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ABSTRACT Escherichia coli RecA protein, in the presence
of ATP or its analog adenosine 5'-[y-thioltriphosphate, po-
lymerizes on single-stranded DNA to form nucleoprotein
filaments that can then bind to homologous sequences on
duplex DNA. The three-stranded joint molecule formed as a
result of this binding event is a key intermediate in general
recombination. We have used affinity cleavage to examine this
three-stranded joint by incorporating a single thymidine-
EDTA-Fe (T*) into the oligonucleotide part of the filament.
Our analysis of the cleavage patterns from the joint molecule
reveals that the nucleoprotein filament binds in the minor
groove of an extended Watson-Crick duplex.

The RecA protein of Escherichia coli (38 kDa) plays a central
role in DNA recombination and repair. In vitro, RecA protein
directs strand exchange between two DNA molecules of
homologous sequence when one of the segments of DNA is
completely or partially single-stranded (1-4). In the presence
of adenosine triphosphate (ATP), or its slowly hydrolyzed
analog adenosine 5'-[-y-thio]triphosphate (ATP[-yS]), RecA
polymerizes on single-stranded DNA forming a right-handed
helical nucleoprotein filament with a binding stoichiometry
of approximately one RecA monomer for every three bases
(5-8). The filament then binds sequence specifically to a site
on duplex DNA that is homologous to the sequence of the
single strand bound within the filament (9-12). In this
synapsis step, a joint molecule is formed that contains the
three strands of DNA and numerous RecA monomers. The
final step is the release of the products of strand exchange-a
displaced single strand and a heteroduplex. In the presence
of topological constraints, such as when the 5' end of the
strand to be displaced is at an internal site within duplex
DNA, the reaction does not proceed past synapsis and the
three strands of DNA remain bound in the joint molecule
(13, 14).
Although it is generally accepted that all three strands of

DNA are held stably in the form of a joint molecule during
synapsis (15-19), two different mechanisms of strand exchange
can be envisaged that require different joint molecule struc-
tures (20). The first mechanism involves local opening of a
region of duplex followed by Watson-Crick base-pairing of the
single strand with its complementary strand (21). The outgoing
strand either is completely displaced (22) or held associated
with the newly formed heteroduplex by non-Watson-Crick
interactions in the form of a triple helix (23). For the second
mechanism, a fully base-paired duplex makes additional base-
specific interactions with the homologous single strand within
the RecA-associated complex giving rise to a triple helical
complex, which is then processed to give the products of strand
exchange (24, 25). Radding and coworkers (26, 27) as well as
Camerini-Otero and coworkers (28, 29) have described the
RecA-mediated formation of joint molecules, which, after
deproteinization, are thermostable and show chemical reac-

tivity consistent with a novel triplex structure (30). These
deproteinized joint molecules are proposed to be structurally
similar to an intermediate in RecA-mediated strand exchange,
and two sets of base triplets have been proposed to explain
their stability toward thermal denaturation. The proposed
triplets are similar in the placement of the three bases but
differ in the strands to which the bases are assigned. Radding
and coworkers have proposed a structure where the incoming
strand and its complement are base-paired in the Watson-
Crick sense and the outgoing strand is associated through
contacts in the major groove of the newly formed heterodu-
plex-a structure that would require local melting of the
duplex and insertion of the third strand in the minor groove
before formation of the joint molecule. On the other hand,
Camerini-Otero and coworkers favor an intermediate where
the incoming strand is located in the majorgroove of the duplex
at the homologous site-a configuration consistent with pair-
ing before strand separation.

Affinity cleavage is a technique wherein a redox-active
metal ion tethered to a DNA binding molecule, upon exposure
to a reductant, produces a short-lived diffusible oxidant-
presumably hydroxyl radicals-to cause localized cleavage of
the DNA backbone (for a review on affinity cleaving, see ref.
31). Here, we report evidence for groove location of the
incoming third strand in the protein-associated three-stranded
joint molecule using affinity cleavage (Fig. 1).

MATERIALS AND METHODS
General. RecA protein was isolated from the strain JC12772

using standard protocols. Sonicated, deproteinized calf thy-
mus DNA (Pharmacia) was dissolved in H20 to a final
concentration of 2.0 mM in base pairs and was stored at 4°C.
Glycogen was obtained from Boehringer Mannheim as a 20
mg/ml aqueous solution. ATP[-yS] purchased from Sigma was
found to contain <10% ADP by HPLC analysis and was stored
at -20°C. Nucleoside triphosphates labeled with 32p were
obtained from Amersham or ICN and were used as supplied.
Cerenkov radioactivity was measured with a Beckman LS 2801
scintillation counter. Restriction endonucleases were pur-
chased from Boehringer Mannheim or New England Biolabs
and were used according to the supplier's recommended
protocol in the activity buffer provided. Klenow fragment and
T4 polynucleotide kinase were obtained from Boehringer
Mannheim. Phosphoramidites were purchased from Glen Re-
search (Sterling, VA).

Construction of pUCJWII47. This plasmid was prepared by
standard methods (32) by annealing two synthetic oligonucle-
otides, 5'-AATTCAGTTCTCCTCGACGAATTCTTTT-
TCTTTCTTCTTTTCTTCGAGTCGAGTCGAG-3' and 5'-
GATCCTCGACTCGACTCGAAGAAAAGAAGAAAGA-
AAAAGAATTCGTCGAGGAGAACTG-3', followed by
ligation of the resulting duplex with pUC19 DNA previously
digested with EcoRI and BamHI; this ligation mixture was
used to transform E. coli XL1-Blue competent cells (Strat-
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FIG. 1. Sequence-specific cleavage of duplex DNA directed by a
RecA nucleoprotein filament formed with an oligonucleotide con-
taining thymidine-EDTA Fe (T*). In the first step, RecA monomers
polymerize on the T* oligonucleotide to form a nucleoprotein fila-
ment. Synapsis follows in which the nucleoprotein filament binds to its
complementary sequence on a 32P-labeled duplex substrate forming a
joint molecule. The cleavage reaction is initiated by the addition of a
reducing agent (sodium ascorbate).

agene). Plasmid DNA from transformants was isolated, and
the presence of the desired insert was confirmed by restriction
analysis and Sanger sequencing. Preparative isolation of plas-
mid DNA was performed using a Qiagen (Chatsworth, CA)
plasmid kit.

Synthesis and Purification of Oligodeoxyribonucleotides.
Oligodeoxyribonucleotides were synthesized using standard
automated solid-support chemistry on an Applied Biosystems
model 380B DNA synthesizer and O-cyanoethyl-N,N-
diisopropyl phosphoramidites. Crude oligonucleotide prod-
ucts containing the 5'-terminal dimethoxytrityl protecting
group were purified by reverse-phase FPLC using a ProRPC
16/10 (C2-C8) column (Pharmacia LKB) and a gradient of
0-40% CH3CN in 0.1 M triethylammonium acetate (pH 7.0),
detritylated in 80% aqueous acetic acid and chromatographed
a second time.

Modified thymidine was incorporated at a central position
in oligonucleotide 1 (Fig. 2) using the P3-cyanoethyl-N,N-
diisopropyl chlorophosphoramidite of a thymidine derivative
containing an appropriately protected linker-amine (C2-dT,
Glen Research). Deprotection was carried out in concentrated
NH4OH at 55°C for 24 h. Following trityl-on and trityl-off
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FIG. 2. Duplex target site present on the 300-bp HindIIII/Nde I
restriction fragmnent from plasmid pUCJWII47. The expected binding
site of the RecA nucleoprotein filament is boxed. The sequence of
oligonucleotide is shown, where T* indicates the position of thymidine-
EDTA-Fe.

FPLC purification, the oligonucleotide containing a free
amine attached to C5 of the 5'-thymidine was postsynthetically
modified with EDTA monoanhydride as described (33) to give
the T* oligonucleotide 1. The modified oligonucleotide was
chromatographed a third time by FPLC using a gradient of
0-40% CH3CN in 0.1 M NH40Ac.

Purified oligonucleotides were desalted on Pharmacia
NAP-5 Sephadex columns. Concentrations of single-stranded
oligonucleotides were determined by UV absorbance at 260
nm using extinction coefficients calculated by addition of the
monomer nucleoside values (values for T were used in place of
T* in the calculation). Oligonucleotide solutions were lyoph-
ilized to dryness for storage at -20°C.
DNA Manipulations. The 300-bp HindIII/Nde I restriction

fragment of plasmid pUCJWII47 (Fig. 2) was isolated and
labeled at the 5' or 3' end on the HindIII side by standard
procedures (32). Adenine-specific sequencing reactions were
carried out as described (34).

Affinity Cleavage Reactions. A dried pellet of oligonucleo-
tide-EDTA was dissolved in a solution of aqueous Fe-
(NH4)2(SO4)2-6H20 to produce a solution that was 20 ,uM in
oligonucleotide and Fe(II). This solution was allowed to
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equilibrate for 15 min at room temperature. A stock solution
was prepared containing 60 ,ul of 1ox buffer [250 mM Tris
acetate/40 mM Mg(OAc)2/1 mM EGTA/5 mM spermidine/8
mM 2-mercaptoethanol, pH 7.5], 30 ,lI of calf thymus DNA (2
mM in base pairs), and 20 ,lI of acetylated bovine serum
albumin (3 mg/ml). To a given reaction was added 5.5 ,ul of
stock solution, 3 ,ul of either the oligonucleotide-EDTAFe(II)
at the appropriate concentration or H20 [for control reactions,
3 ,lI of RecA solution (7.4 mg of RecA per ml of RecA storage
buffer)] plus RecA storage buffer (20 mM Tris-HCl/0.1 mM
EDTA/1 mM dithiothreitol/50% glycerol, pH 7.5) to give the
designated nucleotide to monomer ratio (excess RecA storage
buffer was added to ensure that each reaction was run under
the same conditions), and enough H20 to give a final reaction
volume of 30 ,ul after ascorbate addition. Following a 1-min
incubation at 37°C, nucleoprotein filament formation was
initiated by addition of 1 ,lI of 30 mM ATP[-yS]. After 10 min,
- 20,000 cpm (- 1 nM) of 3' or 5' labeled duplex was added and
joint molecule formation was allowed to proceed for 30 min at
37°C. The cleavage reactions were initiated by the addition of
1 ,ul of 30 mM sodium ascorbate. The final reaction conditions
were 25 mM Tris acetate, 6 mM Tris-HCl, 4 mM Mg(OAc)2,
1 mM EGTA, 32 ,uM EDTA, 0.5 mM spermidine, 0.8 mM
2-mercaptoethanol, 5% glycerol, 100 ,uM bp calf thymus DNA,
and 1 mM sodium ascorbate (pH 7.5). After 8 h, the cleavage
reactions were stopped by phenol/chloroform extraction and
precipitation of the DNA by the addition of glycogen, NaOAc
(pH 5.2), and MgCl2 to final concentrations of 140 ,ug/ml, 0.3
M, and 10 mM, respectively, and 100 ,ul of ethanol. The DNA
was isolated by centrifugation and removal of the supernatant.
The precipitate was dissolved in 20 ,ul of H20, frozen, and
lyophilized to dryness. DNA in each tube was resuspended in
5 ,ul of formamide/TBE (TBE = 90 mM Tris/64.6 mM boric
acid/2.5 mM EDTA, pH 8.3) loading buffer containing 0.1%
SDS and transferred to a new tube. The DNA solutions were
assayed for Cerenkov radioactivity by scintillation counting
and diluted to 5000 cpm/,ul with more formamide/TBE load-
ing buffer containing 0.1% SDS. The DNA was denatured at
90°C for 5 min and loaded onto an 8% denaturing polyacryl-
amide gel. The DNA cleavage products were electrophoresed
in 1 x TBE buffer at 50 V/cm. The gel was dried on a slab dryer
and then exposed to a storage phosphor screen. The gel was
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visualized with a Molecular Dynamics 400S Phosphorlmager.
Cleavage intensities at each nucleotide position were measured
using the IMAGEQUANT software and the pixel values obtained
were plotted in the form of histograms using KALEIDAGRAPH
software.

RESULTS AND DISCUSSION
Affinity cleavage can be used as a reliable assay for determin-
ing the groove location and orientation of a DNA binding
ligand. Attachment of EDTA-Fe to a variety of DNA binding
molecules-peptides, proteins, and oligonucleotides-
provides detailed information about the binding site, groove
location, and orientation of these ligands (31, 35-40). A
binding mode that places the coordinated metal ion in the
major groove of duplex DNA produces a cleavage pattern that
is shifted toward the 5' end on opposite strands, whereas, if the
metal ion is located in the minor groove, the cleavage pattern
is shifted in the 3' direction. To study the binding of oligonu-
cleotide third strands in nonenzymatic triple helices, a modified
thymidine derivative, T*, wherein the DNA cleaving moiety
EDTA-Fe is covalently attached at C5 of the thymine hetero-
cycle, was incorporated into oligonucleotides (37, 38, 40). In
this case the cleavage pattern generated on opposite strands is
shifted toward the 5' ends. The different groove locations of
the coordinated metal atom based on two proposed T.(TA)
triplets and the cleavage patterns that are expected for major
and minor groove binding of the RecA-oligonucleotide-
EDTA'Fe in the three-stranded joint formed are illustrated in
Figs. 3 and 4.
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FIG. 3. Location of the coordinated iron atom in each of the two
possible intermediates for the three-strand exchange reaction medi-
ated by RecA protein. W, C, and R represent the Watson (homolo-
gous), Crick (complementary), and recombinant (incoming) strands,
respectively.
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FIG. 4. Expected cleavage patterns for the major and minor groove
binding modes of RecA-oligonucleotide (EDTA).Fe(II) filaments.
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The thymidine derivative T* was incorporated at a central
position in an oligonucleotide that was homologous to a 31-bp
target site in a 300-bp restriction fragment (Fig. 2, 1). RecA
was incubated with oligonucleotide-EDTA-Fe in the presence
of ATP[,yS] to form a stable nucleoprotein filament after
which 5' or 3' 32P-labeled 300-bp duplex substrate was added
to form the joint molecule (Fig. 1). Sodium ascorbate was then
added to initiate the oxidative cleavage reactions. The cleavage
products were resolved by denaturing polyacrylamide gel
electrophoresis and analyzed by storage phosphor autoradiog-
raphy. The results from this experiment are shown in Fig. SA.
Cleavage is observed on both strands onlywhen RecA and 1Fe
are present in the reaction. The relative yields of cleavage
produced at each nucleotide were measured (lanes 14 and 15)
from the storage phosphor autoradiogram (Fig. 5A). Remark-
ably, site-specific cleavage occurs on both strands of the target
duplex substrate. Moreover, a 3' shifted cleavage pattern is
observed. This cleavage pattern is consistent with an interme-
diate in which the incoming strand has invaded the target
duplex from the minor groove, leaving the outgoing strand in
the major groove of the nascent heteroduplex (23). Formation
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of the products of strand exchange-an interwound hetero-
duplex and a well-displaced strand-would be expected to give
a cleavage pattern on only the complementary strand (37). The
fact that cleavage is observed on both strands of the target
duplex suggests that the displaced homologous strand is held
in close association with the nascent heteroduplex.
The finding that the nucleoprotein filament in the recom-

bination intermediate is lodged in the minor groove of the
target duplex is consistent with a number of observations from
different laboratories. (i) Radding and coworkers (27) found
that methylation of functional groups in the major groove-the
N4 position of cytosine, N6 of adenine, and N7 of guanine-
did not effect the rate or extent ofjoint molecule formation but
reduced the thermal stability of the deproteinized complex. (ii)
Jain et al. (41) have shown that the N7 position of guanine
bases in the target duplexes is not involved in the formation of
the three-stranded complexes. (ui) Kumar and Muniyappa (42)
recognized the possibility of minor groove contacts when they
observed the inhibition ofjoint molecule formation by a minor
groove binding ligand-distamycin-but not by a major
groove binder-methyl green.
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FIG. 5. (A) Storage phosphor autoradiogram of an 8% denaturing polyacrylamide gel containing the products of affinity cleavage reactions.
Lanes 2, 5, 8, 11, and 14, cleavage products from DNA labeled on the 5' end at the HindIII site; lanes 3, 6, 9, 12, and 15, products from DNA labeled
on the 3' end at the HindIII site; lanes 1, 7, and 13, products of adenine-specific reaction (34) on 5'-end-labeled duplex; lanes 4, 10, and 16, products
from 3'-end-labeled duplex. Reaction components for all other lanes were as indicated in the figure under conditions described in Materials and
Methods. (B) Histogram representation of the observed cleavage pattern. The lengths of the arrows represent the relative cleavage intensity at each
nucleotide position.
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CONCLUSION
We have used affinity cleaving techniques to analyze the
structure of the protein-associated joint molecule formed
between a RecA-oligonucleotide filament and Watson-Crick
double helical DNA using an oligonucleotide with EDTA-Fe
attached at a central position. We observed cleavage of both
homologous and complementary strands at the site predicted
by antiparallel binding of the filament to its complementary
sequence. The cleavage pattern was shifted toward the 3' end
on opposite strands, indicating the minor groove location of
the incoming strand.
With regard to mechanism, the initial recognition step likely

involves insertion of the recA-oligonucleotide filament in the
minor groove of an extended unwound double helix with local
melting of the double helix for specific base pairing and
recognition. We emphasize that our data do not require the
existence of specific base triplets (43, 44) but rather only
indicate that the three-stranded intermediate formed is a
structure wherein the departing strand in the major groove is
held in close association with the nascent heteroduplex.

We thank Prof. S. C. Kowalczykowski for providing us with the
RecA overexpressing strain JC12772 and a detailed protocol for
isolation and purification, Amherst College for a Forris Jewett Moore
Fellowship (J.W.S.), and the National Institutes of Health for grant
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