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RecA protein recognises two complementary DNA strands for homologous
recombination. To gain insight into the molecular mechanism, the
thermodynamic parameters of the DNA binding have been characterised
by isothermal calorimetry. Specifically, conformational changes of protein
and DNA were searched for by measuring variations in enthalpy change
(ΔH) with temperature (heat capacity change, ΔCp). In the presence of the
ATP analogue ATPγS, the ΔH for the binding of the first DNA strand
depends upon temperature (large ΔCp) and the type of buffer, in a way that
is consistent with the organisation of disordered parts and the protonation
of RecA upon complex formation. In contrast, the binding of the second
DNA strand occurs without any pronouncedΔCp, indicating the absence of
further reorganisation of the RecA–DNA filament. In agreement with these
findings, a significant change in the CD spectrum of RecA was observed
only upon the binding of the first DNA strand. In the absence of nucleotide
cofactor, the ΔH of DNA binding is almost independent of temperature,
indicating a requirement for ATP in the reorganisation of RecA. When the
second DNA strand is complementary to the first, the ΔH is larger than that
for non-complementary DNA strand, but less than the ΔH of the annealing
of the complementary DNA without RecA. This small ΔH could reflect a
weak binding that may facilitate the dissociation of only partly comple-
mentary DNA and thus speed the search for complementary DNA. The ΔH
of binding DNA sequences displaying strong base-base stacking is small for
both the first and second binding DNA strand, suggesting that the second is
also stretched upon interaction with RecA. These results support the
proposal that the RecA protein restructures DNA, preparing it for the
recognition of a complementary second DNA strand, and that the
recognition is due mainly to direct base-base contacts between DNA
strands.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

The RecA protein plays a crucial role in homo-
logous recombination in Escherichia coli:1,2 it regu-
lates the synthesis of proteins involved in the
recombination reaction, including RecA itself, and
catalyses the exchange of DNA strands. Purified
RecA mimics these activities in vitro in the presence
of cofactor ATP.3–5 For these reactions, RecA first
binds to a single-stranded DNAwith high coopera-
tivity and forms a nucleoprotein filament.6,7 This
d.
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RecA-single-stranded DNA nucleofilament can then
bind a secondDNAmolecule (either single or double-
stranded), to pair complementary parts and catalyse
strand exchange between them.8,9 Eukaryotic homo-
logues of RecA, such as Rad51, form a similar
filamentwithDNA,10–12 indicating that Rad51 uses a
comparable reaction mechanism. RecA can thus be
considered a prototypic recombinase and is for this
reason studied extensively.
Kinetic analyses of the reaction,9 and fluorescence

measurements of probes attached to the DNA
bases,13 indicate that direct base–base interactions
of the Watson–Crick type may occur between
complementary DNA strands in the RecA filament
and contribute to the recognition of homologous
DNA. Structural analyses also indicate that RecA
facilitates hydrogen bonding between the two DNA
strands by stretching and stiffening the DNA,6,14

restricting the local movements of DNA bases,14,15

and orienting them in one direction.14,16 The nucleo-
bases of the second DNA strand are thus oriented
almost coplanar with those of the first bound DNA
strand, assisting their matching interaction.16 The
structure of the first DNA strand in the complexwith
RecA has been studied using NMR on a short
oligonucleotide interactingwith the RecA filament.17

The nucleobases of the oligonucleotide are found to
be unstacked and oriented, as concluded earlier for
longer DNA from linear dichroism and fluorescence
experiments.6,14,16 On the basis of this DNA struc-
ture, a model for the strand exchange reaction has
been proposed.18 However, the structural details of
the reaction intermediates are unknown.19 Further-
more, the complex may undergo a large structural
change during the reaction, and it is still unclear to
what extent the direct contacts between the DNA
strands are decisive for the recognition or “diagnos-
tic contacts” of RecAwith the DNA strands. To reach
a better understanding of the mechanisms involved
in the DNA recognition mediated by the RecA
protein, we have determined the thermodynamic
parameters of RecA–DNA interactions and, in
particular, have considered the potential structural
changes of RecA upon DNA binding, using iso-
thermal titration calorimetry (ITC).
ITCmeasures directly the release or uptake of heat

upon a reaction, i.e. the reaction enthalpy (ΔH) at a
fixed temperature.20,21 We have previously shown,
by this approach, that the ΔH of binding of a second
DNA strand to a pre-formed complex between RecA
and a primary DNA strand depends upon the
sequence complementarity with respect to the first
DNA.22 Here, we extend this type of study by
performing experiments under systematically varied
temperature and buffer conditions. Such analyses
can provide useful structural information, including
conformation changes, for model-building and drug
design.20,21 The variation of ΔH with temperature,
which corresponds to a change in heat capacity
(ΔCp), can reveal a decrease in the accessible surface
areas of the molecules upon complex formation.23,24

This decrease is usually larger when disordered
parts of the molecules becomemore structured upon
interaction.23,24 Structural changes of macromole-
cules can thus be detected. Since the flexible L1 and
L2 loops of RecA are considered to be involved in
DNA binding,25–28 an increased degree of organisa-
tion of these parts upon DNA binding could be
expected,29 and thus associated with the appearance
of a large ΔCp.
In this study, we look for structural changes of

RecA upon binding the first and second DNA strand
by determining the variations in ΔH with tempera-
ture and we complement the investigation by
performing CD measurements. In principle, the
binding constant may be determined by ITC
measurements, giving access to both the ΔG° and
ΔS° of binding. However, an accurate determination
of a binding constant for the RecA–DNA interaction
is obviated by the fact that the oligomerisation of
RecA in the absence of DNA must be taken into
account.7 Hence, we limit the analysis to determin-
ing the specificΔH. Generally, the experiments were
performed in the presence of adenosine 5′-O-3-
thiotriphosphate (ATPγS) the non-hydrolysable
analogue of ATP, because otherwise ATP hydrolysis
during the experiment would severely perturb the
calorimetric measurements. In addition, and con-
veniently, the reaction stops at the binding step of
the second DNA strand in the presence of ATPγS
without the release of the DNA strand.30,31 We can
thus measure directly the binding enthalpy by
experiments performed in the presence of ATPγS.
Moreover, in the presence of ATPγS, a non-
complementary DNA strand can be bound to the
second site of RecA but with less affinity than the
complementary DNA strand.30 Some experiments
were performed in the absence of nucleotide to
understand the role of the nucleotide cofactor in the
reaction.
Results

Temperature-dependence of ΔH for complex
formation of RecA with DNA

We performed calorimetric titrations at different
temperatures in order to assess any changes in heat
capacity,ΔCp, between reaction and product species
involved in the formation of the RecA–DNA
complex. To avoid the formation of aggregates, we
carried out the experiments with short oligonucleo-
tides of 32 bases (or base-pairs).16 Typical isothermal
titrations of RecAwith oligo(dT) in the presence and
in the absence of ATPγS are shown in Figure 1. In the
presence of ATPγS, when RecA can bind two DNA
molecules with a stoichiometry of three bases per
RecA subunit for each DNA strand,14 we observed
two steps of ΔH: the ΔH per added amount of DNA
was large and nearly constant up to a ratio of three
DNA bases/RecA monomer, while above this ratio
it became smaller but was almost constant in the
interval between three and six DNA bases/RecA
monomer (Figure 1(a)). Beyond six DNA bases/



Figure 2. Change in binding enthalpy of first and
second oligo(dT) to RecA with temperature. ΔH of
binding of first oligo(dT) to free RecA in the presence
(filled circles) and in the absence (open circles) of ATPγS,
and that of second oligo(dT) to the RecA-oligo(dT)
complex (triangles) and the RecA-oligo(dA) complex
(squares) in the presence of ATPγS were determined
from ITC measurements, as shown in Figure 1, at various
temperatures. They are presented as a function of
temperature to estimate the ΔCp of each reaction.

Figure 1. Example of isothermal titration of RecA by
oligo(dT). Isothermal calorimetry (ITC) measurements
were performed at 25 °C and pH 7.4 by injecting oligo
(dT) in steps to 2 μMRecA (a) in the presence and (b) in the
absence of 80 μM ATPγS.
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RecA, the heat dissipation was very small or
insignificant. The first, larger heat release of reaction
corresponds to the binding of the first DNA, while
the second, smaller heat release is due to the binding
of the second DNA. In the absence of nucleotide
cofactor, when RecA binds only one DNA
molecule,14 we observed only a single ΔH step: the
ΔH per added amount of DNAwas large and almost
constant up to a ratio of four DNA bases/RecA
monomer, while the reaction heat was insignificant
above this ratio (Figure 1(b)).
The ΔH of the binding of DNA in absence of the

nucleotide cofactor was almost independent of tem-
perature (Figure 2). ΔCp was then only −20 cal/mol
of RecA monomer K−1, a typical value for a non-
specific DNA–protein interaction,32 indicating an
absence of reorganisation of RecA, as well as DNA,
in the complex formation. In contrast, the ΔH of the
binding of the first DNA strand in the presence of
ATPγS depended strongly upon the temperature
and increased in amplitude approximately linearly
with temperature (Figure 2), giving aΔCp of −600 cal
mol−1 K−1. This result suggests some reorganisation
of RecA and/or DNA. TheΔH for the binding of the
second DNA strand showed considerably less
dependence upon the temperature and ΔCp here
was only −100 cal mol−1 K−1 (Figure 2). There may
be much less structural change upon binding the
second DNA strand. Supporting this conclusion is
the observation that the CD spectrum of RecA was
affected significantly by the addition of oligo(dT) but
only up to a stoichiometry of three bases per RecA
subunitwithATPγS (corresponding to the saturation
of the first DNA-binding site),33 while no significant
change in CD was observed upon adding oligo(dT)
in excess of this stoichiometry (corresponding to the
binding of the second DNA molecule) or binding
without nucleotide cofactor (data not shown).
Very similar results (regarding ΔH and ΔCp for

binding both the first and second DNA strands)
were obtained when poly(dT), some 200 bases long,
was used (Table 1), indicating that the conclusion
obtained with short oligonucleotides is valid also for
the binding of longer DNA. Since the binding of
RecA to DNA depends on DNA sequence (or DNA
conformation), we performed the same experiments
using two other oligonucleotides, oligo(dA) and
oligo(dG-dT). The binding of oligo(dA), which is the
least favoured,22,34,35 most likely because of its
pronounced base self-stacking as a single strand,36

displayed smaller enthalpies for the binding of both
the first and the second DNA strand as compared to
the corresponding enthalpies of oligo(dT) binding
(Table 1). This observation suggests that unstacking
of nucleobases occurs upon the binding of both the
first and the second DNA strand. The binding of
oligo(dG-dT), which is a favoured DNA sequence
for RecA interaction,34,35 exhibited a ΔH similar in
amplitude to that of oligo(dT) (Table 1). Somewhat
surprisingly, the temperature-dependence was
almost independent of DNA sequence (Table 1):
about −600 cal mol−1 K−1 for the first DNA strand
and about −100 cal mol−1 K−1 for the second DNA



Table 1. Effect of DNA sequence on the enthalpy (ΔH)
and heat capacity (ΔCp) changes for the binding of the first
and second DNA to RecA at 25 °C

DNA added Solution
ΔH

(kcal/mol)
ΔCp (cal
mol−1K−1)

A. First DNA binding
Oligo(dT) RecA −2.2±0.14 −600±42
Oligo(dA) RecA −0.5±0.17 −660±53
Oligo(dG-dT) RecA −1.9±0.13 −580±48
Poly(dT) RecA −2.4±0.15 −600±45

B. Second DNA binding
Oligo(dT) RecA/(dT) −0.9±0.15 −100±24
Oligo(dA) RecA/(dA) −0.2±0.16 n.d.
Oligo(dG-dT) RecA/oligo(dG-dT) −0.4±0.14 −110±22
Oligo(dT) RecA/(dA) −3.3±0.13 −120±10
Oligo(dA) RecA/(dT) −1.9±0.15 −160±18
Poly(dT) RecA/(dT) −0.6±0.15 −90±24
Oligo(dA):(dT) RecA/(dA) −0.4±0.16 n.d.
Oligo(dA):(dT) RecA/(dT) −1.0±0.13 −40±32
Oligo(dA):(dT) RecA/oligo(dG-dT) no binding n.d.
Oligo(dG-dT):

(dC-dA)
RecA/oligo(dG-dT) −0.5±0.17 −30±28

C. Without ATPγS
Oligo(dT) RecA −1.1±0.16 −20±19

D. Without RecA
Oligo(dT) oligo(dA) −7.0±0.13 n.d.

n.d.: not determined.
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strand in all cases. The ΔCp for the binding of the
first oligo(dA), which is expected to undergo a larger
structural change when passing from the pronoun-
ced stacked free state to the presumably unstacked
bound state, was thus similar to that of oligo(dT)
(−660 cal mol−1 K−1 versus −600 cal mol−1 K−1). This
observation suggests that the largeΔCp of binding of
the first DNA strand ismainly due to conformational
changes and interactions of the protein, although
some contribution from conformational changes of
DNA cannot be excluded.

ΔH for binding of complementary second DNA
and its temperature-dependence

We have observed that the enthalpy of binding of
a second DNA strand depends upon the sequence of
the first DNA and is larger when the DNAs are
complementary.22 We measured, at systematically
varied temperature, theΔH of binding oligo(dT) to a
pre-formed RecA–oligo(dA) complex and compared
it with that of oligo(dT) to a pre-formed RecA–oligo
(dT) complex. We performed the same analysis for
the binding of oligo(dA). As observed previously,
the enthalpies for binding a second DNA strand
were larger in amplitude when the first DNA strand
was complementary to the second one (Table 1).
However, in all cases, the temperature-dependence
of ΔH (i.e. ΔCp) was small and similar to that of the
binding of a non-complementary second single-
stranded DNA (Table 1).
The study showed also that the ΔH of binding of

oligo(dT) to the complementary RecA–oligo(dA)
complex is greater in amplitude than that of oligo
(dA) binding to the complementary RecA–oligo
(dT) complex (Table 1). The binding of oligo(dA) to
the second site was also less favoured than that of
oligo(dT) in comparable situations. At the same
time, the ΔCp for the binding of oligo(dA) as the
second DNA strand was larger than that for poly
(dT) (−160 versus −120 cal/mol/°K), like in the case
of binding oligo(dA) as the first DNA strand (−660
versus −600 cal mol−1 K−1) (Table 1). This difference
may be related to some additional structural changes
for binding oligo(dA), such as the unstacking of
DNA bases.37
For comparison, we measured the ΔH of anneal-

ing of oligo(dT)/oligo(dA) in the absence of RecA by
adding oligo(dT) to an oligo(dA) solution. We
obtained a ΔH of −7 kcal mol−1 of bases (Table 1).
This value is much larger than that for the binding of
oligo(dA) to the RecA–oligo(dT) complex. The hy-
drogen bonds between the bases of oligo(dT) and
oligo(dA) may thus be regarded as considerably
weakened by RecA. This conclusion is in agreement
with the notion that the hydrogen bonds of a nucleic
acid double helix derive their strength from the
hydrophobic environment of stacked bases.
Finally, the binding of double-stranded DNA to

the second site of RecAwas examined. The binding
of oligo(dA):(dT) to the RecA–oligo(dT) or RecA–
oligo(dA) complex was exothermic, like the bind-
ing of single-stranded complementary DNA, but
presented a smaller ΔH (Table 1). We did not
observe any significant ΔH signal upon adding
oligo(dA):(dT) to the non-complementary RecA–
oligo(dG-dT) complex, reflecting an absence of
interaction. This was confirmed by linear dichroism
measurement: the addition of oligo(dA):(dT) dou-
ble-stranded DNA to the RecA–oligo(dT-dG) com-
plex did not affect the linear dichroism signal,
while that to the RecA–oligo(dT) or RecA–oligo
(dA) complex showed an additional negative linear
dichroism signal around 260 nm (data not shown).
In contrast, when oligo(dT-dG):(dA-dC) double-
stranded DNA was added to the complementary
RecA–oligo(dT-dG) complex, a ΔH of −0.5 kcal
mol−1 was observed, supporting the notion that a
marked enthalpy is associated with the recognition
of complementarity. The ΔH varied only slightly
with temperature (Table 1), indicating an absence of
a significant reorganisation of the RecA-DNA fila-
ment for the binding of the second DNA, also in the
case of complementary double-stranded DNA.

Effect of pH

Binding of RecA to DNA is favoured by a pH
below neutral.22,38,39 Fluorescence measurements
show that the binding of RecA to fluorescein-labelled
oligo(dA) is faster at pH 6.2 than at pH 7.4 (data not
shown), as was also observed by Chabbert and
colleagues for RecA binding to poly(dεA).38 This pH-
dependence could be the result of some pH-
dependent structural change of RecA: the protein
might be more structured at the lower pH, and this



Figure 4. Effect of pH on the secondary structure of
RecA. CD spectra of 1 μMRecAwere measured at 25 °C at
pH 6.4 (continuous line) and at pH 7.4 (broken line). The
pathlength of the cell was 0.2 cm.
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structure may be similar to that in the final complex,
and thus less structural change would be required
for DNA binding. In this case, a smallerΔCp at lower
pH would be expected because of the smaller
structural rearrangement of RecA for DNA binding.
To investigate this hypothesis, we performed calori-
metric measurements at pH 6.2 to compare them
with those observed at pH 7.4.
Interestingly, the temperature-dependence of ΔH

for the binding of the first DNAwas significantly less
at lower pH (Figure 3). ΔCp was −420 cal mol−1 K−1

at pH 6.2 but as much as −600 cal mol−1 K−1 at pH
7.4. This suggests that less organisation of RecA
upon DNA binding is required at lower pH so there
could be some pH-dependent conformational
change of RecA. Careful inspection of the CD
spectrum of RecA showed that a negative band
around 210 nm was somewhat larger at pH 6.2 than
at pH 7.4 (Figure 4), supporting this proposition. The
observation that pH affects both ΔCp and the
structure of RecA (in the absence of DNA) further
supports the conclusion that the large ΔCp detected
for the binding of the first DNA is mainly due to
conformational changes of RecA, including the
effects of RecA–RecA interactions. The ΔCp for the
binding of the second DNAwas, within experimen-
tal error, independent of pH (Figure 3).

Effect of buffer

We examined the possibility of proton uptake (or
release) upon complex formation. Calorimetry
measures the entire enthalpy change of a reaction,
including solvent and ion-exchange, protonation of
buffer by protons released upon complex formation
(or deprotonation of the buffer by uptake of protons
by the complex), etc.40 Since the enthalpy of
protonation of a buffer depends upon its nature,
Figure 3. Effect of pH on enthalpy and heat capacity
change of the binding of oligo(dT) to RecA. ΔH of binding
of first (circles) and second (triangles) oligo(dT) to RecA
with ATPγS were determined at various temperatures at
pH 6.2 (open symbols) and pH 7.4 (filled symbols), as
noted in Figure 2. They are presented as a function of
temperature.
one can obtain an estimate of the number of protons
released or involved upon complex formation by
performing the reaction in various buffers. We
carried out ITC measurements of RecA–oligo(dT)
interactions in Tris–HCl and in cacodylate buffer, as
well as in the phosphate buffer. The enthalpy of
binding the first DNA strand was found to be much
smaller in amplitude in Tris–HCl buffer than in
Figure 5. Proton uptake upon binding of oligo(dT) to
RecA. To estimate the proton uptake of the reaction,ΔH of
binding of first (filled circles) and second (open triangles)
oligo(dT) to RecAwere determined by ITC measurements
at pH 7.4 in Tris–HCl, phosphate, and cacodylate buffers.
They are presented as a function of the ionisation enthalpy
of the buffer (Tris: 11.3 kcal mol−1; phosphate: 1.2 kcal
mol−1; cacodylate: −0.55 kcal mol−1).
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phosphate buffer at pH 7.4 (Figure 5). This buffer
dependence is not due to a difference in the binding
mode of the buffer, because a salt back-titration
experiment of the ATP–RecA–poly(dεA) complex
showed no significant difference according to the
nature of the buffer (data not shown). From these
data, it can be concluded that there is an uptake of
about 0.5 proton per RecA monomer upon binding
of the first DNA strand.
Only a minor dependence on the choice of buffer

was observed for the binding of the second DNA
strand (Figure 5), indicating an absence of further
protonation of RecA upon the binding of the second
DNA strand. This is the case also for the binding of a
complementary, second DNA strand. The binding of
oligo(dT) to a pre-formed complementary RecA–
oligo(dA) complex appears almost independent of
the nature of the buffer (data not shown). This
indicates that the recognition of complementary
DNA may not involve any net uptake of protons.
Discussion

The present calorimetric characterisation of RecA–
DNA interactions shows that the recognition of a
complementary strand of DNA is favoured by
enthalpy, but not associated with any large heat
capacity change, just like the binding of non-
complementary DNA. Thus, the recognition of a
complementary DNA does not seem to require any
additional structural change of the RecA filament.
Our results support the proposal that RecA plays the
role of a scaffold for the DNA strands, and that the
recognition occurs mainly through hydrogen bond-
ing between complementary DNA bases. Our
previous fluorescence analysis indicates that the
DNA bases of the first DNA are exposed to
solvent,13 and thus could interact with the bases of
the second DNA strand without a requirement for
any further structural reorganisation of the RecA
filament. Linear dichroism measurements support
our conclusion about the absence of any significant
change in the structure of the RecA–DNA filament
upon binding of the second DNA strand.16,41

The difference in ΔH between the binding of
complementary and non-complementary DNA is
rather small, of the order of 1–2 kcal/mol. A recent
simulation analysis of the pairing reaction by Fulconi
et al. showed that such a small difference favours
rapid pairing of complementary DNA strands by
facilitating the dissociation of mispaired DNA with
partially complementary sequences.42 It should be
noted that the ΔH of binding of a complementary
DNA in the RecA fibre complex is smaller than that
for the formation of a poly(dT):poly(dA) duplex in
the absence of RecA. Thus, RecA may allow only a
relatively weak interaction between the two DNA
molecules, with a correspondingly reduced activation
barrier to dissociation and, in this way, facilitate a
rapid search for homology.
In contrast to the binding of the second DNA, a

large temperature-dependence of ΔH was observed
for the binding of the first DNA strand (in the
presence of ATPγS). This may be interpreted in
terms of a considerable decrease in the accessible
surface areas of RecA and/or DNA upon binding
the first DNA strand. Several explanations could
account for such a change: (1) an altered structure of
DNA, such as the stretching known to occur upon
binding RecA;6 (2) change in subunit–subunit
contacts of RecA for the formation of the nucleofila-
ment with DNA; or (3) organisation of disordered
parts of RecA. The first explanation appears
insufficient alone, because ΔCp depends only
slightly upon the type (base-stacking state) of
oligonucleotide. The second explanation may not
be sufficient either, because RecA forms filamentous
aggregates in the absence of DNA,7 and the filament
structure depends only to a minor extent on the
presence of DNA.43 Under the present experimental
conditions, the average size of RecA oligomers is
larger than a 30-mer.7 Simply increasing the size of
the filament upon DNA binding should, therefore,
not affect ΔCp so much. In fact, the ΔH of formation
of the DNA–RecA complex filament without ATPγS
was almost independent of temperature. Changes in
the RecA–RecA interface upon DNA binding are
probably not very large compared to the change
expected upon binding ATP.44 The helical pitch of a
pure RecA filament (without DNA but with ATPγS)
is about 9 nm.43 This pitch is significantly larger than
that of RecAwithout nucleotide (7 nm) and compar-
able to that of the complex with ATPγS and DNA
(9.5 nm). Thus, the most probable explanation is the
organisation of disordered parts of RecA upon
binding the first DNA strand. This conclusion is
supported by the observed change in the CD signal
of RecA protein upon DNA binding.33 It has been
reported that a separate peptide chain of 20 amino
acid residues derived from the L2 loop of RecA,
which is involved in DNA binding, undergoes a
structural change from random to β-pleated sheet
upon DNA binding.29 Such a change could occur in
the native RecA protein upon DNA binding,
although the CD change observed could not be fit
by any simple change between canonical secondary
structures.33 Some protein–DNA contact might
affect the CD signal. In contrast to the binding in
the presence of ATPγS, the ΔCp for binding without
nucleotide cofactor was very small. Hence, ATP is
necessary for the structural changes of RecA. ATP is
essential for the activation of RecA: it is required for
the elongation of DNA, for the immobilisation of
DNA bases and for the binding of the second DNA.
Thus, the structural changes of RecA indicated by
our ITC measurements may be related to the
activation of RecA.
The observations that ΔCp is smaller at lower pH

and that protonation is required for DNA binding
could indicate that RecA undergoes some conforma-
tional change upon proton uptake, and that the
lower-pH form is the active one for DNA binding.
The modest electrostatic effect of protonation seems
unlikely as the only enhancer of DNA binding, and
indeed the CD measurements support the conclu-
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sion that a significant conformational change occurs
in RecA upon protonation. We note that each RecA
protein unit seems to require, on average, about 0.5
proton for the binding of the first DNA strand. This
indicates that one proton is taken up per binding of
two RecA subunits. A dimer form could very well be
a functional unit of RecA, although the RecA filament
is organised in a head-to-tail arrangement of mono-
mer subunits.7,45 A recent crystallographic analysis
of the RecA homologue ScRad51 indicates that a
dimer is a structural unit of the Rad51 filament.46

The ΔH of interaction depends clearly upon DNA
sequence, and is smaller in amplitude for DNAwith
strong base-stacking. Nucleobases of oligo(dA), to
which binding of RecA is less favoured, exhibit
strong adenine-adenine stacking.36 The smaller ΔH
for double-stranded DNA could be explained by its
more extensive state of stacking. RecAmay require a
certain amount of free energy to unstack the DNA
bases for its interaction. The observation that theΔH
of the binding of the secondDNA strandwas smaller
for DNAwith a strong base-stacking tendency could
thus indicate that the bases of the second DNA
strand are unstacked too. In fact, the binding
stoichiometry for the second DNA is about three
bases (3 bp for double-stranded DNA)/RecA mole-
cule, just as for the first DNA strand.14 Since the
helical structure of the RecA filament is virtually
unaffected by the binding of a second DNA strand,47
the bases of the second DNA strand have to be
unstacked as well to fit to the stretched first DNA
strand in the filament.
Our results support the proposition that RecA

modifies the structure of DNA for the recognition of
homologous DNA by facilitating direct base–base
contacts between complementary DNA strands in
its filament.
Materials and Methods

Protein and oligonucleotides

RecA was prepared as described.48 Oligonucleotides of
36 bases were provided by Genset and used without
further purification. The concentrations were determined
by measuring UV absorption using the following absorp-
tion coefficients: ε280=2.17×10

4 M−1 cm−1 for RecA, ε264=
8.5×103 M−1 cm−1 for oligo(dT), ε257=8.6×10

3 M−1 cm−1

for oligo(dA) and ε256=9.2×10
3 M−1 cm−1 for oligo(dG-

dT). The absorption coefficients for the oligonucleotides
were determined from their UVabsorption after digestion
to mononucleotides by incubation for 24 h with a mixture
of nucleases (DNase I from pancreas and phosphodiester-
ase I from cobra venom, Sigma) and expressed in base
units. ATPγS was from Boehringer Mannheim.

Isothermal calorimetry

The measurements were performed mainly with a
Microcal Omega ITC apparatus, which was thermostati-
cally controlled at 5 deg.C below the experimental
temperatureswith the help of aNesLabRTE 111 circulating
waterbath. Some experiments were carried out in a
Microcal VP-ITC apparatus. Concentrated oligonucleotide
solution (500 μM in bases) was injected stepwise (in
general 2.5 μl per injection) into 2 μM RecA containing
80 μM ATPγS. The duration of measurement for each
injection was 300 s. The injection syringe was rotated at
400 rpm and served as a stirrer. The ΔH due to dilution of
DNA was corrected. All solutions were degassed exten-
sively by stirring under vacuum immediately before
measurement. The measurements were usually performed
in 10 mM potassium buffer with 1 mMMgCl2, and the pH
was adjusted to 6.2 or 7.4 with NaOH. When Tris–HCl or
cacodylate buffer was used in place of phosphate, the
concentration was 20 mM.

Circular dichroism measurements

CDwas measured with a Jasco J-810 spectropolarimeter
using a quartz cell with a pathlength of 1 cm or 0.2 cm
(Hellma, Germany). The temperature of the cell was
controlled by a programmable Peltier effect device. The
spectra were measured at 20 °C in step mode (data pitch,
0.1 nm; bandwidth,2 nm; response time, 0.25 s) and
averaged over three scans. Thermal denaturation of RecA
was monitored by a change in CD signal at 222 nm
(bandwidth, 10 nm; response time, 1 s) with a temperature
increase of 1 deg.C/min. The measurements were made
with continuous stirring of the sample solution to ensure
temperature homogeneity.
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