTP. T7 polymerase (10 U) was
incubated with the duplex template for 30 min prior to the start
of the strand transfer reaction. In our hands, 10 U of SP6 or T7
polymerase generated approximately 30 transcripts per tem-
plate per h, which is comparable to the rate measured by Losa
and Brown (16). RecA protein, ATP (3 mM), and SSB were
preincubated with the single-stranded circle for 5 min, and
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then the mixtures were combined. Runoff RNA was analyzed
by polyacrylamide gel electrophoresis (8% gel containing 7 M
urea) and quantitated by scintillating counting of the excised
band. RNA length determination were carried out by the
method of Wolffe and Drew (305), with the following modifi-
cations for joint molecules. The >°S-labeled joint molecule was
extracted from the agarose gel and isolated by filtration using
a NIHON Millipore 0.45-pm-pore-size filter column. The
RNA was precipitated by ethanol, denatured by urea, and
electrophoresed on an 8% sequencing gel containing 7 M urea.

RESULTS

Experimental strategy. The strand transfer assay used in this
study is similar to the one used by McCarthy et al. (19). These
workers showed that RecA protein and a recombinase activity
from Drosophila melanogaster catalyzed the transfer of one
strand of a DNA duplex onto single-stranded circular DNA.
The reaction was dependent on the presence of sequence
complementarily between one of the duplex strands (negative
polarity) and the circle. In terms of polarity, the minus strand
is transferred onto the plus-strand circle, base pairing as a
function of complementarity. We adapted this system for our
purposes and created the construct diagramed in Fig. 1A. The
224-bp Pstl-BamHI fragment from the immunoglobulin G1
switch region S_;, cloned into pUC19 (kind gift of Y. Chen,
Temple University), was isolated and subcloned into the
expression vector pSP72 (Promega Biotec). The clone was then
digested with PstI and Hpal to produce a duplex fragment
containing a 308-bp-long T7 RNA polymerase promoter ele-
ment. As the pairing partner, a single-stranded circle contain-
ing 239 bases of homology which includes the entire S.; region
was used (Fig. 1A). Sixty-nine bases of heterology is located 3’
to the S, region only in the duplex fragment. The addition of
RecA protein to a reaction mixture containing both of these
DNA substrates resulted in the transfer of the minus strand of
the duplex onto the circle (Fig. 1B). In this reaction, only the
minus strand was radiolabeled and the joint molecules migrate
at the same position as the M13 phage DNA (data not shown).
Although this construct contains heterologous DNA sequence
at one terminus RecA protein was able to transfer the strand
onto the circle. The amount of heterology (69 bases) falls
below the 100- to 110-base barrier to full transfer identified by
Bianchi and Radding (2) and Jwang and Radding (10). The
positive strand of the DNA duplex does not comigrate with the
reaction product, indicating that it is not transferred onto the
single-stranded circle (Fig. 1C).

Transcription-mediated positive-strand transfer. When T7
RNA polymerase (10 U) is incubated with the duplex DNA
substrate, RNA transcripts are produced at a rate of 30
transcripts per template per h. The RNA molecules are
complementary to the positive strand of the duplex fragment
and therefore designated minus. The fate of the minus-strand
RNA was traced by including 3°S-labeled UTP in the reaction
mixture. After the unlabeled duplex DNA template was tran-
scribed by T7 RNA polymerase for 30 min, single-stranded
circles, prebound by SSB and RecA protein, were added and
incubation continued for various times. As seen in Fig. 2A, the
35S.labeled RNA molecule comigrated with the M13 single-
stranded circle. Because the sample was deproteinized, we
believe that this structure represents a joint molecule contain-
ing RNA and DNA. A population of these joint molecules was
extracted from the gel, incubated with either RNase H or
RNase A, and loaded onto a 1% agarose gel. After electro-
phoresis, the sample treated with RNase A was observed to
migrate at the same position, but RNase H treatment de-
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stroyed the population of joint molecules (Fig. 2B). These
results are consistent with the notion that the radiolabeled
RNA is present and hybridized to the DNA within the joint
molecule.

The length of the RNA present in the heteroduplex product
was determined next. The extracted *°S-labeled RNA was
treated with RNase A, denatured from the DNA, and electro-
phoresed on a sequencing gel. As seen in Fig. 2C, the majority
of the RNA corresponds to a length of approximately 220
bases compared with **S-labeled RNA produced by the action
T7 polymerase on the DNA template in the absence of strand
transfer. The arrows in Fig. 2C indicate the position of the
major transcript. Hence, we conclude that a stable RNA-DNA
joint molecule is formed as a function of transcription and
strand transfer. Furthermore, the RNA is approximately 220
bases in length, and thus over 80% of the full-length transcript
is recombined and protected against digestion by RNase A.
This result supports our assumption that the joint molecule
contains the product of RNA synthesis from the transcribed
duplex and not the single-stranded circle. In addition, when
SP6 RNA polymerase was incubated with the duplex template
and the single-stranded circle, no joint molecules containing
RNA and DNA were produced; product formation was a
function of the presence of duplex DNA and complementary
RNA transcribed from the duplex.

The appearance of RNA in the joint molecule suggested that
the positive strand of the duplex might cotransfer during a
pairing reaction which involved RNA synthesis. As seen in Fig.
1C, we did not observe strand transfer of the positive strand in
the absence of transcription. However, when the duplex tem-
plate was transcribed by T7 RNA polymerase, transfer of the
plus strand of the duplex was observed (Fig. 2D). In this
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FIG. 1. Positive and negative DNA strand transfer promoted by
RecA protein. (A) Diagram of reaction substrates and product. The
duplex fragment (PstI-Hpal) is 308 bp in length and contains 239 bp of
homology with a sequence within M13 phage DNA (single-stranded
circles). The top strand is designated plus with regard to pairing
polarity, and the bottom strand is designated minus. The T7 RNA
polymerase transcribes 239 bases of the top strand (+) from the T7
promoter (shaded box), producing a minus-strand RNA molecule.
RecA protein catalyzes the transfer of the minus strand of the DNA
onto the plus-strand circle, producing a joint molecule containing 239
bp and 69 bases of unpaired DNA. (B) Reaction mixtures (20 ul)
containing 20 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 3 mM ATP, 1
mM dithiothreitol, 0.1 pg of E. coli SSB, 12.5 n§ of M13 phage DNA
containing the 239-bp insert, and 0.25 ng of >?P-labeled PstI-Hpal
(labeled only on the minus strand) were incubated with 1.0 ug of RecA
protein at 37°C. After the indicated times, SDS (0.1%) and proteinase
K (10 mg/ml) were added, and each mixture was incubated at 37°C for
60 min. The samples were loaded onto a 1% agarose gel, electropho-
resed, and dried for autoradiography. JM, joint molecule; Negative
Strand; negative strand radiolabeled; C, control, no RecA protein
added. (C) Reactions were identical to those in panel B except that the
plus strand of the duplex fragment was uniquely radiolabeled.

experiment, the plus strand has been uniquely radiolabeled
while the RNA transcripts are unlabeled, and thus radiola-
beled joint molecule appear as a function of plus-strand DNA
transfer. The importance of RNA in stabilizing this structure
was revealed when the radiolabeled products disappeared after
treatment with RNase H but not after incubation with RNase
A. The formation of a joint molecule containing the plus strand
of the duplex is dependent on the presence of RecA protein,
RNA polymerase, single-stranded circles, and DNA homology
(Fig. 2E).

RNA in the reaction product might arise from the annealing
of free, radiolabeled transcripts onto the single-stranded circle
by the action of RecA protein. In fact, Radding and colleagues
(12, 13) have described this catalytic property of RecA protein.
Although the sequence of the transcripts argues against this
alternative pathway (see Discussion), we tested this possibility
directly. 3?P-labeled RNA transcripts were produced by the
action of T7 RNA polymerase and [a-**P]GTP. The transcripts
were isolated, quantitated, and mixed with the single-stranded
circles under our standard reaction conditions. The amount of
RNA synthesized in our transcription reaction is in the nano-
molar range. Hence, a 10, 25, or 50 nM concentration of RNA
transcripts was added to a reaction mixture that included
RecA, ATP, and SSB prebound to the single-stranded DNA
circle. The mixtures were incubated for various times, and the
creation of radiolabeled products was determined by gel
electrophoresis (Fig. 2F). No radiolabeled product migrating
at the position of the circle is found at the RNA concentrations
tested. It is likely that the secondary structure adopted by the
transcript is refractory to the annealing reaction promoted by
RecA.

We tested for this artifactual reaction in another way. The
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FIG. 2. RNA transcripts are present in the joint molecule. (A) Reaction mixtures were identical to those described in the legend to Fig. 1B
except that neither DNA substrate was radiolabeled. Instead, 100 uM [**SJUTP (1,327 Ci/nmol) 500 uM GTP, 500 uM CTP, and 10 U of T7 RNA
polymerase were added to the reaction mixture for 30 min prior to the addition of SSB and RecA protein. In this and subsequent reactions, 3 mM
ATP was included in the RecA, SSB, and single-stranded circle polymerization mixture. After the indicated times, the deproteinized samples were
electrophoresed through 1% agarose and processed for autoradiography. JM, joint molecule; C, no RecA protein added. (B) A population of joint
molecules assembled after 30 min of incubation were isolated from the gel, purified by organic extraction, and incubated for 6 h at 37°C with either
RNase H (2 mg/ml), RNase A (2 mg/ml), or both. These reactions were terminated by addition of SDS (0.1%) and proteinase K (10 mg/ml), and
the mixtures were incubated for 2 h at 37°C. The samples were then electrophoresed through 1% agarose and processed for autoradiography. C,
no RNase added; H, RNase H added; HA, RNase H and RNase A added; A, RNase A added. (C) A 30-min reaction product (panel A) containing
35S-labeled RNA was extracted from the gel, treated with RNase A (2 mg/ml) for 6 h at 37°C, and repurified by organic extraction and precipitation.
The sample was electrophoresed on a denaturing sequencing gel as described in Materials and Methods. M, 3?P-labeled DNA markers; A, total
35S-labeled RNA transcri?ts; B, 3°S-labeled RNA isolated from the joint molecule position of the 30-min time point. (D) Reaction mixtures (20
wl) containing 0.25 ng of >?P-labeled duplex fragment (radiolabeled on the plus strand only), 500 uM GTP, UTP, ATP, and CTP, and 10 U of T7
RNA polymerase were incubated for 30 min at 37°C. RecA protein (1 pg) and SSB (0.1 ng) prebound to 12.5 ng of M13 single-stranded circular
DNA were added, and the reaction continued for 10, 20, or 30 min. The deproteinized reaction mixtures were electrophoresed through 1% agarose
and processed as described above. 0, no recA protein added; 10, RecA protein for 10 min; 20, RecA protein for 20 min; 30, RecA protein for 30
min; A 30, RecA protein for 30 min followed by the addition of RNase A (2 mg/ml), incubated at 37°C for 6 h; H 30, RecA protein for 30 min
followed by the addition of RNase H (2 mg/ml), incubated at 37°C for 6 h. (E) Reaction mixtures were identical to those in panel C except that
the indicated reaction component was left out or, in the case of X, $X174 phage DNA was substituted for the M13 single-stranded circle (SSC)
harboring the sequence homology. (F) Radiolabeled RNA transcripts were generated by incubating the unlabeled PstI-Hpal DNA fragment (0.25
ng) with 10 U of T7 RNA polymerase and 500 pM UTP, CTP, and ATP, respectively. [a->*P]GTP (100 uM) was also included in the mixture, which
was incubated for 60 min at 37°C. Transcripts were isolated by electroelution after agarose gel electrophoresis and quantitated by UV
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spectrophotometry as described by Kirkpatrick et al. (13). The indicated amounts of 3?P-labeled RNA were incubated with 1 ug of RecA protein,
3 mM ATP, 0.1 ug of SSB, and 12.5 ng of the single-stranded circles. Reaction mixtures were terminated and processed as described for panel A.

Free RNA*, electrophoretic position of purified

2P-labeled RNA transcripts. (G) Reaction mixtures were identical to those described for panel

D. Prior to the addition of the RecA mixture, one set of reaction mixtures was incubated for 15 min with either RNase A or RNase H at 37°C,
and then both sets were incubated with the RecA mixture for 60 min. The reactions were terminated by the addition of SDS and deproteinized
by treatment with proteinase K. Products were visualized after agarose gel electrophoresis and autoradiography.

duplex template, containing the T7 RNA polymerase pro-
moter, was radiolabeled only on the positive strand. The
reaction conditions were identical to those used for Fig. 2D,
wherein transcription of the positive strand is initiated by
T7 RNA polymerase 30 min prior to the addition of the
RecA filament. The only modification made was that RNase
A or RNase H was added after the 30-min period and before
the RecA reaction was begun. The pairing reaction was
terminated after 60 min of incubation, and as seen in Fig. 2G,
similar levels of joint molecules are formed in the absence and
presence of RNase A. The 15-min treatment time with RNase
A is sufficient to digest any free RNA molecules (data not
shown). When RNase H was used in place of RNase A, no
detectable joint molecules form. We suggest that the appear-
ance of the positive strand in the joint molecule does not occur
through an artifactual annealing reaction with free RNA
transcripts.

Comparison between homology length requirements of neg-
ative- and positive-strand transfer. One of the parameters
surrounding the strand transfer reaction catalyzed by RecA
protein is the length of complementarity that exists between
the pairing partners. Although a firm number has not been
established, it is believed that between 38 and 151 bases of
homology must be present in order for stable heteroduplexes

to form (5, 6, 8). As described above, however, RecA protein
can form synaptic complexes when there is as little as 8 bases
of homology between pairing partners (8, 9). However, these
products form only in the presence of a nonhydrolyzable ATP
analog. In the present experimental design, only ATP is
used. We wanted to compare the homology requirements for
negative- versus positive-strand transfer. To carry out this
experiment, the duplex molecules illustrated in Fig. 3A were
constructed. Within the 239-bp homologous region, a num-
ber of unique restriction sites exist, and thus molecules har-
boring various lengths of complementarity can be created. To
maintain an experimentally feasible length, the duplex mole-
cules also contained 530 bp of nonhomology. In the first series
of experiments only the minus strand was labeled, and in
general agreement with Gonda and Radding (5) and Hsieh et
al. (8), homologous pairing gradually disappears when the
length of homology is reduced from 149 to 21 bp (Fig. 3B). No
pairing is observed with 21 bp of DNA homology. Recently, we
found that even 50 bases of homology is not sufficient to
support the formation of stable joint molecules under our
reaction conditions (data not shown). Hence, we believe that
the homology requirement for DNA transfer of the minus
strand of the duplex in this assay system lies between 50 and 72
bp.
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Since we observed an effect of RNA synthesis on the transfer
of the positive strand of the duplex substrate, we attempted to
identify the minimal homology requirement for positive-strand
pairing. The experiment was carried out in duplicate; both sets
were radiolabeled only on the positive strand of the duplex
molecule having 21 or 15 bp of homology. In the absence of
transcription, the plus strand of the duplex was not transferred
onto the circle, as no product molecules are observed to form
[Fig. 4A and B, (—)]. When the positive strands of the 21- and
15-base-homology templates were transcribed by T7 poly-
merase, joint molecules were observed to form after the
addition of RecA protein [Fig. 4A and B, (+)]. With templates
containing 72 or 149 bases of homology, no difference in the
levels of negative-strand transfer was observed as a function of
transcription (data not shown).

The length of nonhomology in the two duplex substrates
harboring 15 and 21 bases of homology is extensive. Thus, we
suspected that the population of joint molecules formed as a
function of transcription might actually contain both strands of
the duplex; because of the length of DNA heterology, it was
unlikely that the negative strand would be displaced during the
transfer reaction. Our suspicion was confirmed by the experi-

of the DNA duplexes used in the subsequent experiments (Fig. 3B to
5). Wavy lines indicate regions of nonhomology (570 or 270 bp), and
the black box represents the T7 RNA polymerase promoter. Solid lines
indicate the various lengths of DNA that are homologous to the
273-base sequence in the M13 circle. The restriction enzymes used to
create these lengths are listed at the left, and the plus and minus
strands are also indicated. (B) Reaction mixtures (20 wl) containing
0.25 ng of *’P-labeled duplex fragment with indicated lengths of
homology and 12.5 ng of M13 single-stranded circle (with 273-bp
insert) were incubated with 1 wg of RecA protein and 0.1 pg of SSB at
37°C. At the indicated times, SDS (0.1%) and proteinase K (10 mg/ml)
were added, and incubation continued for 60 min at 37°C. Samples
were electrophoresed through 1% agarose and then subjected to
autoradiography. JM, migration position of joint molecule; Duplex,
*2P-labeled duplex DNA.

mental results depicted in Fig. 5A. Here, the minus strand of
the duplex was radiolabeled while the positive strand was left
unlabeled. When the positive strand was transcribed, joint
molecules were found to contain the negative strand. No
transfer of the negative strand of the 21-base-homology duplex
was observed in the absence of transcription (Fig. 3B). Next,
we wondered whether the transcript itself could again be found
in the joint molecule. For this experiment, the DNA templates
were unlabeled while [**SJUTP was included in the reaction
mixture. In addition, RNase A (2 mg/ml) was added to the
mixture to remove unbound RNA. The results (Fig. 5B) reveal
the presence of hybridized RNA within joint molecules formed
with 21 and 15 bp of homology. Subsequent treatment with
RNase H (2 mg/ml) after joint molecule formation led to the
disappearance of the **S-labeled RNA molecule (Fig. 5B, right
panel). Hence, these results indicate that the RNA is com-
plexed with DNA because joint molecules are dissolved after
treatment with RNase H but not RNase A. Taken together, the
data suggest that RNA-mediated strand transfer can occur at
levels of homology lower than those required for DNA strand
transfer in the absence of RNA synthesis.
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FIG. 4. RNA synthesis reduces the minimal homology requirements for joint molecule formation. (A) Duplicate reaction mixtures (20 pl)
containing 0.25 ng 3?P-labeled 21-bp-homology duplex fragment DNA (with the radioactive tag on the plus strand), 500 pM GTP, UTP, ATP, and
CTP, and 10 U of T7 RNA polymerase were incubated at 37°C. To one set, 10 U of T7 RNA polymerase was added [(+)], while the other set
received no T7 polymerase [(—)]. After 30 min, 0.1 pg of SSB and 1 pg of RecA protein, prebound to 12.5 ng of M13 single-stranded circle for
5 min, were added, and aliquots (4 pl) were removed at the indicated times at 37°C. The reactions were terminated by the addition of 0.1% SDS
and deproteinized by addition of 10 mg of proteinase K per ml. Samples were electrophoresed through 1% agarose and processed for
autoradiography. C, reaction mixtures stopped at 0 time; JM, joint molecule; Duplex, position of ?P-labeled plus-strand DNA fragment. (B)
Reactions were identical to those on panel A except that the fragment containing 15 bases of homology was used in place of the 21-base-homology

fragment.

DISCUSSION

The data presented in this report couple the processes of
RNA synthesis and homologous recombination. We used a
simple assay system in which a minus strand of a short DNA
duplex is transferred onto a single-stranded circle harboring
sequence complementarity by the action of RecA protein. The
constructs were designed so that distal joints (20) were formed
because these types of joints are considered the most stable
compared with proximal or medial pairing partners. We have
recently begun a comparative analysis of proximal, medial, and
distal joint molecule formation under similar reaction condi-
tions, and our preliminary findings suggest that RNA obviates
this discrimination.

The experiments here were designed to analyze the influ-
ence of transcription on DNA strand transfer promoted by
RecA protein, and three fundamental observations can now be
reported. First, the RNA transcript is incorporated into a
recombined, joint molecule. Second, the transfer of the plus
strand of the duplex pairing partner onto a recipient single-
stranded circle can occur even though both molecules are
positive in polarity. The formation of this structure, however, is
dependent on the synthesis of RNA that is complementarity
(minus) to the circle. Third, strand transfer is observed even
when the level of sequence homology between the two DNA
molecules falls below that required for RecA-mediated DNA
transfer. These data suggest homologous pairing of short
stretches of homology may be influenced by the synthesis of
complementary RNA molecules. These molecules are likely to
remain bound to the transcription template because a corre-
lation exists between the number of RNA molecules and
the number of plus-strand DNA molecules found in the
heteroduplex or triplex product. Such data suggest that the
RNA-DNA hybrid is transferred as a complex onto the single-
stranded circle, although we cannot rule out the possibility of

an ordered RNA strand-DNA strand transfer mechanism.
Preliminary gel shift experiments reveal that the RecA protein
interacts with a stable RNA-DNA duplex, providing some
support for the foregoing explanation. Since the RNA transfer
reaction occurs in the presence of RNase A, we believe that the
mechanism does not involve regions of single-stranded (free)
RNA.

The complex formed in some of our reactions could con-
ceivably be a triplex consisting of DNA-RNA-DNA hybrids.
Alternatively, the RNA may bridge both DNA molecules at
different sequences, creating a heterogeneous structure of
intertwined strands. In a preliminary analysis of thermal sta-
bility, the joint molecule formed under these conditions has a
melting temperature exceeding that of RNA-DNA hybrids or
DNA-DNA hybrids. The entire duplex pairing template (in-
cluding the minus strand) is, in all likelihood, present in the
joint molecule because the region of nonhomology is so
extensive that displacing the entire strand as a function of
positive-strand transfer seems unlikely (Fig. SA). Jwang and
Radding (10) have demonstrated that 110 bases of nonho-
mologous DNA located at the termini of a duplex pairing
partner can block the full displacement of the positive strand.
Independent of structural possibilities, what is clear is that 21
or 15 bp of homology is not sufficient to support the transfer of
the negative strand onto the circle in the absence of transcrip-
tion. Camerini-Otero and colleagues (8, 9) reported that RecA
protein could catalyze strand transfer of the negative strand of
the duplex when only 38 bp of homology exists between the
pairing substrates. Furthermore, synaptic complexes were ob-
served to form between molecules sharing 8 bases of sequence
homology when the RecA-promoted reaction mixtures con-
tained a nonhydrolyzable ATP analog (9). We have also
measured negative-strand transfer in more detail as a function
of decreasing homology and have detected no transfer with a
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FIG. 5. RNA is found in the joint molecules harboring only 21 or
15 bases of DNA homology. (A) Reactions were identical to those
described for Fig. 4A except that the minus (—) strand of the duplex
DNA was radiolabeled and T7 RNA polymerase and NTPs were
included in the reaction mixture. (B) The reaction mixture contained
unlabeled DNA but included 33S-labeled UTP, unlabeled CTP and
GTP, and 10 U of T7 RNA polymerase. Prior to termination of the
reaction, RNase A (all panels) and RNase H (right panel only) were
added at 2 mg/ml for 1 h at 37°C. 21 and 15, lengths (in bases) of
homologous sequence; 15 +RNase H, samples treated with RNase A
and RNase H; RNA, position of labeled RNA transcript; JM, joint
molecule position; C, no RecA protein added.

MoL. CELL. BioL.

duplex containing 50 bp (data not shown). Our reaction
conditions are substantially different and always include ATP.

It has been previously reported that RecA protein will
catalyze annealing between RNA transcripts and single-
stranded circles (12, 13). This reaction could obscure the
interpretation of our results and reduce the possibility that
RNA acts to facilitate pairing of DNA molecules with short
regions of homology. Thus, we examined this issue directly
(Fig. 2F) and found that in the present system, this side
reaction does not take place. Although the reaction conditions
in the two series of experiments were similar, the substrates
were not. First, we used a lower level of single-stranded DNA
circles in our assays. Second, the length of our transcripts is
near the lower end of the range of RNA transcripts used by
Kirkpatrick et al. (13). Most importantly, the transcript used in
our experiments is part of the Sy switch region transcript.
These RNA transcripts as free molecules have a high potential
for forming secondary structure under our reaction conditions
(see reference 7 for a review). In addition, we have tested the
5S RNA from a Xenopus borealis gene transcribed under the
same reaction conditions, and it did not participate in anneal-
ing reactions promoted by RecA (data not shown); rRNA
transcripts can also adopt significant secondary structure.
Kirkpatrick and Radding (12) proposed that rRNA and tRNA
transcripts do not compete in a RecA-promoted annealing
reaction because of the highly folded structure. Thus, we
believe that the degree of RNA folding or the adoption of
secondary structure dictates which class of RNA molecules can
be annealed directly onto the single-stranded circle by the
action of RecA protein. Furthermore, the association of the
transcript with the positive (transcribed) strand is important
for positive (DNA) strand transfer since treatment with RNase
H eliminates joint molecule formation.

It is also possible that such joint molecules are formed by a
transcript paired with the switch region on the circle and an
unrelated region on the duplex template. This seems unlikely,
as the transcript is created only from the homologous region of
the duplex. If this were the case, one might predict that we
would see a shift in duplex mobility in the absence of the circle.
Such a structural alteration has not been observed. We are now
in the process of analyzing the structure of the joint molecule,
with particular emphasis on the notion of triplex formation.

What is the significance of RNA-mediated DNA transfer?
The answer may lie in the second group of results presented in
this paper. These results suggest that joint molecules are
formed even when the homologous regions are reduced to 15
bp if the region of complementarity is transcribed. The signif-
icance of this observation may interface with the mechanisms
that underlie events such as immunoglobulin switch region
recombination.

A correlation between RNA synthesis and genetic recombi-
nation has been suggested by several in vivo studies (17, 31).
Such relationships are most often associated with studies
surrounding heavy-chain immunoglobulin switching (see refer-
ences 7 and 23). Located 5’ to the immunoglobulin heavy-
chain gene is a switch region used as a target site for induced
rearrangement in B cells (26). Deletional DNA recombination
is preceded by preswitch transcriptional activation, and it is
believed that RNA synthesis may serve primarily to increase
the accessibility of homologous DNA regions to the switch
recombinase (13a, 17). Recent data from Griffin and col-
leagues (6a; see also reference 23) suggest that the RNA
transcript itself may participate in the recombination event by
hybridizing to two strands of DNA simultaneously.

Since many of these regions lack extensive amounts of DNA
homology, below the requirement of accepted recombinase
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activity, perhaps these types of recombination intermediates
develop through a pathway involving RNA. In addition, a large
number of studies have revealed recombination events occur-
ring in prokaryotes and eukaryotes when the region of homol-
ogy is less than 30 bp. Pont et al. (20) found that extrachro-
mosomal elements purified from D. melanogaster embryos
arose most likely from a recombination event involving 8- to
15-base genomic direct repeats. Some of these events are
thought to occur via a homologous recombination pathway.
Elegant work from Whoriskey et al. (29) showed that RecA
protein mediates genetic duplications at short nucleotide re-
peats (<15 bp) when, by experimental design, the recombining
substrates are transcriptionally active. These data indirectly
implicate RNA synthesis as part of the recombination process
that generates duplications and ultimately leads to gene am-
plification. In earlier studies, Albertini et al. (1) showed that
spontaneous deletions in E. coli occur through short stretches
of sequence homology. These reactions are 25 times more
frequent in RecA™ strains of E. coli, although the mechanism
by which those deletions occur remain unclear. Our data
suggest that such RecA-mediated events are more likely to
happen if the recombining substrates are transcriptionally
active. In a more recent but related study, Schofield et al. (24)
demonstrated that inversions between short (12- to 23-bp)
stretches of DNA in E. coli are reduced 1,000-fold in RecA™,
RecB™, or RecC™ strains.

In Saccharomyces cerevisiae, transcription has been shown to
stimulate recombination in several well-studied cases. First,
Voelkel et al. (28) demonstrated that a DNA sequence
(HOTI) of the rRNA gene cluster participates in recombina-
tion events at a higher frequency when the region around
HOT1 is transcriptionally active. Second, Thomas and Roth-
stein (27) showed that direct repeat recombination of the
GALI10 gene is heightened 15-fold when the gene is constitu-
tively expressed. Both of these studies reinforce and extend the
observations of Keil and Roeder (11), who found that frag-
ment of DNA containing the RNA polymerase 1 promoter
(HOTI) stimulated recombination of adjacent genes 25- to
100-fold. Although the results of these studies develop a
correlation between transcription and elevated levels of re-
combination, none of them examine the role of RNA mole-
cules in facilitating the reaction. Our studies suggest that the
transcript which bears complementarity to at least one DNA
strand of a pairing partner might serve to stabilize the cross-
over junctions, particularly within short stretches of sequence
homology. Therefore, the half-life of the crossover is extended
and the opportunity for genetic exchange is increased.
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