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ABSTRACT. RecA protein catalyzes strand exchange between homologous single-stranded and double-
stranded DNAs. In the presence of AJ®, the post-strand exchange synaptic complex is a stable end
product that can be studied. Here we ask whether such complexes can hybridize to or exchange with
DNA, 2'-OMe RNA, PNA, or LNA oligonucleotides. Using a gel mobility shift assay, we show that the
displaced strand of a 45 bp synaptic complex can hybridize to complementary oligonucleotides with different
backbones to form a four-stranded (double D-loop) joint that survives removal of the RecA protein. This
hybridization reaction, which confirms the single-stranded character of the displaced strand in a synaptic
complex, might initiate recombination-dependent DNA replication if it occurs in vivo. We also show that
either strand of the heteroduplex in a 30 bp synaptic complex can be replaced with a homologous DNA
oligonucleotide in a strand exchange reaction that is mediated by the RecA filament. Consistent with the
important role that deoxyribose plays in strand exchange, oligonucleotides with non-DNA backbones did
not participate in this reaction. The hybridization and strand exchange reactions reported here demonstrate
that short synaptic complexes are dynamic structures even in the presencedd ATP

Genetic recombination is usually initiated as a three-strand change reactions. For example, the inverse of regular strand
event catalyzed within a RecA or Rad51 nucleoprotein exchange occurs when dsDNA occupies the primary binding
filament. In the conventional pathway, single-stranded DNA site and ssDNA or ssRNA occupies the secondary binding
(ssDNAY} first associates with recombinase to form a site of a RecA or Rad51 filamentl@—21). If dsDNAs
presynaptic filamentl, 2). Within this filament, ssDNA occupy both binding sites of the filament, reciprocal four-
occupies the primary binding site of the recombinase. A strand exchange between the two duplexes can sometimes
secondary binding site accommodates double-stranded DNAbe observed 22, 23). However, for reasons not entirely
(dsDNA) in such a way that its sequence can be rapidly understood, four-strand exchange is usually more robust
scanned for homology by the resident single stra3g). when a DNA-RNA duplex resides in the primary binding
The recombinase energetically activates the dsDNA by site. Exchange in trans occurs when ssDNA in the primary
extending its backbone 1.5-fold relative to B-form DN4 ( binding site is heterologous to dsDNA in the secondary
9—11). Homologous alignment of the two DNA molecules binding site of the filament24). Under these conditions,
and subsequent strand exchange are believed to occur througthe dsDNA can exchange with a homologous ssDNA that is
a concerted rotation of base triples within a common plane free in solution.

(12, 13). At the conclusion of strand exchange, the hetero-  Analysis of joint molecules formed by RecA protein in
duplex and displaced strand of the synaptic complex are the presence of ATS has provided insight into the structure
located in the primary and secondary binding sites of the of the post-strand exchange synaptic complex. AS®s a

RecA filament, respectivelyg( 14—18). slowly hydrolyzable analogue of ATP. Joint molecules

The extended structure of dsDNA that is bound to a formed in its presence are not released from the RecA
recombinase facilitates several unconventional strand ex-filament (16, 25, 26). Under these conditions, joints formed

in the middle of a dsDNA substrate by a homologous ssDNA
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We investigated whether the displaced strand in a RecA Immediately prior to electrophoretic analysis, samples were
synaptic complex can hybridize to complementary oligo- thawed in an ice bath and spiked with tracking dyes and
nucleotides (ONs) synthesized with different backbones andficoll. Aliquots were loaded onto a 12% polyacrylamide gel
found that hybridization occurred as long as certain restric- that contained 1 mM MgGl After electrophoresis in a cold
tions on length and type of backbone were avoided. ONs room, the gel was vacuum-dried onto heated filter paper.
with an RNA-like backbone were the most efficient, yielding Radioactive bands were detected by autoradiography. Images
complement-stabilized joints that might function as origins acquired on a Storm phosphorimager (Molecular Dynamics,
of replication. The shortest synaptic complex in this study Sunnyvale, CA) were analyzed using ImageQuant software.
was also susceptible to novel inverse strand exchange The concentrations of reactants described here were
reactions in which either strand of the heteroduplex could optimized for complement-stabilized joint molecule forma-
be replaced with a homologous oligodeoxynucleotide (ODN). tion. A 2—3-fold molar excess of RecA protein was used to
Noting that every ATPS-dependent activity of RecA protein  drive presynaptic filament formation and strand exchange
also occurs in the presence of AT, it is likely that the by short incoming ODNSs. Hybridization to the displaced
hybridization and strand exchange reactions described hersstrand of a synaptic complex was also driven by employing
also take place in the presence of ATP and with other a high concentration of annealing ON. This concentration
recombinases. precluded interference by free RecA protein when using

annealing ONs with a DNA backbone.
MATERIALS AND METHODS

) ) ) ] ] RESULTS
Nucleic Acid SubstratesOligonucleotides (ONs) with

DNA, 2'-OMe RNA, or phosphorothioate backbones were ~ Model Systemdn the presence of ATFS, RecA protein
purchased from Integrated DNA Technology (Coralville, IA). catalyzes exchange between homologous single-stranded and
Locked nucleic acids (LNAs) were provided by Proligo double-stranded ODNs but is unable to resolve the resulting
(Boulder, CO). Peptide nucleic acids (PNAs) were synthe- synaptic complexes. We have taken advantage of this fact
sized on an Expedite 8909 synthesizer (PE Biosystems,to study the interaction of short synaptic complexes with
Foster City, CA) using PNA monomers and other reagents single-stranded ONs. A major advantage in working with
obtained from PE Biosystems. Radiolabeled duplexes wereoligomeric substrates is the ability to use polyacrylamide gel
prepared by annealing complementary ODNs, one of which electrophoresis to resolve deproteinized intermediates. By
was 3-labeled with3?P. After electrophoresis in a nonde- analyzing such joints at low temperatures in the presence of
naturing 12% polyacrylamide gel, the double-stranded prod- MgCl,, we have been able to characterize novel hybridization
uct was recovered from a gel slice by shaking overnight at and strand exchange reactions that take place within the RecA
4°C in Tris-EDTA buffer and then further purified by being  synaptic complex.
passed through a Sep-Pak light C18 cartridge (Waters Corp.). The two model systems we have used are described in
After being dried in a Speed-Vac (ThermoSavant, Holbrook, Figure 1. The first panel summarizes the ON substrates used
NY), the dsDNA was dissolved in water and stored-&0 to form internal joints. The sequence of the 70 bp target
°C. Prior to use, a fresh aliquot of the dsDNA stock was duplex was taken from the neomycin phosphotransferase
diluted in strand exchange buffer (see below) and incubatedgene. Aligned below it are the single-stranded ONs used in
for at least 15 min at room temperature. Under these forming three-stranded and four-stranded joints. Similar
conditions, electrophoretic analysis confirmed that the DNA information is presented in the second panel for substrates
was double-stranded. used in forming joints at the end of a dsDNA. In this case,
Strand Exchange and Hybridization Reactiotnless the sequence of the 67 bp target was taken from the human
otherwise noted, the following protocol was followed. A /-globin gene.
single-stranded “incoming” ODN (0.8 pmol in molecules, We have extended the nomenclature first used by Adzuma
16—46 bases in length) was incubated for 10 min atG7 (27) to functionally identify the strands involved in recom-
with 25 pmol of RecA protein (nuclease free; U.S. Bio- bination and hybridization. Incoming ODNSs initiate homolo-
chemical, Cleveland, OH) in the presence of strand exchangegous pairing and strand exchange with a double-stranded
buffer [L mM ATPyS, 1 mM Mg(OAc), 1 mM dithiothrei- substrate after presynaptic filament formation with RecA
tol, and 25 mM Tris-OAc buffer (pH 7.15)]. Exchange was protein. The “recipient” and outgoing strands of the duplex
initiated by adding homologous radiolabeled dsDNA{67  are, respectively, complementary and homologous to the
70 bp in length, 0.2 pmol in molecules) in strand exchange incoming ODN. Upon strand exchange, the RecA filament
buffer with extra Mg(OAc) so that once the contents were Stabilizes a nascent joint (the synaptic complex) in which
mixed the concentration was increased to 10 mM. RecA- the incoming ODN is hybridized to the recipient strand of
stabilized D-loop or Y-arm joints were formed by using the target duplex and the outgoing (or displaced) strand is
incoming ODNs that were homologous to the middle or the unpaired. RecA protein does not catalyze strand exchange
end the dsDNA substrate. After 10 min at 3Z, 6.4 pmol by ONs with highly modified backbones (data not shown).
of an “annealing” ON was added. This ON was hybridized = We have used both sense and antisense ONs to probe
to the displaced “outgoing” strand of the synaptic complex synaptic complexes. In these experiments, annealing ONs
for 10 min at 37°C, after which the reaction mixture (30 are complementary to both the incoming ODN and the
12 uL in volume) was cooled in an ice bath, mixed with 0.1 outgoing (or displaced) strand of a synaptic complex. These
volume of 10% SDS, and stored a0 °C. If the amount ONs could possibly hybridize to the outgoing strand or
of an annealing ODN was reduced to 0.8 pmol, the yield of exchange with the recipient strand of a synaptic complex.
the complement-stabilized joint dropped by 28%. “Complementary” ODNs are homologous in sequence but
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A. NEOMYCIN PHOSPHOTRANSFERASE

N1 2GGGTGGAGAGGCTATTCGGCTACGACTGGGCACAACAGACAATCGGN] 2-3' dsDNA7(
N1 2CCCACCTCTCCGATAAGCCGATGCTGACCCGTGTTGTCTGTTAGCCN] 25"
ATTCGGCTACGACTGGGCAC kDNA(y
GCTATTCGGCTACGACTGGGCACAA kDNAjs,,
AGGCTATTCGGCTACGACTGGGCACAACAG kDNA3(y
GGTGGAGAGGCTATTCGGCTACGACTGGGCACAACAGACAATCGG kDNA45,,
GATGCTGAC kLNAg.
CGATGCTGACC kLNAjj.
CCGATGCTGACCC kLNAj 3.
GCCGATGCTGACCCG kDNAj 5. ,kDNAS] 5., kILNA] 5., kPNA] 5,
GCCGAUGCUGACCCG kRNAj5.
AAGCCGATGCTGACCCGT kPNAjg.
TAAGCCGATGCTGACCCGTG kDNA2 (o
CGATAAGCCGATGCTGACCCGTGTT kDNAZ 5.~
CGAUAAGCCGAUGCUGACCCGUGUU kRNAZ 5.
TCCGATAAGCCGATGCTGACCCGTGTTGTC kDNA3(c
UCCGAUAAGCCGAUGCUGACCCGUGUUGUC kRNA3(~
CCTCTCCGATAAGCCGATGCTGACCCGTGTTGTCTGTTAG kDNA4(.
CCUCUCCGAUAAGCCGAUGCUGACCCGUGUUGUCUGUUAG kRNA40c
N2CCCACCTCTCCGATAAGCCGATGCTGACCCGTGTTGTCTGTTAGCCN, kDNAg5(g o
N2 CCCACCUCUCCGAUAAGCCGAUGCUGACCCGUGUUGUCUGUUAGCCNy kRNAg5(gq
N1 2CCCACCTCTCCGATAAGCCGATGCTGACCCGTGTTGTCTGTTAGCCNy2 kDNA7(c
N3 2CCCACCUCUCCGAUAAGCCGAUGCUGACCCGUGUUGUCUGUUAGCCN1 2 kRNA70c

B. GLOBIN

N3 CTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGC-3' dsDNAg7
N2 GAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACG-5'
TGAGGAGAAGTCTGC gDNA{ 5,
ACTCCTGAGGAGAAGTCTGC gDNA2 (4
ACCTGACTCCTGAGGAGAAGTCTGC gDNA3s,,
ACCUGACUCCUGAGGAGAAGUCUGC gRNAZs5,,
GGTGCACCTGACTCCTGAGGAGAAGTCTGC gDNA3(,,

ACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGC gDNA35w
CAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGC gDNA 40y

CTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGC gDNA4 g,
CTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCN1 gDNAgG74
ACTCCTCTTCAGACG gDNAj 5
TGAGGACTCCTCTTCAGACG gDMA2(c
TGGACTGAGGACTCCTCTTCAGACG gDNAZs5.
UGGACUGAGGACUCCUCUUCAGACG gRNAZ 5.
CCACGTGGACTGAGGACTCCTCTTCAGACG gDNA3(c
TGGTACCACGTGGACTGAGGACTCCTCTTCAGACG gDNA3s.
GTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACG gDNA4(c
GAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACG gDNA46c
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Ficure 1: Model systems for studying joint molecule formation. (A and B) Sequences of double-stranded DNA targets and single-stranded

incoming, annealing, and complementary ONs. The neomycin phosphotransferase system (A) was used to form D-loop and double D-loop
joints. The globin system (B) was used to form Y-arm and double Y-arm joints. Watson (w) and Crick (c) strands correspond to the sense

and antisense sequences of the parental genes, respectively. The length of each ON is indicated with a subscript. DNAS is DNA with
phosphorothioate linkages. RNA i@Me RNA. N is a nucleotide. The two sets of ONs are differentiated by the prefixes k (kanamycin)

and g (globin). (C) Schematic representations of Y-arm, double (complement-stabilized) Y-arm, D-loop, and double (complement-stabilized)

D-loop joints. (D) Structures of DNA, DNAS,’2OMe RNA, LNA, and PNA backbones.

usually different in length from the incoming ODN. These complex stabilized a 30 bp long Y-arm joint, while in the
ODNs could possibly exchange with the incoming ODN that last three panels, it stabilized a D-loop joint either 30 or 45
is present in a synaptic complex. Annealing and comple- bp long. Annealing ONs differed with respect to both length
mentary ONs are not complexed with RecA protein prior to and backbone. By comparing the reactions in these panels,
use. we have been able to characterize some of the parameters
The last two panels of Figure 1 depict the three-stranded that influence complement-stabilized joint formation.
and four-stranded joints formed in this study as well as  Formation of Y-Arm and D-Loop Jointg/hen an incom-
structures of the modified backbones present in some of theing ODN is shorter than the dsDNA target, RecA-mediated
annealing ONs. We have used ONs with modified backbonesstrand exchange generates a Y-arm- or D-loop-like structure
to differentiate between reactions in which the RecA filament in which the recipient strand of the dsDNA is hybridized to
plays an active role (such as strand exchange) and those irthe ODN and the outgoing strand is left without a partner
which it might not (such as hybridization to the displaced (see Figure 1C). In the presence of A1F) the product of
strand). Whereas ONs with a DNA backbone should strand exchange remains associated with the RecA filament
participate in both types of reactions, ONs with a completely as a stable synaptic comple®4j. Upon deproteinization,
modified backbone should only take part in reactions that however, these structures usually resolve by branch migration
are not catalyzed by the recombinase. Of the modified ONs to release dsDNA and free ODN. As a consequence, SDS
used in this study, PNAs contain a neutral peptide backbonetreatment of a short synaptic complex is usually accompanied
while 2-OMe RNA and LNA ONs possess an RNA-like by dissociation of the underlying joint unless it is stabilized
backbone. In LNA, each sugar residue is locked into the 3 by the torsional strain of a supercoiled plasm, (36).
endo conformation due to a methylene bridge that connects We deproteinized the synaptic complexes of Figure 2 to
the 2-oxygen of ribose with the '4carbon. This sugar ascertain whether any three-stranded joint molecules could
conformation promotes the formation of extremely stable be detected by a gel mobility shift assay. While none were
hybrids with complementary DNA or RNA, conferrint, observed when the synaptic complex contained an incoming
increases of up to 10C per base32, 33). DNA 30-mer, two products were obtained when the synaptic
Hybridization between Annealing ONs and Synaptic complex contained an incoming DNA 45-mer (compare lane
ComplexesTo determine whether the displaced strand of a 1 in Figure 2A-C with lane 1 in Figure 2D). In the latter
short synaptic complex can hybridize to a complementary case, addition of SDS at*€ generated two bands. The faster
annealing ON, we screened multiple reaction protocols usingmoving band has not been identified, but the slower moving
four sets of substrates. The results of this analysis areproduct (with a yield of 4%) was assigned a D-loop structure
presented in Figure 2, where nondenaturing polyacrylamide on the basis of its comigration with a stable D-loop of similar
gel electrophoresis was used to determine the yield of three-size. The reference joint was formed by sequential hybridiza-
stranded and four-stranded joints for each protocol and tion of three ODNSs to give a D-loop joint with heterologous
combination of substrates. In the first panel, the synaptic arms (data not shown). We surmise that secondary structure
in
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Ficure 2: Hybridization of ONs to the displaced strand of dsDNA in different post-strand exchange synaptic complexes. RecA-stabilized
joints were formed in the middle or at the end of a radiolabeled 70 or 67 bp DNA target using a homologous incoming ODN. The outgoing
strand of these complexes was hybridized to a complementary annealing ON to form a complement-stabilized D-loop or Y-arm joint. After
denaturation of RecA protein with SDS, an aliquot of each reaction mixture was analyzed by electrophoresis on a nondenaturing 12%
polyacrylamide gel run at 4C in the presence of 1 mM Mg&IONSs are denoted by type of backbone and length: (A) double Y-arm joint

with incoming gDNAg,. and annealing gDN4&,, (B) double D-loop joint with incoming kDN4y,, and annealing kDN4s., (C) double

D-loop joint with incoming kDNAyq,, and annealing KLNAs, and (D) double D-loop joint with incoming kDNA,, and annealing KLNAsc
Processing of three-stranded synaptic complexes: lane 1, addition of SDE aese 2, addition of annealing ON and SDS at’87 lane

3, addition of annealing ON and SDS af@; lane 4, incubation for 10 min with annealing ON at @7 and then addition of SDS at 37

°C; lane 5, incubation for 10 min with annealing ON at 37 and then addition of SDS at€ (“standard protocol”); lane 6, standard
protocol, only incubation with annealing ON preceded by the addition of a single-stranded complement (19 pmaj;.gDRNanel A,

kDNAs,, in panel B, and kDNAy,, panels in C and D); and lane 7, standard protocol, only with the SDS solution containing 19 pmol of
the same ODNSs listed in the preceding lane. In the reactions analyzed in lanes 8 and 9, equimolar amounts of incoming and annealing ONs
were incubated either together or separately with RecA protein prior to mixing with target DNA. After 10 min°@t 8Yese reactions

were terminated by addition of SDS at°€. All reaction mixtures were quickly frozen in dry ice and stored-&0 °C while awaiting

analysis. Lane C shows the target duplex only. Percent conversion refers to the efficiency of complement-stabilized joint molecule formation.

% Conversion

the displaced strand of a long D-loop joint may retard branch interaction with the displaced strand. In the special case of
migration. Our failure to detect either three-stranded joint annealing ONs with a DNA backbone, possible complica-
when SDS treatment was carried out at ¥ (lane 2 of tions due to presynaptic filament formation were considered
Figure 2D) reflects the instability of these complexes and unlikely due to the high ratio of annealing ON to free RecA
underscores the lability of Y-arm and D-loop joints. protein. Alternative hybridization protocols were tested using
Formation of Complement-Stabilized Y-Arm and D-Loop synaptic complexes that had been formed at the end (Figure
Joints.We used the same gel mobility shift assay to ascertain 2A) or in the middle (Figure 2B,C) of a dsDNA substrate.
whether the outgoing DNA strand in short synaptic com- If hybridization occurred, it would provide independent
plexes could hybridize to complementary ONs. Hybridization confirmation of the single-stranded character of the outgoing
was expected to generate four-stranded structures (i.e.strand in a synaptic complex. The annealing reaction would
complement-stabilized Y-arm and D-loop joints) of sufficient also provide a way to trap unstable recombination intermedi-
stability to survive detection by a gel mobility shift assay in ates for subsequent analysis.
the absence of RecA protein. Annealing ONs with different ~ Synaptic complexes that had been incubated with an
backbones were tested in this assay to determine whetheannealing ON were analyzed after treatment at 37 8C4
the RecA filament of a synaptic complex influenced their with SDS (lanes 4 and 5 in Figure 2/). In every
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experiment, we observed a band shift consistent with end of the outgoing strand in a RecA-stabilized Y-arm joint
hybridization of the annealing ON to the outgoing strand of could unravel about the nucleoprotein filament, thereby
the complex. In Figure 2D, the putative double D-loop joint exhibiting properties more characteristic of a free single-
exhibited reduced mobility relative to the D-loop joint. stranded DNA. This supposition is supported by the work
Confirmation of the four-stranded structure of these products of Gumbs and ShaneB%), who showed that a synaptic
was based on co-electrophoresis of each with a standard jointomplex formed using 30-mer substrates in the presence of
prepared by sequential hybridization of the same four ATPyS released the outgoing strand.
constituent ONs (data not shown). With the exception of the  Simultaneous Addition of Incoming and Annealing ONSs.
experiment in Figure 2B, the yield of the complement- Jayasena and Johnst@8) and Sena and Zarlin@9) first
stabilized joint was greater when SDS was added°&.4t described RecA-assisted complement-stabilized D-loop for-
may be that at the instant of deproteinization the joints are mation. In their work, incoming and annealing DNA strands
fluid structures prone to dissociation. If the temperature of were first complexed with RecA protein and then added
this step is reduced, more of the joint survives intact. together or one after the other to the dsDNA target. The yield
A comparison of the four experiments in Figure 2 shows of complement-stabilized product was negligible for joints
great disparity in the yield of the complement-stabilized joint. of the length described here. In lanes 8 and 9 of Figure 2A
Employing incoming and annealing ONs of similar length, D, we duplicated their protocol using equimolar amounts of
we formed a double Y-arm joint more readily than a double incoming and annealing ONSs. In one reaction, the ONs were
D-loop joint. With one end of the outgoing strand free to incubated together with RecA protein (lane 8), and in the
bend outward, the double Y-arm joint electrophoresed other, they were incubated separately with the recombinase
more slowly than the double D-loop joint. Formation of (lane 9) prior to adding both to the dsDNA target. Neither
complement-stabilized D-loops was improved by forming protocol yielded a complement-stabilized joint when ODNs
the synaptic complex with a longer incoming ODN (compare were employed (Figure 2A,B). We presume that hybrid
lane 5 of panels C and D of Figure 2) and by switching to formation between incoming and annealing ODNs or uptake
an annealing ON with a LNA instead of a DNA backbone of both ODNs into separate RecA filaments interfered with
(compare lane 5 of panels B and C of Figure 2). joint molecule formation40, 41). The simultaneous addition
The Displaced Strand of a Synaptic Complex Is Accessibleof an incoming ODN and annealing LNA yielded some
to Annealing ONsDetection of complement-stabilized Y-arm double D-loop joint by an unknown pathway (Figure 2C,D).
and D-loop joints raised the question of whether the In what may be a related reaction, Belotserkovskii and
hybridization reaction occurred within the synaptic complex Zarling (42) recently reported that simultaneous addition of
or at the instant RecA was denatured by SDS. To distinguish PNA can augment double D-loop formation by RecA-coated
between these two possibilities, control experiments were complementary single-stranded DNA probes.
carried out. In the reactions analyzed in lanes 2 and 3 of Annealing ONs with Different Backbonehe 3-fold
Figure 2A-D, the synaptic complex was treated with a increase in the yield of the complement-stabilized D-loop
mixture of annealing ON and SDS at 37 and °€, when using an annealing LNA 15-mer instead of a DNA
respectively. Under these conditions, hybridization was either 25-mer to hybridize to a 30 bp long internal synaptic complex
nonexistent (Figure 2AC) or barely detectable (Figure 2D). was unexpected (compare lane 5 of panels B and C of Figure
It is likely that deproteinization was accompanied by rapid 2). While it is known that LNA forms hybrids of unprec-
branch migration leading to resolution of the nascent Y-arm edented stability with complementary RNA and DN32(
or D-loop joint and that the time scale of the intramolecular 33), the DNA 25-mer that we had used as an annealing agent
branch migration reaction was much shorter than that should also have formed a stable hybrid with the displaced
required for an annealing ON to hybridize to the outgoing strand of the synaptic complex. Curious about what affect
strand of the joint. Thus, the hybridization observed using other backbones might have on hybridization efficiency, we
the standard protocol (lane 5 of Figure 2B) must have synthesized several 15-mer ONSs that differed only in the type
taken place within the synaptic complex. This conclusion is of backbone. These oligomers were used as annealing agents
supported by experiments in which the standard reaction wasin reactions with two synaptic complexes, one 30 and the
terminated by addition of a SDS stop solution fortified with other 45 bp in length. The results are presented in Figure 3.
a 3-fold molar excess of an ODN that was complementary  With the smaller synaptic complex, the type of backbone
to the annealing ON. The modified protocol did not reduce in the annealing ON greatly affected the yield of the double
the yield of complement-stabilized joint (compare lanes 5 D-loop joint. Annealing ONs with a LNA or'20Me RNA
and 7 of Figure 2A-D). backbone were good hybridization agents, while ONs with
The Displaced Strand of a Terminal Synaptic Complex Is a DNA, phosphorothioate, or PNA backbone were less so.
Not Encumbered by the RecA Filame®ynaptic complexes  The pattern of complement-stabilized D-loop formation could
formed at the end of a dsDNA substrate are different from not be explained in terms of hybrid stability since, for
those formed at an internal site. One major difference appearsexample, a PNADNA hybrid is more stable than é-DMe
to be the accessibility of the displaced strand to comple- RNA—DNA hybrid. Contrary to our initial expectation, the
mentary ONs. Hence, annealing ODNs of similar length proximity of the outgoing strand to the RecA filament may
hybridized to 30 bp long internal or terminal synaptic in some way favor its hybridization to annealing ONs with
complexes with 16 or 79% efficiency (compare lane 5 of an RNA-like backbone.
panels A and B of Figure 2). In a RecA-stabilized D-loop A completely different pattern of reactivity was observed
joint, the outgoing strand is necessarily constrained within with the longer synaptic complex. Here all five of the
the vicinity of the RecA filament, and this probably reduces annealing ONs gave improved yields of complement-
its accessibility to a complementary ON. In contrast, the free stabilized D-loop such that the hybridization reaction was
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Ficure 3: Complement-stabilized D-loop formation by annealing i
ONs with different backbones. Synaptic complexes were formed -
in the middle of the double-stranded neomycin phosphotransferase _3 801
target with kDNAgo,, and kDNAss,,. The outgoing strand of each a
joint was hybridized to KDNAg;, KDNAS;5,, KRNA;5,, KLNA 15, % .
or kPNA15C. g

a
less influenced by the type of backbone in the ON. In this ¥ =]
case, the results were more in line with a simple hybridization /\\
reaction, suggesting that the outgoing strand in the longer o . . ' . . . .
synaptic complex may be more distant from the RecA ° ® 2 2 4 H & T &
filament. Annealing ON length

Effect of ON Length on Complement-Stabilized Joint c = —o— Incoming DNAgs & Annealing DNA

Formation. Since the relative lengths of incoming and .-..-IncomthNMs&AnmlingLMA:;o
annealing ONs might influence the extent of complement- £ ¥ —a— Incoming DNA45 & Annealing RNA15.70
stabilized joint formation, we investigated these relationships 2
by hybridizing annealing ONs of different lengths to synaptic §' 60 |
complexes that contained Y-arm or D-loop joints. A good a
double Y-arm joint yield was obtained using every annealing 2 ol
ON that was tested (Figure 4A). Joints that were-26 bp 3
long were formed efficiently using incoming and annealing 3
ODN: s of identical lengths. Equally good yields were obtained <
when the ODNs were of unequal length. An annealing ON

with a 2-OMe RNA backbone was equivalent in hybridiza- ° " - : - . . »
tion to one with a DNA backbone. Even a long annealing ® ™ ™ Annealing ON length o
ODN t.hat extended past bqth ends of the synaptic complexFI fE4: Complement-stabilized ioint formation by incoming an
hybridized well to the outgoing strand. A decreased level of aﬁ#ea”ng %’Nsp N cgi?ftearl;nt elgr{gthts.o( Aflts?yn%ncccéom&gxgs
joint molecule formation was only observed when using formed at the end of the globin dsSDNA fragment were hybridized
incoming ODNSs that were shorter than those required for to annealing ONs as follows:l incoming and annealing ODNs
efficient strand exchang@&@, 43). These results are consis- identical in length (1546 bases), €) annealing ON fixed

i ; ; ; (gRNAgs,) and incoming ODN varied (2646 bases), anda()
tent with a structure in which the displaced strand of a incoming;vODN fixed (gDNAxy) and annealing ODN varied (20

terminal s_ynaptic cqmplex is distant from the RecA fiIamgnt 67 bases). (B) Synaptic complexes formed by kRMAIN the
and readily accessible to complementary ONs. Topological middle of the neomycin phosphotransferase dsDNA fragment were
issues appear to be nonexistent since the outgoing strand hakybridized to annealing ONs with the following backbone#) (
a free end. DNA (15—70 bases) M) LNA (9—20 bases), andi) 2-OMe RNA
L . (15—70 bases). (C) Synaptic complexes formed by kRQHNAN

In contrast, hybridization to synaptic complexes flanked the middle of the neomycin phosphotransferase dsDNA fragment
on both sides by dsDNA was very dependent upon the lengthwere hybridized to the same annealing ONs as in panel B. All of
of the annealing ON relative to that of the incoming ODN. the ONs are listed in Figure 1.
Panels B and C of Figure 4 summarize the yield of the double the two synaptic complexes decreased as the length of the
D-loop joint when hybridizing different annealing ONs to annealing ON was extended beyond an optimal value (i.e.,
synaptic complexes that were either 30 or 45 bp long. The 13—20 bases). The relative hybridization efficiencies of
yield of the double D-loop joint was best when the annealing annealing ONs with DNA versus-DMe RNA backbones
ON was shorter than the incoming ODN. This was true for differed for the two synaptic complexes. With the longer
annealing ONs with DNA, 20Me RNA, or LNA back- complex, the ONs exhibited similar activities, whereas with
bones. The extent of hybridization to the outgoing strand of the shorter complex, the’'-®Me RNA ONs were signifi-
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A 100 was lowered from 37 to 4C. If, however, the synaptic
complex was at the end of the dsDNA, the extent of
o0 | hybridization decreased by only 16% over the same tem-
././'/N perature range. The kinetics of hybridization were also
different for the two synaptic complexes (Figure 5B).
60 1 Formation of the complement-stabilized Y-arm joint was
complete in much less than 1 min, whereas formation of the
0 complement-stabilized D-loop joint was still proceeding after
60 min. Interference by secondary structure was ruled out
" e Yarm joint since the same hybridization reaction was extremely rapid
| —— Double D-oop joint when the synaptic complex was replaced with the 70-mer
outgoing strand (data not shown). In lieu of other reasonable
) . , . r r T explanations, we again conclude that the outgoing strand of
° 10 2 %0 “ 50 &0 70 the internal synaptic complex is rendered less accessible due
Temperature (°C) to the proximity to the RecA filament.

The Displaced Strand of an Internal Synaptic Complex Is
Not Uniformly Accessible to Annealing ODN#&/ithin an
internal synaptic complex, the RecA filament stabilizes an
o (e ae—u otherwise unstable joint by preventing branch migration.
Interaction of RecA with the two three-way junctions that
60 bracket the joint might be one way to block such reactions
(30). If so, accessibility of the displaced strand to annealing
ONs might be decreased in the vicinity of the junctions. To
test whether this is so, we prepared two synaptic complexes
with the 70 bp DNA target, one 30 and the other 45 bp in
201 —&— Y-arm joint length. Each complex was separately hybridized to a series
—#- Double D-loop joint of short annealing ONs that spanned the length of the
° i , . ) , . displaced strand. The ONs were synthesized with a LNA
0 10 20 30 w0 50 60 70 backbone and were either 15 or 10 bases in length. The

Time (min) results, summarized in Figure 6, demonstrate that accessibil-

Ficure 5: Temperature and time dependence of the annealing ity to the oqtgomg strand was not equal over its length within
reaction. Synaptic complexes containing a Y-arm or D-loop joint the€ synaptic complex. The central portion had the greatest
were formed according to the standard protocol (Y-arm joint, globin accessibility, while the junction regions had the least. In both
target with gDNAys and D-loop joint, neomycin phosphotrans-  complexes, the'ghalf of the displaced strand was somewhat
ferase target with kbDN4y,). Complement-stabilized Y-arriij or more accessible to annealing ODNs than thadf. These

complement-stabilized D-loop#) joints were formed by adding . - - .
gDNAgow or KLNA 1. t0 the respective synaptic complexes at time results are consistent with the hypothesis that RecA protein

zero. The annealing reactions were conducted (A) at different May preferentially interact with the displaced strand at or
temperatures for 5 min or (B) at 3T for different times. near the three-way junctions that bracket an internal synaptic
complex.
cantly more active. Recognizing that the outgoing strand in  Reversal of Joint Molecule Formation by an Annealing
a RecA-associated D-loop is constrained within a nucle- ON with a DNA Backboneln Figure 4B, we show that
oprotein filament, we find it is likely that hybridization of  annealing ONs with a LNA or'’20Me RNA backbone were
annealing ONs to the outgoing strand is hindered by its more effective than ONs with a DNA backbone in hybrid-
proximity to the RecA filament and by the absence of a free izing to the displaced strand of a short synaptic complex. In
end. Neither of these possibilities, however, accounts for the light of these results, we investigated whether an annealing
difference in hybridization efficiency between the two types ON with a DNA backbone could interfere with or reverse
of annealing ONs. Similarly, binding of RecA protein to an formation of a double D-loop joint by an annealing ON with
annealing ODN would be expected to inhibit hybridization a 2-OMe RNA backbone. Annealing ONs, either 15 or 30
to both synaptic complexes and not just one. bases long and bearing either a DNA drGMe RNA
Time and Temperature Dependence of the Annealingbackbone, were added separately or in combination to an
Reaction. Our results indicate that synaptic complexes internal synaptic complex that was 30 bases in length. Figure
containing Y-arm and D-loop joints differ significantly in 7 shows that the outgoing strand of this complex hybridized
the accessibility of the displaced strand to annealing ONs. to 2-OMe RNA ONs that were 15 or 30 nucleotides in length
To further substantiate this conclusion, we compared the time(Ris or Rsg) or to a DNA ON that was 15 nucleotides in
and temperature dependence of hybridization between thelength (Dis). The outgoing strand, however, did not hybridize
annealing ON and displaced strand for the two types of to a DNA ON that was 30 nucleotides in lengths(]P These
synaptic complexes. Figure 5A shows the amount of double control experiments confirmed the results depicted in Figure
Y-arm or double D-loop joint formed when hybridizations 4B.
were conducted at different temperatures with RecA- We next determined how the yield of the double D-loop
stabilized Y-arm or D-loop joints. If the synaptic complex joint was altered when two annealing ONs were added
was located in the middle of the dsDNA target, the extent simultaneously or sequentially to the synaptic complex. The
of hybridization decreased by 67% when the temperature R;5/R3 combinations were revealing because the gel mobility

% Joint

% Joint
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Ficure 6: Hybridization of overlapping ONs to the outgoing strand of synaptic complexes. Synaptic complexes were formed in the middle
of the neomycin phosphotransferase dsDNA fragment using kia]N#x kDNAys,, as incoming ODNs. The outgoing strand of each complex
was separately hybridized to a series of overlapping LNA ONs, 15-mers in the case of the 30-base complex and 10-mers in the case of the
45-base complex. After deproteinization, the amount of double D-loop joint was determined by a gel mobility shift assay. Annealing ONs
used in these experiments are aligned by complementarity below that portion of the outgoing strand that is displaced in the synaptic complex.
The percent yield of the double D-loop joint is averaged from two or more determinations.
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FiGure 7: Inverse strand exchange with the recipient strand of a synaptic complex. An internal synaptic complex containigg, BNA

the incoming strand was incubated with the following annealing ONs alone or in combination: KD(®As), KDNA3zq: (D3o), KRNA:5¢

(R1s), and KRNAyo (R30). Reaction mixtures with two annealing ONs contained 6.4 pmol of each. The ONs were added simultadgously (

or sequentially ) to the synaptic complex. When the ONs were added sequentially, the first ON added (above arrow) was present for 20
min and the second ON added (below arrow) was present for 10 min prior to stopping the reaction with SDS. Otherwise, all other annealing
reactions were carried out for 10 min.

shift assay could resolve the two double D-loop joints. When D;s was added after {2 suggests that some of the double
Rso was added first to the synaptic complex, relatively little D-loop joint formed by Rs was dissociated in the presence
double D-loop joint was formed byiR indicating that the  of Dys.

annealing reaction was nearly complete after the 10 min  All three Ris/D3p combinations were inactive in forming
incubation with the first ON. When the order of addition a complement-stabilized D-loop joint regardless of whether
was reversed, nearly equal amounts of the two joints werethe annealing ONs were added simultaneously or sequen-
obtained, suggesting that;fhad replaced R in some of tially. By assigning dual reactivities to annealing ODNs, we
the double D-loop joints by strand displacement. Thg R can rationalize their effects. When such an ODN is short
D;s combinations were less informative since the two double relative to the synaptic complex, it can hybridize to the
D-loop joints could not be resolved. The low joint yield when displaced strand to give a double D-loop joint. However, as



2652 Biochemistry, Vol. 42, No. 9, 2003 Gamper et al.

A B

rerrrenee ®ssssscess

“b‘ﬁ-

-
Cesvoewewwe CesvvweveV
70 - 70
60
50 |-
E 4o} £
S =
X 30 R
1 0 1
20 0 5 10 15 20
Time (min) Time (min)

Ficure 8: Inverse strand exchange with the incoming strand of a synaptic complex. Two RecA-stabilized double D-loop joints were
formed according to the standard protocol using kBhNAas the incoming ODN and either (A) KLNA: or (B) kPNA;g; as the annealing

ON. At time zero, 19 pmol of kDNAy,, or KDNA,s,, was added to the joints in gel A or B, respectively. Incubations were continued for

15 min at 37°C with aliquots removed at the indicated times for subsequent analysis by gel mobility shift analysis. In the autoradiograms,
the product of inverse strand exchange runs as a band with intermediate mobility in tah@s @) double D-loop joint with KDNAg,

(m) double D-loop joint with (A) KDNAq, or (B) KDNA.s,, and @) total double D-loop joint.

the length of the ODN is increased, this reaction becomes The reactions were complete in less than 1 min, implying
less likely and the ODN preferentially exchanges position that only a fraction of the synaptic complex was susceptible
with the recipient strand of the heteroduplex. This inverse to modification. While the new joint formed by the 25-mer
strand exchange reaction, which is catalyzed by the RecAwas stable, that containing the 20-mer slowly dissociated.
filament of the synaptic complex, dissociates the heterodu- We propose that each of the complementary ODNs has
plex by hybridizing annealing and incoming ODNs to one exchanged positions with the incoming ODN of the hetero-
another. As a consequence, a D-loop joint is reversed or aduplex in a reaction catalyzed by the RecA filament of the
double D-loop joint is converted back to a D-loop joint. In  synaptic complex. Strand exchange is accompanied by partial
either case, after deproteinization no stable joint remains to collapse of the joint, thereby maintaining the total number
be detected. In contrast tos§) Rso does not participate in  of base pairs (see Figure 9C). Increased mobility of the
inverse strand exchange and so supports double D-loopresulting joints is consistent with replacement of the incoming
formation. The unique ability of annealing ONs with a DNA ODN in the heteroduplex with a smaller ODN (see Figure
backbone to exchange with the recipient strand of a synaptic8). ONs with a 20Me RNA backbone as well as RecA-
complex explains why these ONs are less effective than thosestabilized double Y-arm joints were not substrates for the
with an RNA-like backbone in generating complement- inverse strand exchange reaction (results not shown).
stabilized D-loop joints.

The Incoming ODN of a Synaptic Complex Can Partici- DISCUSSION
pate in Irverse Strand Exchang&Ve next asked whether Annealing ONs Can Hybridize to the Displaced Strand of
the incoming strand of a short synaptic complex could a RecA Synaptic Complelt is well-established that RecA
undergo inverse strand exchange. For this purpose, weprotein catalyzes strand exchange between homologous
formed complement-stabilized D-loop joints according to the single-stranded and double-stranded DNA substrates in the
standard protocol using an incoming DNA 30-mer and an presence of ATPS, a slowly hydrolyzable analogue of ATP.
annealing LNA 15-mer or PNA 18-mer. Prior to adding SDS, When all three DNA strands are equal in length, the outgoing
we treated each synaptic complex with a shorter version of strand is released upon heteroduplex formati®r).(Here
the original incoming ODN (i.e., a complementary DNA 20- we have carried out strand exchange with incoming ODNs
or 25-mer). Each of these ODNs converted some of the that are homologous to either the middle or end of a dsDNA
RecA-stabilized double D-loop joint into a new product, with target. When these substrates are used, the synaptic complex
the 25-mer being more effective than the 20-mer (Figure 8). is flanked on one or both sides by a parental duplex and the
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Ficure 9: Short internal synaptic complexes are dynamic structures that undergo hybridization and inverse strand exchange reactions. ONs
with modified backbones can hybridize to the outgoing strand of a synaptic complex but are not substrates for inverse strand exchange. In
contrast, ODNs can participate in both types of reactions provided that they are appropriate in length. Hybridization is favored when the
ODN is much shorter than the synaptic complex, while inverse strand exchange is favored when the ODN is equal in length to the synaptic
complex. Inverse strand exchange should occur with both RecA-stabilized D-loop and double D-loop joints. DNA is represented by a
smooth line, RNA, LNA, or 20Me RNA by a wavy line, and RecA protein by a circle. Actual joints would be longer than those depicted
here and in the protein-free state would be susceptible to partial collapse by branch migration.

outgoing strand is not released. Using ON probes that arethe junctions of the complex. Such interactions may be
complementary to the displaced portion of the outgoing important in stabilizing the post-strand exchange synaptic
strand, we have demonstrated that it is single-stranded, acomplex but nonetheless interfere with hybridization.
conclusion reached by others using footprinting techniques The annealing reaction is even more restricted when the
(27—30) or fluorescence resonance energy transg).( internal synaptic complex is extremely short. Here the
Hybridization of the outgoing strand to ONs with modified efficiency of hybridization is highly dependent upon the type
backbones (Figure 9A) implies that the annealing reaction of backbone in the annealing ON. Only ONs with an RNA-
is not actively mediated by the RecA filament. like backbone that targeted the central portion of the
While the displaced portion of the outgoing strand is displaced strand were effective hybridization agents. In the
unpaired in both types of synaptic complexes, hybridization case of ONs with a DNA backbone, we have shown that
proceeds more readily when the joint has a free end. Theinverse strand exchange reduces the yield of the double
displaced strand in this type of joint rapidly hybridizes to D-loop joint. For unknown reasons, PNA and phospho-
complementary ONs of any length and effectively competes rothioate backbones were also inhibitory.
with homologous single-stranded molecules in hybridization A RecA-stabilized D-loop joint should present a topologi-
reactions. These results support a Y-arm structure in which cal barrier to hybridization between an outgoing strand and
the free end of the outgoing strand is distant from the RecA a longer single-stranded complement that overhangs both
filament and no longer interacts with the protein. ends of the joint. In this case, plectonemic coiling, which
In contrast, the outgoing strand in an internally situated accompanies hybridization, can only occur if one end of the
synaptic complex is less accessible to complementary ONs.complement rotates about the outgoing strand. Obviously,
It hybridizes poorly or not at all to longer ONs that extend the longer the complement, the less likely it will be able to
beyond the junctions of the complex, and relative to free “thread the needle”. The likelihood of hybridization would
ssDNA, it hybridizes at a reduced rate to shorter comple- be further reduced if the ends of a long annealing ON interact
ments. With no free ends, the displaced portion of the with the flanking dsDNA of the synaptic complex. In our
outgoing strand is restrained within the synaptic complex in experiments, this may be the case since excess RecA protein
the proximity to the heteroduplex. Enhanced hybridization probably promotes extension of the nucleoprotein filament
to the central portion of the outgoing strand indicates that past the junctions of the synaptic compléx4), Homologous
this strand interacts more strongly with RecA protein near incorporation of an ON into these flanking regions could
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interfere with subsequent hybridization of the ON to the  No inverse strand exchange reactions were detected when
outgoing strand. By eliminating homology to flanking the synaptic complex was 45 bp long or when it was oriented
dsDNA sequences, we have found that the hybridization of at the end of a dsDNA. Longer complexes are probably more
long ONs to the outgoing strand of a synaptic complex can stable and less likely to exchange with an exogenous ODN,
be enhanced (data not shown). while release of the displaced strand from the RecA filament
The hybridization reaction described here may provide an of a terminal synaptic complex may induce a conformational
alternative route for initiating recombination-dependent DNA change that inhibits inverse strand exchange.
replication and yet another example of how RNA transcripts  Four-Strand ExchangeFour-strand exchange reactions
in vivo could participate in homologous recombinatid®,( provide an alternative pathway to double D-loop joints. In
46). Our observation that ONs with a LNA of-®Me RNA an earlier study, we showed that complement-stabilized joints
backbone can hybridize to the outgoing strand of a short are more likely to form when using an incoming DNA
synaptic complex suggests that transcripts in the cell could RNA duplex instead of an all-DNA duple8). On the basis
participate in a similar reaction and that the hybridized RNA of the results reported here, we propose that synaptic
could serve as a primer for the initiation of DNA synthesis. complexes initially formed between two double-stranded
This pathway for RNA uptake is distinct from the recently substrates contain a heteroduplex flanked by both an outgoing
described inverse strand exchange reacti@n Z0). In that strand (from the target duplex) and an annealing strand (from
reaction, dsDNA in a RecA or Rad51 filament strand the incoming duplex). When the annealing strand has a DNA
exchanges with a homologous single-stranded DNA or RNA. backbone, inverse strand exchange is favored over hybridiza-
Homologous ODNs Can Strand Exchange with the Incom- tion, thus inhibiting the formation of a double D-loop joint.
ing or Recipient Strands of a RecA Synaptic Compliéen However, the reverse applies when the annealing strand of
hybridized to a short synaptic complex, annealing ONs with the incoming duplex has an RNA or DNARNA backbone
a DNA backbone yielded less double D-loop joint than ONs since inverse strand exchange should not occur. Chimeric
with a 2-OMe RNA or LNA backbone. We propose that DNA—RNA double hairpin vectors have been successfully
annealing ONs with a DNA backbone are unique in their used as gene targeting agents in mammalian c&lls (
ability to interact in two ways with a small internal synaptic A similar situation appears to apply to short duplexes
complex. First, they can hybridize to the outgoing strand of in which the WatsonCrick strands are not covalently
such a complex. This reaction is observed when the annealindinked to one another. Hence, the gDp& gDNA3o, and
ODN is shorter than the incoming ODN, and it generates a KDNAzo,—KDNA 5. duplexes did not exhibit strand exchange
RecA-stabilized double D-loop joint. Second, they can activity, whereas the KDN#&w—KLNA 5. duplex did (see
participate in an inverse strand exchange reaction with theFigure 2). The fact that double D-loop formation is more
recipient strand of the heteroduplex (Figure 9B). This efficient when kDNAy, and KLNAsc are added sequentially
reaction predominates when annealing and incoming ODNsindicates that synaptic complex formation by KDp#is
have equal lengths. Inverse strand exchange with the recipieninhibited when that ODN is hybridized to KLNA&. Via
strand of a synaptic complex reverses joint molecule forma- addition of free annealing ODN to a preformed synaptic
tion. complex, this barrier to joint molecule formation can be
Exchange of strands in a synaptic complex was not limited avoided. We will describe elsewhere applications of RecA-
to the recipient strand of the heteroduplex. The incoming mediated double D-loop formation.
ODN in a RecA-stabilized double D-loop can also participate
in an inverse strand exchange reaction with homologous ACKNOWLEDGMENT
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