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Formation of D-loops during the exchange of strands of duplex DNA, and pairing (even to a limited extent) could
between a circular single-stranded DNA and a com- occur in the absence of ATP hydrolysis, ATPyS induces a
pletely homologous linear duplex proceeds optimally tight binding of recA to ssDNA (6) and decreases markedly
when the duplex DNA is added to the complex of recA the ability of recA to transfer from one ssDNA to another.
protein and single-stranded DNA formed in the pres- Consequently, formation of D-loops in thepresence of ATPyS
ence of single-stranded DNA-binding protein and ATP. should involve a mechanism in which recA protein never
D-loops are undetectable when 200 PM adenosine 5‘- leaves the ssDNA to which it is initially bound, whether it be
0-(thiotriphosphate) is substituted for ATP. D-loops (unwound) duplex or the circular ssDNA. In contrast, ATP
can be formedin the presence of adenosine 5’-O-(thio- destabilizes the recA protein-ssDNA complexes, since its hytriphosphate) if recA protein is the last component
added to the reaction. However, these D-loops, which drolysis allows the dissociation of recA protein from the
depend upon homologoussequences, are unstable upon ssDNA (6, 7). Thus, the mechanism of D-loop formation in
deproteinization and are formed to a more limited ex- the presence of ATPyS could be different from that with
tent than the structures formed with ATP. This finding ATP. We have, therefore, undertaken a detailed examination
indicates that D-loops formed under these conditions of the role of ATP andATPyS in D-loop formation and have
may be largely nonintertwined paranemic structures found that ATP hydrolysis is required for formation of pkcrather than plectonemic structures in which two of the tonemic structures in which the (-)-strand of the linear duplex
strands are interwoven. When adenosine 5’-0-(thiotri- is intertwined with the (+)-ssDNA.It does not proceed in the
phosphate) is added to an ongoing reaction containing presence of ATP+. We further demonstratethat an ATPySATP, formation of plectonemic structures and ATP supported pairing reaction leads to the formation of D-loop
hydrolysis is inhibited to an equivalent extent. We, structures which are topologically similar to the paranemic
therefore, conclude that ATP hydrolysis is required joints described by Bianchi et al. (5). However, these form
for the formation of plectonemic structures.
only after a specific order of addition of reaction components.
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MATERIALS ANDMETHODS

~~

The recA and single-stranded DNA-binding proteins of
E s c ~ r ~ c coli
~ i atogether promote the efficient transfer of
strands from linear duplex to circuIar single-stranded DNA
(1-3). After formation of a stable complex between recA and
ssDNA,’ the reaction was found to proceed in two kinetically
distinct steps, D-loop formation followed by directed branch
migration (2, 4). Formation of D-loops could occur in the
presence of ATP& a nonhydrolyzable analog of ATP, suggesting that D-loop formation was independent of branch
migration, which had an absolute requirement for ATP hydrolysis (2). This observation further implied that D-loop
formation which involves a search for homology, unwinding
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DNAs, recA protein, and SSB were prepared as described previously (2). The same recA protein preparation was used tbroughout
except where indicated. ATPyS was purchased from Boehringer
Mannheim. D-loops were measured using assays that detect formation of paranemic and plectonemic joints asdescribed in the accompanying paper (15). A heterologous control was performed for every
assay, and unless explicitly stated no reaction could be detected by
the nitrocellulose filter-binding assay. Plectonemic joints persist after
treatment with 5.2 M GHCl at 32 “C; paranemic joints are dissociated
under these conditions hut remain largely intact following treatment
with 2 M NaCl at 0 “C. The general term “D-loop” will be used to
signify duplex DNA structures that bind to nitrocellulose filters by
virtue of their association with homologous ssDNA. SDS was used as
a protein denaturant as described previously (2). Proteinase K was
obtained from Merck.
ATP hydrolysis was measured using a previously described procedure (8).
RESULTS

Effect of Order of Addition on Formation of Plectonemic
Joints-The effect of order of addition of reactants on the
rate of plectonemic joint formation is shown in Fig. 1. When
recA protein was added after preincubation of the remaining
components, plectonemic joint formation occurred only after
a considerable lag (approximately 5 min) and then increased
linearly with time. Presumably, recA protein must compete
with the already-bound SSB for the =DNA, and the lag is
consistent with the prerequisite formation of sufficient complex to permit pairing.
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FIG. 1. The effect of the order of addition of reaction components on D-loop formation. Reactions were performed as described under “Materials and Methods.” Deproteinization was by
treatment with 5.2 M GHCl at 25 “C. The order of addition for recA
M13mp8 ssDNA, M13mp8 linear duplex DNA,
protein added last (0):
ATP, SSB, recA protein; SSBIATPyS added last (m): recA protein,
M13mp8 ssDNA, M13mpR linear duplex, SSB/ATP; M13mp8 linear
duplex added last (A, A): recA protein, M13mp8 ssDNA, SSB/ATP,
M13mp8 linear duplex.
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FIG.2. D-loop formation in the presence of ATP ( A ) and
ATP76 (B)(linear duplex DNA added last). Reactions performed

as described under“Materials and Methods” contained M13mp8
ssDNA and M13mpS duplex DNA linearized with PstI. Treatment
was with 2 M NaC1, 22 mM EDTA, 0 “C for 10 min (0)or 5.2 M
GHCI, 22 mM EDTA, 32 “C for 10 min (0).
$X174ssDNA and
M13mp8 duplex: DNA deprot,einizationwith 2 M NaC1,22 mM EDTA,
0 “C for 10 min (m) or 5.2 M GHC1,22 mM EDTA, 32 “C for 10 min
(0).recA protein was present a t 1 monomer/3.0 nucleotides of
SSR at 1monomer/8.2 nucleotides; ATP was added at 4 m M
When a mixture of SSB and ATP was used to initiate the ssDNA;
and ATPyS at 200 p ~ A,. A T P R, ATPyS.

reaction, there was a shorter lag (approximately 1.5 min,
measured from zero time to the point of inflection) before a
relatively rapid increase in plectonemic joint formation occurred. Part of the lag may be due to the time required to
complete complex formation. However, it is apparent that the
resulting curves (recA added last, or SSB and ATP added
last) are the products of several effects (including complex
formation and plectonemic joint formation); the kinetics are,
therefore, not amenable to simple interpretation.
When duplex DNA was added to the preformed recA protein-ssDNA complex a shorter lag occurred before the rapid
increase in plectonemic joint formation. This lag was independent of the length of preincubation (15) andis, therefore,
unlikely to be due to timerequired for complex formation.
Comparison of ATP- and ATPyS-dependent D-loop Formation-In the presence of ATP andunder conditions where
the order of addition was optimized (duplex DNA the last
component added), there was a rapid formation of both paranemic and plectonemic joints between M13mp8 ss- and
duplex DXAs (Fig. 2 4 ) . The nonhomologous control reaction
between 4X ssDNA and M13mp8 duplex DNA was negligible
( 4 % ) . A different result was obtained when ATPyS was
substituted for ATP (Fig. 2B). Using conditions that detect
paranemic joints (15), an identical rate of reaction was observed whether or not the DNAs were homologous. Furthermore, the initial rate
of these reactions was about 5-fold lower
than that. for the ATP-dependent formation of paranemic
joints. When treatment that detects only plectonemic joints
was used to monitor pairing in the presence of ATPyS (15),
there was no measurable reaction (heterologous or homologous).
When recA protein (1.7 recA protein monomers/nucleotide)
was added following preincubation of the remaining components of the reaction, ATPyS supported some D-loop formation (4.4% of the total possible reaction) (Fig. 3). These Dioops are unlikely to be plectonemic joints since they were
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FIG.3. The effect of ATPyS on D-loop formation (recA
protein added last). Reactions were performed as described under
“Materials and Methods.” 0 , 4 mM ATP, deproteinization with GHCl
at 25 “C; 0,200 WM ATPyS, deproteinization with GHCl pt 25 “C; A,
$X174 ssDNA substituted for M13mp8 ssDNA (W) treatment was
with GHCl a t 37 “C. recA protein was present at 1 monomer/l.7
nucleotides of ssDNA.

sensitive to further heating (Fig. 3). Furthermore, the conditions of treatment with GHC1’ do not deproteinize completely
the recA protein-ssDNA complexes formed in the presence of
ATPyS (not shown). In contrast, the D-loops formed in the
presence of ATP, presumably plectonemic joints, were not
affected by further heating and showed different kinetics of
formation. It is likely that the ATPyS-depen~ent pairing
depends on protein for stability and may occur by a mechanism different from that with ATP.
Use of SDS as Protein Denaturant-The measurement of
D-loops formed in the presence of ATP or ATPyS using SDS
at 0 “C for 20 s in place of GHCl as a protein denaturant is
shown in Fig. 4.4. The reaction with ATPyS reached a plateau

* P. W. Riddles and I. R. Lehman, unpublished observation.

TABLE
I
Effectof SDS t r e a t ~ non
t st^^^^^ of D-loops
Duplex DNA bound to nitrocellulose
added

Treatment
Experiment

DNA Duplex last"

added
recA protein
4 m M ATP

lastb

200

ATPrS

4 m M ATP

200 PM ATPyS

%

2.11

40.2
Homologous reaction'13.7
12.9
Heterologous reaction
0.49
0.84
0.53
2
SDS/37 "C/proteinase K/30 min
9.58
1.40
3
SDS/37 'C/30 min
11.50
2.13
4
SDS/37 "C/3 min
37.2
SDS/37 *C/9 min
46.5
SDS/37 "C/l2 min
44.9
"The reaction was stopped a t 8 min by the addition of SDS and EDTA at 0 'C. Aliquots were immediately
withdrawn and subjected to the treatmentsindicated.
The reaction was stopped at 3 min by the addition of EDTA at 0 "C, and aliquots were treated as indicated.
M13rnp8 ssDNA and M13mp8 duplex linearized with PstI; recA protein was at 1monomer/l.7 nucleotides of
ssDNA. All other conditions were as described under "Materials and Methods."
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FIG. 5. Effect of temperature of SDS treatment on measurement of D-loop formation with M 1 3 wild-type =DNA and
M l 3 G o r i l duplex DNA linearized with XhoI. Reactions were

performed as described under "Materials and Methods." SDS treatment at 0 "C for 20 sec (U); SDS treatment at 37 "C for 10 min (0).
recA protein was added last at 1monomerfl.5 nudeotidesof ssDNA.
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FIG. 4. Effect of temperature of SDS treatment on measurement of D-loop formation with M l S G o r i l =DNA and
M 1 3 G o r i l duplex DNA linearized with XhoI in the presence
of ATP and ATPyS. Reactions were performed as described under
"Materials and Methods." A, SDS treatment at 0 "C for 20 S. B, SDS
treatment at 37 "C for 10 min in the presence of 4 m M ATP (0)or
200 p~ ATPyS (U). recA protein was added last at 1 monomer/l.5
nucleotides; SSB at 1monomed8.2 nucleotides.

by treatment with SDS at 37 "C.Thus, the ATPyS-dependent
reaction does not require a free homologous end for an efficient reaction. The properties of D-loops formedunder these
conditions are consistent with those of a paranemic joint (5).
When SDS was used as a protein denaturant under conditions in which duplex DNA was the last component added,
little homoio~-dependent
reaction (<2% total) was observed.
We have noted some variability among preparations of recA
protein in their ability to support the ATPyS-dependent Dloop formation, ranging from 5 to 60% of the maximum extent
possible, despite the fact that allother parameters measured
viz. branch migration3 and ssDNA-dependent ATPase
activity' were identical.'
R e q ~ i r e ~ofn ATP
t
~ y ~ r for
o P~ y ~ ~Joint For-~
nwrtion-ATPyS causes recA protein to bind tightly to ssDNA
without measurabledissociation at 37 "C (9).It is also a strong
inhibitor of the ssDNA-dependent ATPase activity of recA
protein (9). To examine directly the effects of ATPyS on
plectonemic joint formation, ATPyS was addedto a reaction
performed in the presence of ATP. As shown in Fig. 6, when
200 p~ ATPrS was added 1.5 rnin after initiation of the
reaction, there was a rapid decline in the rate of plectonemic
joint formation (Fig. 6A) corresponding to an instantaneous
inhibition of ATP hydrolysis (Fig. 6B). When lower concen-

within 3 min and remained at that level for greater than 30
min (not shown). On the other hand, in the presence of ATP
there was a considerable lag before the onset of a slow linear
rate. When identical experiments are performed, but the
temperature of SDS treatment raised to 37 "C (10min), the
products of the reaction with ATP showed moderate sensitivity to this treatment, whereas the products formed in the
presence of ATPyS were promptly dissipated (Fig. 423). The
same results were obtained in an independent experiment
using a different preparation of recA protein (Table I, Experiments 1-3). The addition of proteinase K had little effect
indicating that deproteinization in thepresence of SDS alone
is complete at 37 "C (Experiment 2, Table I). Inasmuch as
SDS is notas effective a protein denaturant at 0 "Cas it is at
37 "C (or 5.2 M GHCl at 32 "C),a plausible inference from
this experiment is that theD-loops formedin thepresence of
ATPyS require protein for their stabilization.
D. A. Soltis and I. R. Lehman, unpublished observation.
When linear duplex DNA containing heterologous ends was
We do not understand the reason for this variability; however,
incubated with ssDNA inthe presence of ATPyS, a reaction the results in the present work were obtained with a single batch of
profile identical to that observed in Fig. 4A was observed (Fig. recA protein that showed a "good" reaction with ATPyS, except for
5). The products of this reaction were virtual& all destroyed experiments I, 2, and 3 of Table I which showeda ''poor" reaction.
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The role of ATPyS in the formation of these paranemic
joints is not clear; however, it is possible that theirreversible
binding of recA protein to ssDNA in the presence of ATPyS
is a crucial factor that enables otherwise unstable structures
to be detected. An important condition for plectonemic joint
formation andbranch migration might be an equilibrium
between recA protein and ssDNA that does not favor completely recA protein-ssDNA complex formation. This equilibrium is presumably ideally approached with ATP.
When duplex DNA is added to the preformed recA proteinssDNA complex, conditions that are optimal for the ATPdependent reaction, no D-loop formation (<2%) occurs in the
presence of ATPyS. A similar observation was madewith the
recl protein from Ustilago maydis and AMP-PNP (12).
g 0.1 In the light of these findings, our previous viewof the
$
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strand exchange reaction requires some modification (1, 2,
I
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13). The conclusion that D-loop (plectonemic joint) is a
TIME Irnin)
kinetically distinct phase that precedes branch migration was
FIG. 6. The effect of addition of ATPyS to an ongoing reaction. A, D-loop formation; B , ATP hydrolysis. The reaction mix- based primarily on the observation that D-loops could form
ture contained 4 mM ATP and was started by the addition of linear in the presence of ATPyS, whereas heteroduplex extension
duplex DNA. ATPrS: 200 PM (A), 45 PM (V),and 0 PM (0)were by branch migration required continual ATP hydrolysis.
The evidence presented here shows that plectonemic joints
added 1.5 min after the addition of linear duplex DNA, shown by
arrows. ATP hydrolysis was measured from the time of addition of do not form without ATP hydrolysis and cannot proceed in
ATP/SSB at -5 min.
the presence of ATPyS. We cannot, therefore, separate strand
exchange into thetwo steps, plectonemic joint formation and
branch migration as suggested previously (1, 2, 13). It is,
trations of ATPyS were used, the result was the same except however, possible that paranemic joints may form without
that therewas a lag before maximal inhibition of both ATPase ATP hydrolysis and may represent a kinetically distinct phase
and plectonemic joint formation occurred. Clearly, there is a in strand exchange. It is relevant to note that paranemic
strong correlation between the ability to form plectonemic joints (formed in the absence of SSB) dissociate upon accujoints and the hydrolysis of ATP. As indicated in Fig. 6B, mulation of ADP (5). Thus, hydrolysis of ATP might allow
there was little difference in the rateof ATP hydrolysis after formation of plectonemic joints after dissociation of parathe addition of linear duplex DNA, suggesting that ATP nemic joints. That is, ATP hydrolysis may be required for the
conversion of paranemic to plectonemic joints. Finally,
hydrolysis occurs independently of the pairing reaction.
ATPyS-dependent pairingreactions have only been observed
in the presence of SSB (1, 2, 14); our observation that DDISCUSSION
loops formed in the presence of ATPyS are paranemic is
ATP and its hydrolysis are required for the continuing consistent with the stabilization of paranemic joints by SSB
formation of plectonemic joints. In the presence of ATP, noted previously (15).
plectonemic joint formation occurs at different rates and to
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