
RESEARCH ARTICLE

A Single-Strand Annealing Protein Clamps
DNA to Detect and Secure Homology
Marcel Ander1, Sivaraman Subramaniam2, Karim Fahmy3, A. Francis Stewart2*,
Erik Schäffer1,4*

1 Nanomechanics Group, Biotechnology Center, TU Dresden, Dresden, Germany, 2 Department of
Genomics, Biotechnology Center, TU Dresden, Dresden, Germany, 3 Division of Biophysics, Institute of
Resource Ecology, Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany, 4 Cellular Nanoscience,
Center for Plant Molecular Biology (ZMBP), Universität Tübingen, Tübingen, Germany

* francis.stewart@biotec.tu-dresden.de (AFS); erik.schaeffer@uni-tuebingen.de (ES)

Abstract
Repair of DNA breaks by single-strand annealing (SSA) is a major mechanism for the main-

tenance of genomic integrity. SSA is promoted by proteins (single-strand-annealing pro-

teins [SSAPs]), such as eukaryotic RAD52 and λ phage Redβ. These proteins use a short

single-stranded region to find sequence identity and initiate homologous recombination.

However, it is unclear how SSAPs detect homology and catalyze annealing. Using single-

molecule experiments, we provide evidence that homology is recognized by Redβmono-

mers that weakly hold single DNA strands together. Once annealing begins, dimerization of

Redβ clamps the double-stranded region and nucleates nucleoprotein filament growth. In

this manner, DNA clamping ensures and secures a successful detection for DNA sequence

homology. The clamp is characterized by a structural change of Redβ and a remarkable sta-

bility against force up to 200 pN. Our findings not only present a detailed explanation for

SSAP action but also identify the DNA clamp as a very stable, noncovalent, DNA–protein

interaction.

Author Summary

High-fidelity repair of DNA breaks begins with accurate annealing of the complementary
DNA strands. How sequence homology is efficiently detected—error-free—and eventually
secured together on the molecular level is a fundamental, unsolved question. In this
study, we show that the single-strand annealing protein Redβ initially recognizes sequence
homology in the single DNA strands. Redβ then dimerizes to act as a molecular clamp of
unprecedented strength that holds the strands together during the stage of strand anneal-
ing. This clamp secures and concludes the search for homology in the genome by initiating
a nucleoprotein filament. Furthermore, the clamp may serve to hold broken chromosomes
together against forces occurring during cell division. This mechanism may be a general
paradigm for other protein recognition and nucleation processes.
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Introduction
In living cells, the genome is constantly being damaged by environmental agents [1]. Amongst
an arsenal of repair pathways, double-strand break repair (DSBR), initiated by single-strand
annealing proteins (SSAPs), is central for the maintenance of genomic integrity [2,3]. Recently,
a new superfamily of SSAPs that includes RAD52 and Redβ from λ phage (GeneID: 3827055;
protein accession: NP_040617) as prominent members has been identified [4,5]. In contrast to
the RAD51/RecA family, which also binds single-stranded DNA (ssDNA) and initiates DSBR
via single-strand invasion, these SSAPs are not ATPases and employ a mechanism that remains
poorly understood [4,6]. In addition to a recently detected amino acid signature, SSAPs share
several biochemical properties, including weak ssDNA but mostly no double-stranded DNA
(dsDNA) binding and oligomerization to higher order, usually ring-like structures [7–10].
These spectacular structures have been the source of models relating the rings to the promotion
of annealing [6,11]. However, ring structures have only been seen at high protein concentra-
tions, which have also been reported to impair DNA binding and annealing activity [12–15].
Thus, it is unclear what role SSAP rings may play during annealing. Furthermore, in no case
has the size of the reactant annealing complex or how homology detection proceeds and is
eventually secured been determined. Consequently, the models based on the involvement of
ring structures in homology detection and subsequent annealing catalysis [6,11] have been
challenged [4,16]. In addition, several other key questions remain unanswered. How can
homology be detected by proteins that bind DNA in a sequence-independent manner, and
how is the fidelity of recombination ensured against false positives?

To address the above questions, we investigated the paradigm SSAP, Redβ from phage λ,
using optical tweezers and three different single-molecule assays employing (i) cycles of
dsDNA hairpin unzipping and annealing, (ii) preannealed Redβ filaments, and (iii) nicked
dsDNA. These assays were complemented by gel shift, fluorescent correlation spectroscopy,
and in vivo measurements to deduce that annealing promoted by Redβ is initiated by mono-
mer, not ring, binding, which becomes stabilized upon a homology-dependent conformational
change of a dimer that clamps the annealed strand with remarkable stability. We also support
these conclusions by theoretical modeling of the annealing process.

Results

RedβWeakly Holds DNA Together during Initial Strand Annealing
Redβ forms a nucleoprotein filament whilst annealing DNA [12,17]. To investigate the mecha-
nism for DNA strand annealing by SSAPs at single-molecule resolution, we used optical twee-
zers [18–22]. Optical tweezers are a sensitive position and force transducer, whereby a small
particle—typically a microsphere used as a handle for the experiment—is held in a tightly
focused laser. We designed a dynamic optical tweezers experiment to repeatedly unzip/zip up a
DNA hairpin tethered between a microsphere and a surface in the presence and absence of
Redβ (Fig 1A and 1B; Section A, Fig AA, and Table A in S1 Text). To unzip/zip up the DNA
hairpin, the surface was moved back and forth relative to the stationary trapping laser using a
piezoelectric translation stage (blue lines in inset of Fig 1C) and recorded the position and
force on the DNA-tethered microsphere as a function of time. From the position relative to the
DNA anchor point, we calculated the DNA extension and plotted the force versus this exten-
sion (Fig 1B). In a typical experiment lasting multiple rounds of unzipping and annealing, we
observed the following events: Redβ had no effect on the initial unzipping force (not shown),
concordant with its inability to bind dsDNA. However, upon force release, DNA strand anneal-
ing during zipping up was impaired in the presence of Redβ, indicating Redβ binding to the
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exposed single DNA strands without the promotion of DNA annealing. The impairment
showed up as a pronounced hysteresis and drop in force compared to strand annealing without
Redβ (Fig 1B). Subsequent unzipping in the presence of Redβ exhibited distinct force peaks
above the control unzipping plateau (control Fplateau� 17 pN; Redβ force peaks ΔF = Funzip−
Fplateau = 12 ± 3 pN, where Funzip is the maximum rupture force at which the dsDNA unzips;
Fig 1B and inset). These 12-pN force peaks were typically observed at high loading rates (�800
pN/s) and occurred at the same position as the annealing hysteresis, indicating the persistence
of Redβ binding. At low loading rates (�40 pN/s), the annealing hysteresis and unzip force
peaks were not apparent, implying that the binding interaction was weak [23]. Notably, the
number of force peaks accumulated with increased number of unzip/zip up cycles, again sug-
gesting that Redβ remains attached after DNA annealing. After repeated unzipping cycles, we
observed a dramatic transition of dsDNA to an extremely stable state. Within one unzipping
cycle (inset Fig 1C), resistance increased up to a plateau at�60 pN, which corresponds to the
known force for the overstretching transition of dsDNA (here, of the dsDNA anchor segments,
Fig 1C, [24]). Finally, after the 60-pN plateau, the DNA ripped off its anchors (not shown). As
noted above for the 12-pN force peaks, immediately prior to these events, a drop in force dur-
ing annealing was observed at the same position as the subsequent development of>60 pN
resistance (Fig 1C arrow and inset).

High Forces Are Required to Dissociate Nucleoprotein Filaments
Two unexpected observations were made in the experiments summarized in Fig 1. First, Redβ
apparently interfered with DNA annealing in the first rounds of unzipping. Second, after this
interference, which presumably reflects stochastic Redβ binding, nodes resistant to unzipping

Fig 1. Optical tweezers separation force measurements reveal nucleoprotein–DNA interactions. (A) Schematic of optical tweezers unzipping
experiments (not drawn to scale) using a 3.5-kbp DNA hairpin (blue-grey). Redβmonomers (red) do not bind dsDNA. (B) Typical traces of force versus DNA
extension during DNA unzipping (solid lines) and zipping up/annealing (dashed lines) in the absence and presence of Redβ. The inset schematic illustrates
two monomers that formed a nucleoprotein complex at random locations on the DNA hairpin after an unzipping/annealing cycle. Inset graph in (B): histogram
of 2,209 rupture forces ΔF (red bars) relative to the plateau of regular unzipping. Low rupture forces are due to the background (gray bars in the absence of
Redβ). A sum of Gaussians was fit to the histogram. The peak due to Redβ is indicated by a black line. (C) Force versus extension traces after repeated
cycles of unzipping and annealing when unzipping became blocked (red curves). The arrow indicates the drop in annealing force that always occurred at the
location and prior to the force increase in the subsequent unzipping cycle. The schematic indicates a nucleoprotein filament complex consisting of more than
a Redβmonomer. Inset in (C): time course of the curves plotted in (C) showing the time sequence of annealing impairment and subsequent resistance. The
initial time point of the rounds of unzipping traces was arbitrarily set to 0 s.

doi:10.1371/journal.pbio.1002213.g001
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accumulated, first to scattered�12-pN sites and then dramatically to>60-pN resistant seg-
ments. To understand these observations, we evaluated the stable Redβ nucleoprotein filament
directly by preassembling a 123-bp filament (Fig 2). To exert forces large enough to rupture the
filament, we had to stabilize the anchors (Section A, Fig AB, and Table A in S1 Text) and opti-
mize the optical trap for high and constant forces. While applying an increasing force to the fil-
ament, we first observed the overstretching transition of the dsDNA anchor strands at�60 pN
(Fig 2B, compare with Fig 1C). Subsequently, the nucleoprotein filament dissociated in a step-
wise manner, with unzipping forces exceeding 200 pN (Fig 2B and inset)—much larger than
the force peaks observed in the dynamic hairpin unzipping assay. Since we strained the dsDNA
anchors several seconds before reaching these high forces, we expect that the dsDNA anchor
strands were fully unwound [25] and that the disassembly steps were due to nucleoprotein fila-
ment disassembly and not due to internal DNA transitions [26]. The stepwise disassembly sug-
gested that Redβmolecules dissociated individually from the nucleoprotein filament. We
cannot deduce whether the protein dissociated completely from the DNA or was still bound to
one of the strands. Since the force and extension in this measurement changed with every step,
it was difficult to determine the length of dissociated DNA per step. To measure this length
and, thus, the number of bases per Redβ disassembly step, we used a three-dimensional force
feedback operating at a constant force of�200 pN (Fig 2C) and an unbiased step finding algo-
rithm [21]. After converting the observed step sizes from nanometers to base pairs accounting
for the extension of the DNA, the main peak has an average unzipping step size of 10 ± 2 bp
(Fig 2D). This size agrees well with atomic force microscopy measurements of 11 ± 3 bp bound
by each Redβmonomer within the nucleoprotein filament [4] and supports the conclusion that
individual Redβmolecules were disassembled from the filament. The other peaks may be due
to partial or dimer dissociation or possibly occasional slow transitions of the dsDNA anchor
strands from stretched DNA (S-DNA) to peeled DNA, which should not affect the main peak
[26]. As well as the stepwise disassembly, the data show that the nucleoprotein filament is
extraordinarily stable against strand unzipping forces and indicate that (i) the>60-pN force
plateau observed in Fig 1 arose from a stable Redβ filament and (ii) the 12-pN force peaks did
not arise from a stable Redβ filament but rather from a different binding event, likely to be a
precursor to stable filament assembly.

The 123-bp Redβ filament should include�12 Redβmonomers (i.e., 123/10). To evaluate
the stability of a presumptive dimer filament, we set up the same pulling assay using Redβ—
annealed, 25-nucleotide, complementary ssDNAs (Fig 2E, Fig AC and Table A in S1 Text). For
more than 20% of the traces, we measured forces larger than 100 pN with maximum forces
also exceeding 200 pN. Moreover, the separation occasionally (in 15 out of 164 traces) occurred
in a stepwise manner (insets Fig 2E), again indicating the disassembly of individual Redβ
monomers from the short nucleoprotein filament. Furthermore, for 50% of the recorded
curves, forces greater than the 12-pN force peaks observed in Fig 1 were recorded, with an aver-
age of more than 30 pN (Funzip = Fplateau + ΔF� 17 pN + 12 pN� 30 pN). In contrast, only
10% of annealed strands without Redβ exceeded this value (Fig 2E). The broad unzipping force
distribution is probably implicit to the force-induced dissociation process [23]. Because the
short 25-bp filament consisted most likely of a Redβ dimer and separation forces were much
larger than the initial 12-pN force peaks recorded when unzipping hairpins, these data suggest
that (i) the 12-pN force peaks were caused by random monomer binding events, (ii) dimer for-
mation is the decisive step in strongly clamping strands together, (iii) a lateral contact between
Redβmolecules has formed upon dimerization, and (iv) a dimer or trimer Redβ filament can
form a stable complex sustaining forces of up to 200 pN.

To evaluate dimer formation in nucleoprotein filament formation, we used an electrophoretic
mobility shift assay (EMSA). In the assay, we annealed complementary ssDNA oligonucleotides
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of different lengths from 10 to 22 b in the presence of a fixed concentration of Redβ at a Redβ/
ssDNAmolar ratio�2. Nucleoprotein filament formation required a minimum length of 16 bp
and saturated at 20 to 22 bp (Fig 2F), again indicating that at least two Redβmolecules must be
bound to establish a stable complex.

Redβ Forms Strong Lateral Contacts
In a third optical tweezers application, we employed a DNA stretching assay with all four DNA
ends attached to the microsphere and the surface, thereby imposing a rotational constraint
onto the dsDNA (Fig 3A). Without this constraint (i.e., with anchor points consisting of a
single attached strand), the torque that the helical dsDNA experiences upon stretching is
released by a free rotation of the DNA around its anchors. Because of this rotation, the DNA

Fig 2. Nucleoprotein filaments consisting of at least a dimer resist substantial force. (A) Schematic of
high-force optical tweezers experiments to unzip preassembled nucleoprotein filaments (not drawn to scale).
(B) A 123-bp nucleoprotein filament was subjected to increasing load forces (black line, left-hand axis) by
moving the stage laterally (cyan line, right-hand axis). The inset shows amagnification of the stepwise
dissociation after the stage movement was stopped. The horizontal red lines indicate steps. (C) Unzipping
length as a function of time during the rupture of a 123-bp Redβ filament under constant force. Three typical
traces are offset for clarity. (D) Unzipping step-size histogram of 391 Redβ dissociation events from (C). The
step size was fitted as the sum of Gaussian curves (grey line) with the main peak (red line) occurring at 10 ± 2
bp and side peaks (black line) at about 5 bp and 17 bp. (E) Unzipping forces Funzip of a 25-bp region,
preassembled with Redβ (red line, schematic) and without Redβ (black line), are plotted as a cumulative
distribution function. The vertical dashed line indicates the average DNA unzipping force Funzip without Redβ.
The insets show two examples of the stepwise drop in force prior to rupture taken from the indicated places. (F)
Electrophoretic mobility shift assay to measure the minimum length required for a stable Redβ nucleoprotein
filament. Complementary oligonucleotides of increasing lengths as indicated were incubated with a molar
equivalent of Redβ before electrophoresis. The mean band intensities of the filament bands are plotted
underneath the gel image.

doi:10.1371/journal.pbio.1002213.g002
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overstretches at the well-known value of�60 pN [24,27]. The overstretching plateau in our
experiment at 100 pN and the absence of hysteresis upon return verified the torsional con-
straint imposed by the four anchored termini (Fig 3B, cyan line) [28, 29]. Occasionally, one of
the strands incurred a nick, likely due to laser-induced photo damage. A nick introduces rota-
tional freedom to the DNA and showed up as a sudden drop of the force plateau (Fig 3B, green
line) to�60 pN and the occurrence of hysteresis (Fig 3B, black solid and dashed lines; Section
B and Fig B in S1 Text; [30]). The hysteresis is caused by the nicked strand, which has peeled
off from the other load-bearing strand [30]. Reannealing of the peeled-off strand requires addi-
tional time leading to hysteretic behavior. The presence of Redβ had no detectable influence on
the level of the force plateaus. However, it suppressed the hysteresis through many cycles of
stretching and reannealing (Fig 3B, purple solid and dashed line, Fig 3C). This suppression
indicates that Redβ patched the nick and prevented single strands from peeling off at both the
30 and 50 ends of the nicked strand while allowing free rotation of the nicked strand around the
continuous strand (Fig 3B). Occasionally, the 100-pN force plateau was reattained (red solid
line in Fig 3B). In these cases, the path of the force-extension curve suggests that the DNA was
fully sealed but partially unwound [31]. Notably, dsDNA in the Redβ nucleoprotein filaments
also appears to be underwound [4]. In accord with the ssDNA binding data, the single-mole-
cule stretching data is consistent with Redβ polymerization sealing the nick and constraining
rotational freedom. In addition to clamping the DNA strands together, this constraint and the
sustained loads imply that neighboring Redβmolecules form a stable lateral contact; otherwise,
a filament would be free to rotate in this assay.

Redβ Changes Its Structure upon Annealing
The single-molecule observations correlate with the two knownmodes of RedβDNA binding—
that is, loose ssDNA binding and stable filaments upon annealing two complementary strands.
However, the remarkable strength of the Redβ-annealed dsDNA filaments was unexpected. At

Fig 3. Lateral interaction of Redβmonomers reinforces the filament. (A) Schematic of optical tweezers DNA stretching experiments. (B) Force-
extension plot of dsDNA attached to the microsphere and surface by all four strand termini in the presence of Redβ. Intact DNA shows a high-force plateau
typical for rotationally constrained dsDNA (cyan line). A nick introduces rotational freedom leading to a plateau at�60 pN (green line) and hysteresis during
release (black dashed line, grey area A). Subsequently, the hysteresis disappeared (purple dashed line), and repeated cycles plateaued at 60 pN (purple
solid line). Occasionally, the higher-force plateau was reattained (red line). In these cases, the force-extension curve suggests that the dsDNA was sealed by
Redβ but underwound. (C) Time course of the hysteresis parameter r. The hysteresis parameter r is the ratio between the red area (B) and the total area (A
+ B) demarcated in (B) by the measured force-extension curves and the expected force-extension curve of ssDNA (dotted line in [B]). The nicked, hysteresis
state is characterized by r ¼ 0:86� 0:04 (mean ± standard deviation) versus r ¼ 0:95� 0:01 for the patched state. Each stretch/release cycle was 1-s long
and produced one point in the time course of r.

doi:10.1371/journal.pbio.1002213.g003

A Single-Strand Annealing Protein Clamps DNA to Detect Homology

PLOS Biology | DOI:10.1371/journal.pbio.1002213 August 13, 2015 6 / 23



>200 pN, the filaments are amongst the strongest protein interactions yet described, which we
term “DNA clamping.” The two DNA binding modes and particularly the onset of DNA clamp-
ing suggests that Redβ undergoes a conformational change. To examine this proposition, we
employed circular dichroism (CD) and observed a shift between�210–220 nm, indicative of a
structural change of Redβ after annealing and filament formation (Fig 4, left inset, Section C and
Fig C in S1 Text, [32]). In addition to the structural change of Redβ, the zero crossing of the fila-
ment trace (Fig 4, right inset) was near that of dsDNA suggesting the nucleoprotein filament con-
tains underwound dsDNA close to B-form DNA. Thus, a structural change, likely upon
dimerization, accompanies nucleoprotein filament growth and correlates with RedβDNA
clamping.

In Escherichia coli, the Redβ Concentration for Recombineering Is Less
Than 150 nM
The EMSA data (Fig 2F; [4]) supported by the single-molecule step-size measurements in Fig
2, indicate that stable Redβ nucleoprotein filament formation initiates when two adjacent Redβ
molecules promote annealing of complementary DNA strands. In contrast, the spectacular
multimeric rings formed by Redβ and RAD52 in the absence of DNA in vitro have been pro-
posed to be the initiating agents [6,11,15,17,33]. For Redβ, ring formation in vitro requires
protein concentrations above 0.8 μM. To find out whether rings are important in vivo, we mea-
sured the Redβ concentration at empirically determined optimal recombineering conditions
(Fig 5A) [34–37]. In four biological repeats, the Redβ concentration in E. coli did not exceed
150 nM, corresponding to less than 350 molecules of Redβ per E. coli cell [38], which is well
below the in vitro concentration required for ring formation [4,9].

At In Vivo Concentrations, Redβ Is Mostly in Its Monomeric Form
To determine the size of the reactant Redβ–ssDNA complex as a function of the Redβ concen-
tration (cβ), we used gel electrophoresis assays and single-molecule fluorescence measurements

Fig 4. Circular dichroism (CD) suggests a structural change of Redβ upon filament formation.Circular
dichroism spectra show a decrease for the nucleoprotein filament (left inset shows a magnified view). The
dotted black line is a fit of arbitrary contributions of the spectra of ssDNA, dsDNA, free Redβ, Redβ +ssDNA,
and Redβ +dsDNA such that the concurrently recorded absorbance spectra have a maximal overlap with that
of the filament (see Fig C in S1 Text for details). In this manner, the decreased circular dichroism cannot be
accounted for and, therefore, must stem from a structural change. The right inset shows a bathochromic
circular dichroism shift between ssDNA, dsDNA, and filament.

doi:10.1371/journal.pbio.1002213.g004
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(Fig 5B and 5C, Section D, Fig D, and Table B in S1 Text). In the presence (Fig 5B) and absence
(Fig D in S1 Text) of ssDNA, Redβ showed regular band patterns indicating self-association to
form oligomers with increasing oligomerization at increasing concentration (Section D in S1
Text). The broad mobility shifts of ssDNA at 158 nM and above in Fig 5B concord with the
known weak binding by Redβ [39], and we attribute the smearing to the release of Redβ during
electrophoresis. Controls verified that Redβ did not interact with dsDNA under these condi-
tions (not shown).

Formation of the nucleoprotein filament was evaluated by gel electrophoresis after incuba-
tion of two complementary ssDNA oligonucleotides (30-nt and 50-nt long) with increasing
concentrations of Redβ. The filament was first observed at 100 nM and increased to a maxi-
mum at cβ� 1 to 2 μM, and it subsequently decreased (Fig 5C, inset gel, band intensities quan-
tified in the grey histogram). Because of the limited sensitivity of the gel assay, we used tagged
molecules for single-molecule fluorescence measurements employing fluorescence correlation
spectroscopy (FCS, [40,41]). The average hydrodynamic diameter of both Redβ and ssDNA
was measured as a function of cβ (red squares and cyan triangles in Fig 5C). For Redβ at cβ of
100 nM, the measured diameter was�4 nm. This diameter is consistent with the size of a
Redβmonomer based on its molecular weight (30 kDa) and atomic force microscopy measure-
ments [4]. At concentrations above 100 nM, the average hydrodynamic diameter increased
up to�10 nm, which is comparable to the previously observed 15-nm diameter of Redβ 11-
to 12-mer rings [4,9]. The expected ssDNA diameter for a random ssDNA coil was observed at
cβ < 500 nM (Fig 5C, cyan triangles; Section E in S1 Text). Above this concentration, ssDNA
association with Redβ was similar to that seen in the gel assay (Fig 5B). To directly verify
Redβ–ssDNA binding, we calculated the cross correlation (fluorescence cross correlation spec-
troscopy [FCCS]) [41], Fig 5C, purple circles) of simultaneously recorded fluorescence signals,
which showed significant Redβ–ssDNA binding at 100 nM (�30%); at�300 nM Redβ, half the
ssDNA molecules were bound. Together, these data indicate that only Redβmonomers were
bound to ssDNA at in vivo concentrations (green line in Fig 5C), further supporting the notion
that Redβmonomers drive the onset of filament formation.

Fig 5. Redβ oligomerizeswith increasing concentration. (A) Western blot after gel electrophoresis under denaturing conditions to determine the in vivo
concentration of Redβ in E. coli induced to express at optimal conditions for Redβ-mediated homologous recombination. The band intensities were quantified
and compared with purified StrepII-tagged Redβ (slightly slower migration due to the StrepII tag) loaded at the indicated concentrations. (B) Gel electrophoresis
under nondenaturing conditions. Redβ banding pattern (red bands) indicates a concentration-dependent multimerization, which is not due to binding of ssDNA
(cyan; 30 b, cssDNA = 1 nM; see also Fig D in S1 Text). Below the gel pockets and stacking gel (I), bands due to oligomers and rings (II) are visible. (C)
Hydrodynamic diameter (left axis) of Redβ (red squares), ssDNA (open cyan triangles), and their cross correlation (right axis, purple circles) based on
fluorescence correlation spectroscopy (FCS) as a function of Redβ concentration cβ averaged over three experiments. Error bars denote standard deviation. All
plotted lines are calculated using our annealing model to compare the fit to the corresponding data points. The solid red line is based on the assumption of
isodesmic growth with nucleation of a dimer (adimer < a, reduced chi-squared value w2red ¼ 2:4), the dashed black line assumes isodesmic growth without
nucleation (adimer = a, w2red ¼ 6:3). The intensities of the inset nucleoprotein-filament gel bands obtained under nondenaturing conditions are shown as the grey
histogram. The green line indicates the mean in vivo Redβ concentration of 110 nM.

doi:10.1371/journal.pbio.1002213.g005
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A Quantitative Model Supports Monomer-Driven Annealing
Even though FCS is a single-molecule technique, the hydrodynamic diameter that is measured
is an average value. Thus, it is still possible that a small population of Redβ rings, which does
not significantly change the average radius, is responsible for annealing. To rule out this possi-
bility, we developed an annealing model based on first principles. We briefly summarize the
model in the next paragraph followed by an in-depth account (see also Section F in S1 Text).
Readers who are only interested in the essentials of the model can continue with the discussion
after reading the following paragraph.

To compare the model to the FCS measurements, we had to (i) account for the self-associa-
tion of Redβ, (ii) compute the hydrodynamic diameter of each oligomeric species of Redβ, (iii)
calculate the contribution of each species to the FCS signal, and (iv) quantify the binding equi-
librium between Redβ and ssDNA. Only with the complete theory, we were able to fit all the
data in a global manner, i.e., with the same basic parameters for all datasets. To this end, we
modeled the self-association of Redβ to form different oligomeric species by isodesmic growth
(Fig 6A). Based on the computed hydrodynamic diameter of the individual Redβ species (Fig
6B), their relative concentrations according to a nucleated isodesmic growth model and their
relative contribution to the FCS signal, we calculated the average diameter as measured by FCS.
A best fit to the measured diameter (Fig 5C) favors a model in which a dimer forms the nucleus
for growth. In a similar manner, we determined the size of oligonucleotides with different
numbers of Redβmolecules bound according to their affinity and concentration (Fig 6C). A
global least-square fit to both the FCS data of Redβ and ssDNA, and their FCCS signal showed
very good agreement between the data and the model (Fig 5C; compare the data points to the
three calculated plotted lines, respectively). The model is consistent with the mechanical (opti-
cal trapping), structural (CD), and electrophoretic mobility data, and the best fit of only a few
basic parameters provided quantitative binding constants (Table 1). Overall, the model sup-
ports the notion that annealing is initiated by Redβmonomers and that filament growth is
nucleated by dimerization.

Fig 6. Annealing model. (A) Redβ oligomer concentration calculated according to Eq 4 using the parameter values given in Table 1 plotted versus the total
(pipetted) Redβ concentration. All oligomer curves intersect at a Redβ concentration at which the monomer concentration of [β1] = a-1. (B) Hydrodynamic
diameter (red circles) calculated by the software HYDROSUB [42] as a function of oligomer size (number of monomers n). The diameter of a sphere with the
volume of nmonomers is plotted as a reference (black diamonds). (C) Concentrations of Redβ–ssDNA complexes. The number of Redβ subunits attached
directly (i.e., as monomer) or indirectly (i.e., as part of an oligomer) to the ssDNA is indicated by n (n = 0 corresponds to unbound ssDNA of 30-b length, n = 1
is a bound monomer, n = 2 can be a bound dimer or two bound monomers, etc.).

doi:10.1371/journal.pbio.1002213.g006
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RedβOligomerization Is Described as Isodesmic Growth
To determine the concentration of Redβmonomers, dimers, trimers, and so forth up to ring-
like oligomers, we modelled the polymerization. We chose one of the simplest polymerization
models that was sufficient to explain our data. In the simplest model, one self-association con-
stant a independent of the oligomer size determines the lateral affinity of Redβ. In this isodes-
mic growth model [43], one subunit—a Redβmonomer β1—is added at a time to a Redβ
oligomer βn according to the reaction below:

bn þ b1  ! bnþ1; ð1Þ

where n is used as an index representing the number of Redβ protomers (monomeric subunits
of an oligomer). In thermodynamic equilibrium, following the law of mass action, the equilib-
rium constant for this reaction is given by the following:

a ¼ ½bnþ1�
½bn�½b1�

: ð2Þ

Solving for the concentration of an n-mer [βn] results in

½bn� ¼ a�1 ða½b1�Þn: ð3Þ

If a is not constant but depends on the degree of oligomerizationm, [βn] is determined by
the product of the association constants am:

½bn� ¼ ½b1�n
Yn�1

m¼1
am: ð4Þ

In either case, the total concentration of Redβmolecules [β], i.e., the pipetted Redβ concen-
tration, is given by the following:

½b� ¼
X11

n¼1
n½bn�; ð5Þ

where we limited the maximum number of Redβmolecules in an oligomer to n = 11 based on
the ring-like Redβ structure determined by atomic force microscopy [4]. Even though this
structure is an open helical ring, the pitch of the helix does not allow larger oligomers. Also, we
did not consider the formation of larger structures like stacks of rings. For a given pipetted con-
centration [β] and association constants am, we numerically determined the monomer concen-
tration [β1] from the total-concentration equation Eq 5 and, subsequently, the oligomer
concentration using Eq 4 (Fig 6A). The best fit of the model to the data suggested a dimer-
nucleated process, i.e., the fit to the data was significantly improved when we chose two

Table 1. Constants used for the quantitative model of Redβ behavior.

Constant Value Unit Explanation

adimer (2.22 ± 1.28) � 105 M−1 Association constant of β1 + β1 !β2

a (2.96 ± 0.28) � 106 M−1 Association constant of βn + β1 ! βn+1, n � 2

Kd (5.0 ± 0.2) � 10−6 M Dissociation constant of β1 + ssDNA ! ssDNA � β1
Koligo (3.4 ± 0.6) � 10−1 Dissociation constant of Redβ protomers βunbound ! βbound from ssDNA

Parameter ± standard error. Protomer: structural unit of a protein oligomer; adimer = am = 1, a = am>1, where m is the degree of oligomerization; see Eq 4.

Note that the Kd is for a single binding site. The effective Kd depends on the ssDNA length and, here, is KEpstein � 240 nM.

doi:10.1371/journal.pbio.1002213.t001
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constants instead of a single association constant (Fig 5C, Table 1). Since Redβ is known to
nucleate the polymerization of a nucleoprotein filament [9,44], nucleation is a reasonable
assumption.

The Model Is Consistent with the FCS-Measured Hydrodynamic
Diameters and the Cross Correlation
Based on the structure and the relative concentration of Redβ oligomers, we calculated the
average hydrodynamic diameter and compared it to the FCS measurements. The structural
parameters of Redβ oligomers have been measured by atomic force microscopy: monomers
self-associate to eventually form a “split washer” [4]. The calculated hydrodynamic diameter d
(circles in Fig 6B) increased from 4.1 nm for the monomer to about 13 nm for an 11-mer. This
diameter is reasonable since it is larger compared to a sphere with the volume of 11 monomers
(�9 nm, diamonds in Fig 6B) and smaller compared to the outer diameter of the ring-like com-
plex (�18 nm). To account for the mixture of Redβ species, we calculated an average hydrody-
namic diameter. We weighted the diameter of an oligomer species by its relative concentration
(Eq 4, Fig 6B) and a size-dependent brightness factor (Section F in S1 Text). The best fit to the
data (red solid line Fig 5C) shows very good agreement and supports the model.

To determine how the number of bound Redβmolecules per ssDNA and the hydrodynamic
diameter of Redβ-bound ssDNA scaled with the pipetted Redβ concentration, we model the
interaction as shown below:

bn þ ssDNA⇄ssDNA � bn: ð6Þ

The equilibrium or dissociation constant for a Redβ-n-mer bound to ssDNA is denoted by
Kn, given by the following:

Kn ¼
½bn�½ssDNA�
½ssDNA � bn�

; ð7Þ

where the square brackets denote the concentration of the respective species. If the binding
interface between every Redβmolecule and ssDNA is identical, the binding energy must also
be equal. Thus, to a first approximation, the dissociation constant is Kn ¼ Kn

d , where Kd is the
dissociation constant for a Redβmonomer and ssDNA. However, since entropic effects and
mutual interactions between Redβmolecules may change the free energy, we modelled the con-
stant as Kn ¼ KdK

n�1
oligo, where we distinguished a monomeric, Kd, and protomeric, i.e., the sub-

unit of an oligomer, Koligo, dissociation constant. To account for multiple monomers as well as
oligomers binding simultaneously to ssDNA, we determined all possibilities according to the
theory of Epstein [45] (Section F and Table C in S1 Text). Thus, using (i) the concentrations of
the respective species obtained from the isodesmic growth model, (ii) the number of bases
bound per Redβ (n = 10 based on our data of Fig 2D), and (iii) the equilibrium constants Kd

and Koligo, we calculated how many Redβmolecules were bound to what fraction of ssDNA
molecules (Fig 6C). The parameters for the calculations are based on a best fit to the FCCS data
(purple line in Fig 5C). With increasing Redβ concentration, the concentration of unbound
ssDNA decreased. Interestingly, monomer-bound ssDNA reached a maximum at cβ� 300
nM, coinciding with the half occupancy measured via FCCS (Fig 5C). The concentration
increase of the ring-bound fraction (11-mers) coincides with the decrease in filament yield,
which we observed in the EMSAs. At in vivo Redβ concentrations, the ring-bound ssDNA con-
centration is calculated to be below 0.1 nM. Thus, in E. coli not even a single ring should exist
either in solution or bound to ssDNA. Because of these low concentrations and the law of mass
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action (see also third paragraph of the Discussion below), it is unlikely that rings are responsi-
ble for SSA.

Knowing how many Redβmolecules are bound per DNA as a function of Redβ concentra-
tion, we could calculate the average hydrodynamic diameter of Redβ–ssDNA complexes as
measured by FCS. First, we calculated the expected hydrodynamic radius of freely diffusing
ssDNA (Section E in S1 Text). Second, to determine the increase in the apparent ssDNA diam-
eter as a function of Redβ concentration in Fig 5B, we assumed that the hydrodynamic diame-
ter of a Redβ-bound ssDNA, ssDNA�βm, corresponded to the diameter of a Redβ oligomer βm
as numerically determined in Fig 6B. We then performed a weighted average using the relative
concentration of the individual species and a size-dependent brightness factor resulting in the
curve (cyan line) plotted in Fig 5C. Considering that Redβ-bound ssDNA exhibits considerable
flexibility and heterogeneity [4], the agreement between calculation and measurements is
remarkable.

Discussion
How does Redβ detect homology with high fidelity (Fig 7)? The mechanism is initiated with
the association of Redβmonomers and oligomers with ssDNA, with a moderate preference for
30-ended ssDNA as released by its partner exonuclease Redα [4]. If an associated monomer

Fig 7. Faithful homology detection and securement. (A) Interaction of ssDNA-bound Redβ with a
complementary strand is hindered by an energetic barrier ΔG‡. Hybridization of matching DNA strands
(ΔGhybridization) together with dimerization (lateral association) of ssDNA-bound Redβ (ΔGdimerization)
overcomes this barrier to form a stable nucleoprotein complex (ΔGconformation). The differences in free
energies ΔGdimerization, ΔGhybridization, and ΔGconformation result from the difference between the initial and final
state along the reaction coordinate. For clarity, further factors such as thermal fluctuations were omitted. (B)
To overcome the energetic barrier ΔG‡ and trigger the conformational change for DNA clamping, sufficient
free energy (| ΔGhybridization + ΔGdimerization + ΔG‡ |�kBT) can only be provided by sufficient DNA sequence
homology, where kBT is the thermal energy (kB: Boltzmann constant, T: absolute temperature). The total free
energy gain ΔGtotal = ΔGhybridization + ΔGdimerization + ΔGconformation is much larger than the thermal energy,
making clamping sufficiently stable. The clamped state of DNA-bound Redβwith a lateral contact is marked
with a yellow line.

doi:10.1371/journal.pbio.1002213.g007
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finds a complementary sequence, it weakly holds 10 ± 2 bases together (Figs 1 and 2). However,
this homology length is not unique in the E. coli genome with a total length of L = 4.6 Mb,
giving a 1 − (1 + γ)e−γ = 93% chance (where the factor γ is given by γ = L/4n), according to Pois-
son statistics, of at least two n = 10 nt regions of equal sequence. Unique recognition is only
ensured if at least two neighboring Redβmolecules bind complementary DNA. Thus, anneal-
ing proceeds when a second Redβmolecule enters the complex and also binds complementary
DNA. Conformational proofreading has been suggested for homology detection [46]. In this
model, the binding probability of complementary ssDNA is reduced in the presence of a repair
protein. This reduction, associated with a reduced annealing rate, is caused by a conforma-
tional change, e.g., a change in the distance between bases, upon protein binding. Such a sce-
nario is advantageous because only near-complete complementarity can provide enough
energy for annealing. In case of a mismatch, thermal energy should be sufficient to dissociate
bound proteins. Our data provide some evidence that Redβ follows a conformational proof-
reading mechanism. During hairpin annealing, we observed a hysteresis and a drop in force
prior to unzipping peaks. The annealing impairment is consistent with a reduced binding prob-
ability of complementary ssDNA. Upon Redβ binding, a change to the conformation of the
ssDNA will reduce the DNA annealing rate and cause a drop in force. Such a conformational
change is also supported by our CD data: the filament contained dsDNA close to B-form DNA.
This structure may indicate that the distance between bases of Redβ-bound ssDNA is smaller
compared to unbound ssDNA, explaining the increased annealing hysteresis by conforma-
tional proofreading [32,47]. If Redβ would not change the conformation of the bound ssDNA,
the energy of a single mismatch could not compete with the large hybridization energy of the
remaining Redβ-bound bases with a complementary strand. If a neighboring Redβmolecule
binds and homology is given, the energetic gain of base-pairing, the lateral contact (Fig 3) and
association by dimerization, and the conformational change (Fig 4) cause an irreversible “deci-
sion” to proceed with nucleoprotein filament growth and polymerization. In terms of energy,
this decision must correspond to a large, virtually irreversible, reduction in free energy as evi-
denced by the strong DNA clamping (Fig 2) and structural change (Fig 4). Our model assumes
that a certain amount of energy is necessary to convert Redβ from the nonclamped state into
the clamped state, making correct annealing and DNA clamping a coupled process. The ener-
getic barrier of the transition provides insurance against recombination of nonhomologous
sequences, because without annealing, insufficient energy is available to cross the activation
barrier before the Redβ-bound strands dissociate again because of thermal energy.

Our data show that lateral interactions between the monomeric subunits of a nucleoprotein
filament resist external forces (Fig 3). We attribute a crucial role to this lateral interaction
because its free energy (ΔGdimerization) together with the hybridization energy (ΔGhybridization) is
necessary to overcome the energetic decision barrier of recombination ΔG‡, ensuring a suffi-
cient kinetic delay in case of sequence mismatches. Only in the absence of a mismatch can
Redβ reside long enough at a certain site and in the right conformation to allow another Redβ
molecule to dimerize. Thus, it is advantageous if the on-rate for dimerization is lower than the
on-rate for nucleoprotein filament growth to assure that Redβ can find a matching site. Only in
this case will the dimerization be sensitive enough to respond to a mismatch. A strong affinity
in the first dimerization step would lead to filament growth at the site of first encounter with
near complementarity, i.e., to a larger, unfavorable mismatch tolerance. A long period for site
selection followed by rapid stabilization due to the oligomerization would ensure faithful
recombination. While on the filament itself we do not know these rates, in solution our model
provided a lower association constant of the initial dimerization compared to larger complexes.
This may be an indication that a similar on-rate ratio exists on the filament. Apart from this
dynamic aspect, the lateral interaction ensures that monomeric subunits are aligned in a
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juxtaposed fashion. In this manner, a regular nucleoprotein filament will grow as observed
experimentally. The lateral interaction also ensures that a continuous sequence is compared,
i.e., two laterally associated Redβmolecules scan 20 continuous bases. Thus, in the absence of
DNA, the lateral assembly of protein monomers into quaternary structures—such as rings—
appears to be a side effect related to the energetic contribution of dimerization rather than the
source of an active oligomeric species. This conclusion provides a rationale for the notion that
high protein concentrations, which favor rings and other quaternary structures, are detrimental
to strand annealing reactions [12–15].

Our model favors the view that annealing is promoted by Redβmonomers. Based on the
best-fit parameters, the monomeric Redβ concentration saturates with increasing Redβ con-
centration cβ (Fig 6A). In a single E. coli cell (cβ� 90−140 nM), not even a single ring (n = 11)
should be bound to ssDNA or even exist in solution. Reported images for ring-like Redβ struc-
tures required more than 0.8 μM of protein and often involved longer periods of incubation
with glutaraldehyde for fixation [4,9,16], which shifts the chemical equilibrium towards ring-
like structures. In our model for cβ < 1,000 nM, only smaller oligomers (n< 7) are present in
concentrations larger than 10 nM. At cβ = 1,000 nM, the ring concentration (n = 11) is about
50-fold smaller compared to the Redβmonomer concentration and at the half-occupancy
concentration of ssDNA of cβ = 300 nMmore than three orders of magnitude (�2,000-fold)
smaller. Between these two Redβ concentrations, there is about a 40-fold (2,000/50) increase in
the ring concentration. If the ring constitutes the nucleus of the annealing reaction, one would
also expect about a 40-fold increase in reaction products based on the law of mass action. How-
ever, there is only about a 2-fold increase in filament yield (Fig 5C). Thus, for cβ < 1,000 nM,
the ring-like structures are unlikely to be the decisive component for the annealing reaction.
Models that predict higher ring concentrations at low Redβ concentrations are inconsistent
with our FCS data. Significant ring concentrations occurring at cβ > 1,000 nM correlate with
impaired filament formation (Fig 5C). This decrease is consistent with previous reports
about Redβ and related proteins [5,9,11–13,48,49] and suggests that ssDNA bound to rings is
nonreactive, i.e., it cannot anneal to a complementary strand. It implies that at high Redβ con-
centrations, which favor ring-like complexes, Redβ does not promote annealing but instead
impairs it.

Moreover, the fluorescence cross correlation data support monomer-driven annealing.
Fitting a Hill equation to the cross correlation data resulted in a Hill coefficient close to 1 (Sec-
tion F in S1 Text). A coefficient close to unity implies only little or no cooperativity—for ring-
binding, we would expect a Hill coefficient of up to 11. A coefficient not significantly different
from 1 also suggests Michaelis-Menten–like binding of Redβmonomers to ssDNA. Interest-
ingly, when we compared the percentage of Redβ-bound ssDNAs to the FCCS measurements
(Fig 5C), i.e., for cβ ≲ 500 nM, the cross correlation was mainly accounted for by monomers
binding to ssDNA (n = 1 in Fig 6C). Indeed, a fit of a Michaelis-Menten–like equation to the
FCCS data resulted in a dissociation constant consistent with (i) our model-based, best-fit
value (Table 1) and (ii) a rough estimate from the literature [39]. Note that even though Redβ’s
Kd with ssDNA for a single binding site is about 5,000 nM (Table 1), the effective KD according
to the Epstein model is much lower because of multiple binding sites. For a 30-b-long ssDNA,
the constant is KEpstein� 240 nM—of similar magnitude as the in vivo concentration. Thus, for
DNA repair, for which a single break would correspond to a concentration in the 1 nM range,
the Redβ–ssDNA affinity is high enough for an effective repair mechanism.

How can the nucleoprotein filament be eventually disassembled in vivo? The high stability
of the filaments against force also implies a very small filament-disassembly rate in the absence
of force, as evidenced by the sharp filament bands in nondenaturing gels (Fig 2F and inset of
Fig 5C) and the ability to image such filaments with atomic force microscopy in the absence of
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fixation [4]. The unzipping of pure dsDNA requires about 15 pN (Fig 1), in agreement with
earlier experiments [50,51]. The exceptionally large unzipping forces of the nucleoprotein fila-
ment exceeding 200 pN (Fig 2) under low loading-rate conditions (≲ 40 pN/s) are surprising
because such large forces have only been reported for protein unfolding or amyloid fibril dis-
ruption: for the unfolding of immunoglobulin domains, forces of 150–300 pN have been mea-
sured [52], about 140 pN for tenascin [53] and up to 250 pN for amyloid fibrils [54]. As a
comparison, the strongest reported biological motor can generate forces of about 60 pN [55],
which equals the force necessary for force-induced DNAmelting [24]. As shown for RecA and
Rad51 nucleoprotein filament disassembly by UvrD [56,57] and Srs2 helicase [58,59], respec-
tively, or adenosine triphosphate (ATP) hydrolysis [60,61], we suggest that the Redβ filament
may be unraveled by a dedicated helicase or another molecular machine that circumvents the
need to exert high force. For efficient recombineering, filament disassembly after annealing is
required and must be accomplished by the host machinery by a yet unknown mechanism.

Do strand annealing and strand invasion share mechanistic properties? A major difference
between strand invasion and strand annealing is the target substrate. To allow homology detec-
tion by Watson-Crick base pairing [62] in strand invasion, the DNA strands of the double-
stranded target have to be melted by overstretching [63,64]—a process not necessary in strand
annealing. In strand invasion, the energetic coupling of DNA melting with the homology
search improves the detection performance by imposing an energetic barrier, which can be
best overcome by the hybridization of mismatch-free DNA strands, leading to efficient exclu-
sion of mismatches by conformational proofreading [46]. For strand annealing, a conforma-
tional change of the strand-annealing protein coupled to hybridization and dimerization
allows the fine-tuning of the homology detection, again in agreement with conformational
proofreading. Apart from the different substrates, there are remarkable biochemical common-
alities, including the aforementioned assembly into quaternary structures in the absence of
DNA [65,66] as well as reaction impairment at high protein concentrations [67,68]. Notably,
for the process of homology recognition, neither strand invasion nor strand annealing require
the hydrolysis of a high-energy substrate, such as ATP [69,70]. For strand invasion, ATP
hydrolysis drives the disassembly of nucleoprotein complexes or elongates the filament past
heterologous sequences [71]. Consequently, theoretical models describe homology detection as
an equilibrium process taking place without additional energetic input [46,72]. Based on the
similarity of biochemical data between strand annealing and strand invasion and considering
that both utilize protein–DNA interactions for the detection of matching DNA sequences, we
suggest that strand invasion and strand annealing share the same underlying physical mecha-
nism of detecting and securing homology. In addition to the conformational proofreading
mechanism for homology detection, we propose a coupled process in which an activation bar-
rier is crossed to reach a final, conformationally stable, i.e., irreversible or sufficiently stable,
state upon correctly having identified homology. The latter step is an important and essential
addition to current equilibrium detection models. In conceptual agreement with this sugges-
tion, some strand-annealing proteins have been reported to show strand-invasion activity
[49,73] or aid the displacement of DNA strands [44,74]. The homology search in thermal equi-
librium alone does not account well for such a finding, because it does not include a dedicated
mechanism for securing homology, i.e., the removal from equilibrium (Fig 7). DNA clamping
provides a rationale for this observation, because—as the product of a directed reaction—the
nucleoprotein filament is energetically more stable than the competing dsDNA. Notably, for
both strand invasion and annealing, the reported length of the minimum effective processing
segment falls in the range of 20–30 bp [4,75–77], with a longer segment in case of RAD51
being attributed to auxiliary proteins and not the homology detection machinery [78].
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Both our in vitro biochemical and single-molecule data support a Redβmonomer-driven
annealing mechanism via DNA clamping upon Redβ dimerization. In vivo, this annealing mech-
anism should be optimal at a Redβ concentration of cβ� 300 nM, as suggested by the FCCS-
measured half occupancy of ssDNA with Redβ (Fig 5B). Indeed, we measured an in vivo Redβ
concentration of cβ� 110 nM (Fig 5C) indicating that also under in vivo conditions, single-
strand annealing (SSA) likely is promoted by Redβmonomers. At this concentration, Redβ–
ssDNA binding reaches half occupancy (purple line in Fig 5B), and the amount of Redβ bound
to ssDNA can be regulated efficiently by changes of the Redβ concentration. Furthermore, our
model concords with the applied properties during Redβ-mediated recombineering [35,79–81],
which has established that the lower limit of homology for productive recombination is about 25
bp, corresponding to dimer annealing [4]. Apart from occluding false positives during annealing,
do the unusually large DNA clamping forces have another in vivo implication? In Redβ-related
eukaryotic proteins such as RAD52 [4,5,33,82], a large dissociation force of a clamped state could
serve a biological function by withstanding chromosome segregation forces in the presence of
dsDNA breaks [2,83,84]. Because other SSAPs share similar biochemical properties with Redβ
[12,13,48], we suggest that the general process underlying the initiation of homologous recombi-
nation by DNA annealing is due to the action of protein monomers, whose polymerization on
DNA by clamping the DNA strands together ensures faithful recombination.

Materials and Methods

Buffer Conditions
If not noted otherwise, the standard buffer used for our experiments had the following compo-
sition: 20 mM Tris-HCl, pH = 7.5, 10 mMMgCl2, and 10 mMNaCl, 0.1% (vol/vol) Tween 20.
All DNA concentrations are stated for molecules and not nucleotides.

Optical Tweezers Experiments
The optical tweezers and calibration procedures have been described in detail previously [18–
22]. Optical tweezers experiments were carried out in a microfluidic sample chamber assem-
bled from a 22 × 22 mmmicroscope cover slip (Corning, #1.5), forming the bottom surface,
and an 18 × 18 mm cover slip (Menzel, #1), forming the top. The bottom cover slip was spin
coated for 25 s at 10,000 rpm and 2,500 rpm/s acceleration, applying a solution of 0.1% (w/w)
polytetrafluoroethylene (CAS 9002-84-0) in Fluorinert FC-75 (Acros Organics) under a nitro-
gen atmosphere. A cavity of 100 μm height was formed by putting two stripes of double-sided
sticky tape (Lehmann DuploCOLL 3720) at a distance of 3 mm in parallel between the cover
slips. Thin pipette tips (Eppendorf GELoader) were pressed at their ends with a 125°C hot
brass stamp and attached to opposite outlets of the chamber. Thereafter, the chamber was
sealed with epoxy glue (5 Minuten-Epoxy, R&G Faserverbundwerkstoffe Waldenbuch). The
flow cell was incubated for 30 min with 20 ng/μl antidigoxigenin antibodies for passive adsorp-
tion to polytetrafluoroethylene. The antibody solution was removed with blocking solution
containing 0.1 mg/ml bovine serum albumin (New England Biolabs) and 0.01% (m/vol) F127.
To maximize the trap stiffness with the available laser power, we optimized the laser expansion
to slight underfilling [22] and chose a microsphere size close to the first Mie resonance
[22,85,86]. In this manner, we could achieve trapping forces of up to 600 pN using polystyrene
microspheres [86]. We used carboxylated microspheres of 920-nm diameter (Bangslabs) for
carbodiimide coupling of NeutrAvidin. By laterally moving the sample stage, a 3,562-bp
dsDNA was unzipped with one strand ligated to a 944-bp digoxigenin-terminated dsDNA
anchor attached to the antidigoxigenin incubated flow cell surface and the other to a 441-bp
biotin-terminated dsDNA anchor attached to the neutravidin-coated microsphere. We used
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cβ = 2 μM. Loading rates were about 1,000 pN/s, trap stiffnesses were 0.9, 1.0, and 0.4 pN/nm
in the x-, y-, and z-axis, respectively. The same construct with either a 25-bp or 123-bp dsDNA
in the middle was used for unzipping of the nucleoprotein filament. The latter two were rein-
forced with additional 267-bp-long dsDNA anchors produced by PCR with added dU-biotin
and dU-digoxigenin. The 25-bp or 123-bp constructs were assembled by incubating its 30

hydroxyl overhang strand with 750-nM Redβ, followed by addition of the strand containing
the complementary overhang. All constructs have ssDNA spacers on each side of the unzip-
pable portion. For the nick-sealing experiments, PCR-produced biotin- and digoxigenin-con-
taining anchors had been used as described above. For the 25-bp and 123-bp constructs, the
loading rate was 100 pN/s. For the 123-bp construct, the force was kept constant by a software-
based, three-dimensional force feedback operated at 1 kHz using the sample piezo-translation
stage. The setup has sub-nm precision with mK temperature-controlled objectives [20]. For all
trapping experiments, the objective temperature was 29.2°C. To dissociate the filament, we
ramped up the force to a certain threshold value. Once this value was reached, the feedback
automatically engaged and kept the force constant. If no dissociation event was observed
within a few seconds, the force was ramped up to a new threshold value until eventually disso-
ciation steps were observed. We assigned the steps with an automatic step finder [21]. For the
step-size conversion based on the extensible freely jointed chain model [87], we used a contour
length of L0 = 0.44 nm/base, a persistence length of 0.73 nm, and an elastic modulus of 840 pN
(see Section E in S1 Text). To quantify the amount of hysteresis as a function of time in the
presence of Redβ, we numerically calculated the area A between the stretch and release curve
(Fig 3B) and the area B between the release and theoretical ssDNA force-extension curve with
the above-mentioned model. The ratio r = B/(A + B) is less than 1 with hysteresis (Fig 3C,
equivalent to the control of Fig BB in S1 Text) and approaches 1 without hysteresis (Fig 3C,
equivalent to the control of Fig BC in S1 Text). Since our controls without Redβ (Fig BB and
BC in S1 Text) verified that hysteresis is due to DNA strands with unconstrained ends peeling
off, we attribute the reduction of hysteresis to the action of Redβ clamping the strands together
and preventing them from coming apart.

CD
CD was measured with a Jasco J-815 system. Aqua bidest. (ρ = 18.2 MOcm) was used as the
baseline. 16 spectra were recorded under nitrogen atmosphere at 1-mm path length, 100-nm/
min scanning speed, 20°C temperature, and 5-nm bandwidth. The spectra were averaged.
Absorbance spectra and the high tension voltage applied to the dynodes were concurrently
recorded during all measurements. For the generation of the nucleoprotein filament, 250 nM
of a 44-b-long ssDNACD(1) (Table B in S1 Text) was incubated with 1 μMRedβ for 20 min and
mixed with 250 nM of a complementary ssDNACD(2) of equal length. The incubation time
after addition of the complementary strand was 1 h. The solution with an initial volume of
5 mL was concentrated about 10-fold by water evaporation at low pressure and at 25°C. For
the control “Redβ,dsDNA,” the same ingredients were used, but the complementary ssDNAs
were mixed and annealed (temperature ramp starting from 60°C, cooling 1 K/min to 4°C)
before addition of Redβ. The final volumes were adjusted with aqua bidest. to match the
260-nm absorbance of 1 μM dsDNA (prepared as described above). The control “Redβ,
ssDNA” was prepared as the filament, but without ssDNACD(2).

Western Blot Analysis of Redβ In Vivo Concentration
Using the reference bands, the amount of protein was calculated for the sample bands. To
quantify the western blot band intensities (Fig 5C), we placed a rectangular selection on the
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reference bands containing a known amount of Redβ using the software ImageJ [88]. Since
black corresponds to a low value, the images were inverted prior to analysis to correlate
increasing band strengths with increasing values. Using the integrated density of the reference
bands, we determined the intensity change per nanogram. Accounting for the background, the
integrated density of the 40-min lane corresponded to 28, 36, 46, and 36 ng for the four inde-
pendent measurements, respectively. Based on our reference count of 8 � 108 cells/ml corre-
sponding to an OD600 = 1.0, there were 2.9 � 109 cells used for the 40-min induction lanes.
Assuming a volume of a single GB2005 cell of 3.8 μm3 [38], the total cell volume was 2.9 �109 ×
3.8 μm3� 11 μl. Based on the concentration of E. coli determined via the OD measurement,
the used volume, and the molecular weight of Redβ of 29,689 g mol-1, the above values corre-
spond to�86, 110, 141, and 110 nM, respectively, with a mean ± SE of 110 ± 10 nM or�250
molecules of Redβ per E. coli cell.

Native Polyacrylamide Gel Electrophoresis
The native polyacrylamide gels used for Redβ and DNA band-shift assays were cast according
to standard procedures. For a final volume of the separating gel of 50 ml (20 ml of the stacking
portion) the following components were mixed: 40% Acrylamide (19:1 Bis.) 10 ml (2.5 ml),
10x TBE 12.5 ml (2.5 ml), H2O 27 ml (14.8 ml), TEMED 30 μl (20 μl), 10% APS 500 μl
(200 μl). The samples contained 25 fmol of 30-b-long Atto 565-ssDNAB (Table B in S1 Text)
and Redβ with a constant 5 nM chemically labelled with Alexa 488 using the Alexa Fluor
488 Microscale Protein Labeling Kit (Invitrogen). Prior to application on the gel, the ssDNA
was incubated with Redβ for 20 min. For filament formation, 1 nM of a 30-b-long 50 Atto
565-labelled and 0.67 nM of a 50-b-long ssDNA were incubated for 20 min with Redβ and
united, followed by 15 min of incubation, producing a 50 overhang. A saturated sucrose solu-
tion was mixed with the sample in a ratio of 1:6 (vol/vol) to increase its density for loading. The
samples were applied to a 5% stacking and 8% separating gel and run for 120 min at 100 V at
4°C in 1 × TBE buffer. The gel pictures were recorded with a Typhoon 9410 Imager. To visual-
ize the bands of Fig 2 using ethidium bromide staining, we used a ssDNA concentration of
50 μM. Accordingly, we used a high concentration of unlabeled Redβ of 100 μM.

FCS
FCS was conducted using a ConfoCor3/LSM510 (Zeiss) with a Zeiss C-Apochromat 40×
(NA = 1.2) water immersion objective. 488-nm and 633-nm laser lines were used to excite
Alexa 488-tagged Redβ (labeling ratio 3 Alexa 488 per 1 Redβ) and Atto 655-tagged ssDNA of
30-b length. Fluorescence was restricted to the plane of interest using a pinhole with 70-μm
diameter. The signals were correlated with the ConfoCor3/LSM510 product software and fitted
with a weighted Levenberg-Marquardt routine. Calibration of the excited volume was done
using the unbound dyes Alexa 488 (D = 433 μm2/s) and Atto 655-COOH (D = 427 μm2/s),
respectively [89,90]. Each data point is based on 30 runs of 20 s duration each.

Supporting Information
S1 Data. All the numerical data.
(XLSX)

S1 Text. Supporting information containing six text sections, four figures, three tables,
and ten references [91–100].
(PDF)

A Single-Strand Annealing Protein Clamps DNA to Detect Homology

PLOS Biology | DOI:10.1371/journal.pbio.1002213 August 13, 2015 18 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002213.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002213.s002


Acknowledgments
We thank Petra Schwille and Wolfgang Staroske for providing access to and advice with FCS,
Axel Erler for Redβ samples, Jenny Philipp for technical assistance with CD measurements,
and Jan Yie and Qu Yuanyuan for a step analysis due to the S DNA to ssDNA peeling transi-
tion. We thank Volker Bormuth, Ralf Seidel, and members of the Nanomechanics group for
comments on the manuscript.

Author Contributions
Conceived and designed the experiments: MA AFS ES. Performed the experiments: MA SS.
Analyzed the data: MA SS ES. Contributed reagents/materials/analysis tools: KF. Wrote the
paper: MA AFS ES.

References
1. Hoeijmakers JHJ. DNA Damage, Aging, and Cancer. N Engl J Med. 2009; 361(19):1914–1914.

2. Lisby M, Rothstein R. DNA repair: keeping it together. Curr Biol. 2004; 14(23):R994–6. PMID:
15589147

3. Iyama T, Wilson DM III. DNA repair mechanisms in dividing and non-dividing cells. DNA Repair. 2013;
12(8):620–636. 1568–7864. doi: 10.1016/j.dnarep.2013.04.015 PMID: 23684800

4. Erler A, Wegmann S, Elie-Caille C, Bradshaw CR, Maresca M, Seidel R, et al. Conformational adapt-
ability of Redbeta during DNA annealing and implications for its structural relationship with Rad52. J
Mol Biol. 2009; 391(3):586–98. doi: 10.1016/j.jmb.2009.06.030 PMID: 19527729

5. Lopes A, Amarir-Bouhram J, Faure G, Petit MA, Guerois R. Detection of novel recombinases in bacte-
riophage genomes unveils Rad52, Rad51 and Gp2.5 remote homologs. Nucleic Acids Res. 2010 Jul;
38(12):3952–3962. doi: 10.1093/nar/gkq096 PMID: 20194117

6. Rothenberg E, Grimme JM, Spies M, Ha T. Human Rad52-mediated homology search and annealing
occurs by continuous interactions between overlapping nucleoprotein complexes. Proc Natl Acad Sci
USA. 2008; 105(51):20274–9. doi: 10.1073/pnas.0810317106 PMID: 19074292

7. Thresher RJ, Makhov AM, Hall SD, Kolodner R, Griffith JD. Electron microscopic visualization of
RecT protein and its complexes with DNA. J Mol Biol. 1995 Dec; 254(3):364–71. PMID: 7490755

8. Shinohara A, Shinohara M, Ohta T, Matsuda S, Ogawa T. Rad52 forms ring structures and co-oper-
ates with RPA in single-strand DNA annealing. Genes Cells. 1998; 3(3):145–56. PMID: 9619627

9. Passy SI, Yu X, Li Z, Radding CM, Egelman EH. Rings and filaments of beta protein from bacterio-
phage lambda suggest a superfamily of recombination proteins. Proc Natl Acad Sci USA. 1999 Apr;
96(8):4279–84. PMID: 10200253

10. KagawaW, Kurumizaka H, Ishitani R, Fukai S, Nureki O, Shibata T, et al. Crystal structure of the
homologous-pairing domain from the human Rad52 recombinase in the undecameric form. Mol Cell.
2002 Aug; 10(2):359–71. PMID: 12191481

11. Poteete AR. Involvement of DNA replication in phage lambda Red-mediated homologous recombina-
tion. Mol Microbiol. 2008 Apr; 68(1):66–74. doi: 10.1111/j.1365-2958.2008.06133.x PMID: 18333884

12. Muniyappa K, Radding CM. The homologous recombination system of phage lambda. Pairing activi-
ties of beta protein. J Biol Chem. 1986 Jun; 261(16):7472–8. PMID: 2940241

13. Noirot P, Kolodner RD. DNA strand invasion promoted by Escherichia coli RecT protein. J Biol Chem.
1998; 273(20):12274–80. PMID: 9575178

14. Van Dyck E, Stasiak AZ, Stasiak A, West SC. Visualization of recombination intermediates produced
by RAD52-mediated single-strand annealing. EMBORep. 2001; 2(10):905–9. PMID: 11571269

15. Grimme JM, Honda M, Wright R, Okuno Y, Rothenberg E, Mazin AV, et al. Human Rad52 binds and
wraps single-stranded DNA and mediates annealing via two hRad52-ssDNA complexes. Nucleic
Acids Res. 2010 May; 38(9):2917–2930. doi: 10.1093/nar/gkp1249 PMID: 20081207

16. Matsubara K, Malay AD, Curtis FA, Sharples GJ, Heddle JG. Structural and functional characteriza-
tion of the Redβ recombinase from bacteriophage λ. PLoS ONE. 2013; 8(11):e78869. doi: 10.1371/
journal.pone.0078869 PMID: 24244379

17. Karakousis G, Ye N, Li Z, Chiu SK, Reddy G, Radding CM. The beta protein of phage lambda binds
preferentially to an intermediate in DNA renaturation. J Mol Biol. 1998 Mar; 276(4):721–31. PMID:
9500924

A Single-Strand Annealing Protein Clamps DNA to Detect Homology

PLOS Biology | DOI:10.1371/journal.pbio.1002213 August 13, 2015 19 / 23

http://www.ncbi.nlm.nih.gov/pubmed/15589147
http://dx.doi.org/10.1016/j.dnarep.2013.04.015
http://www.ncbi.nlm.nih.gov/pubmed/23684800
http://dx.doi.org/10.1016/j.jmb.2009.06.030
http://www.ncbi.nlm.nih.gov/pubmed/19527729
http://dx.doi.org/10.1093/nar/gkq096
http://www.ncbi.nlm.nih.gov/pubmed/20194117
http://dx.doi.org/10.1073/pnas.0810317106
http://www.ncbi.nlm.nih.gov/pubmed/19074292
http://www.ncbi.nlm.nih.gov/pubmed/7490755
http://www.ncbi.nlm.nih.gov/pubmed/9619627
http://www.ncbi.nlm.nih.gov/pubmed/10200253
http://www.ncbi.nlm.nih.gov/pubmed/12191481
http://dx.doi.org/10.1111/j.1365-2958.2008.06133.x
http://www.ncbi.nlm.nih.gov/pubmed/18333884
http://www.ncbi.nlm.nih.gov/pubmed/2940241
http://www.ncbi.nlm.nih.gov/pubmed/9575178
http://www.ncbi.nlm.nih.gov/pubmed/11571269
http://dx.doi.org/10.1093/nar/gkp1249
http://www.ncbi.nlm.nih.gov/pubmed/20081207
http://dx.doi.org/10.1371/journal.pone.0078869
http://dx.doi.org/10.1371/journal.pone.0078869
http://www.ncbi.nlm.nih.gov/pubmed/24244379
http://www.ncbi.nlm.nih.gov/pubmed/9500924


18. Tolić-Nørrelykke SF, Schäffer E, Howard J, Pavone FS, Jülicher F, Flyvbjerg H. Calibration of optical
tweezers with positional detection in the back focal plane. Rev Sci Instrum. 2006; 77(10):103101.

19. Schäffer E, Nørrelykke SF, Howard J. Surface forces and drag coefficients of microspheres near a
plane surface measured with optical tweezers. Langmuir. 2007 Mar; 23(7):3654–65. PMID: 17326669

20. Mahamdeh M, Schäffer E. Optical tweezers with millikelvin precision of temperature-controlled objec-
tives and base-pair resolution. Opt Express. 2009 Sep; 17(19):17190–17199. doi: 10.1364/OE.17.
017190 PMID: 19770938

21. Bormuth V, Varga V, Howard J, Schäffer E. Protein friction limits diffusive and directed movements of
kinesin motors on microtubules. Science. 2009 Aug; 325(5942):870–873. doi: 10.1126/science.
1174923 PMID: 19679813

22. Mahamdeh M, Campos CP, Schäffer E. Under-filling trapping objectives optimizes the use of the
available laser power in optical tweezers. Opt Express. 2011 Jun; 19(12):11759–11768. doi: 10.1364/
OE.19.011759 PMID: 21716408

23. Evans E. Probing the relation between force–lifetime–and chemistry in single molecular bonds. Annu
Rev Biophys Biomol Struct. 2001; 30:105–28. PMID: 11340054

24. Smith SB, Cui Y, Bustamante C. Overstretching B-DNA: the elastic response of individual double-
stranded and single-stranded DNAmolecules. Science. 1996 Feb; 271(5250):795–798. PMID:
8628994

25. Candelli A, Hoekstra TP, Farge G, Gross P, Peterman EJG, Wuite GJL. A toolbox for generating sin-
gle-stranded DNA in optical tweezers experiments. Biopolymers. 2013; 99:611–620. doi: 10.1002/bip.
22225 PMID: 23444293

26. Fu H, Chen H, Zhang X, Qu Y, Marko JF, Yan J. Transition dynamics and selection of the distinct S-
DNA and strand unpeeling modes of double helix overstretching. Nucleic Acids Res. 2011; 39
(8):3473–3481. doi: 10.1093/nar/gkq1278 PMID: 21177651

27. Bustamante C, Smith SB, Liphardt J, Smith D. Single-molecule studies of DNAmechanics. Curr Opin
Struct Biol. 2000 Jun; 10(3):279–85. PMID: 10851197

28. van Mameren J, Gross P, Farge G, Hooijman P, Modesti M, Falkenberg M, et al. Unraveling the struc-
ture of DNA during overstretching by using multicolor, single-molecule fluorescence imaging. Proc
Natl Acad Sci USA. 2009; 106(43):18231–6. doi: 10.1073/pnas.0904322106 PMID: 19841258

29. Williams MC, Rouzina I, McCauley MJ. Peeling back the mystery of DNA overstretching. Proc Natl
Acad Sci USA. 2009 Oct; 106(43):18047–18048. doi: 10.1073/pnas.0910269106 PMID: 19846782

30. Paik DH, Perkins TT. Overstretching DNA at 65 pN does not require peeling from free ends or nicks. J
Am Chem Soc. 2011 Mar; 133(10):3219–3221. doi: 10.1021/ja108952v PMID: 21207940

31. ] Léger JF, Romano G, Sarkar A, Robert J, Bourdieu L, Chatenay D, et al. Structural transitions of a
twisted and stretched DNAmolecule. Phys Rev Lett. 1999 Aug; 83(5):1066–1069.

32. Khesbak H, Savchuk O, Tsushima S, Fahmy K. The role of water H-bond imbalances in B-DNA sub-
state transitions and peptide recognition revealed by time-resolved FTIR spectroscopy. J Amer Chem
Soc. 2011 Apr; 133(15):5834–5842.

33. Ploquin M, Bransi A, Paquet ER, Stasiak AZ, Stasiak A, Yu X, et al. Functional and structural basis for
a bacteriophage homolog of human RAD52. Curr Biol. 2008; 18(15):1142–6. doi: 10.1016/j.cub.2008.
06.071 PMID: 18656357

34. Wang J, Sarov M, Rientjes J, Fu J, Hollak H, Kranz H, et al. An improved recombineering approach by
adding RecA to lambda Red recombination. Mol Biotechnol. 2006 Jan; 32(1):43–53. PMID: 16382181

35. Maresca M, Erler A, Fu J, Friedrich A, Zhang Y, Stewart AF. Single-stranded heteroduplex intermedi-
ates in lambda Red homologous recombination. BMCMol Biol. 2010; 11:54. doi: 10.1186/1471-2199-
11-54 PMID: 20670401

36. Fu J, Teucher M, Anastassiadis K, SkarnesW, Stewart AF. A recombineering pipeline to make condi-
tional targeting constructs. Methods Enzymol. 2010; 477:125–144. doi: 10.1016/S0076-6879(10)
77008-7 PMID: 20699140

37. Fu J, Bian X, Hu S, Wang H, Huang F, Seibert PM, et al. Full-length RecE enhances linear-linear
homologous recombination and facilitates direct cloning for bioprospecting. Nat Biotech. 2012; 30
(5):440–446.

38. Volkmer B, Heinemann M. Condition-dependent cell volume and concentration of Escherichia coli to
facilitate data conversion for systems biology modeling. PLoS ONE. 2011; 6(7):e23126. doi: 10.1371/
journal.pone.0023126 PMID: 21829590

39. Mythili E, Kumar KA, Muniyappa K. Characterization of the DNA-binding domain of beta protein, a
component of phage lambda red-pathway, by UV catalyzed cross-linking. Gene. 1996; 182(1–2):81–
7. PMID: 8982071

A Single-Strand Annealing Protein Clamps DNA to Detect Homology

PLOS Biology | DOI:10.1371/journal.pbio.1002213 August 13, 2015 20 / 23

http://www.ncbi.nlm.nih.gov/pubmed/17326669
http://dx.doi.org/10.1364/OE.17.017190
http://dx.doi.org/10.1364/OE.17.017190
http://www.ncbi.nlm.nih.gov/pubmed/19770938
http://dx.doi.org/10.1126/science.1174923
http://dx.doi.org/10.1126/science.1174923
http://www.ncbi.nlm.nih.gov/pubmed/19679813
http://dx.doi.org/10.1364/OE.19.011759
http://dx.doi.org/10.1364/OE.19.011759
http://www.ncbi.nlm.nih.gov/pubmed/21716408
http://www.ncbi.nlm.nih.gov/pubmed/11340054
http://www.ncbi.nlm.nih.gov/pubmed/8628994
http://dx.doi.org/10.1002/bip.22225
http://dx.doi.org/10.1002/bip.22225
http://www.ncbi.nlm.nih.gov/pubmed/23444293
http://dx.doi.org/10.1093/nar/gkq1278
http://www.ncbi.nlm.nih.gov/pubmed/21177651
http://www.ncbi.nlm.nih.gov/pubmed/10851197
http://dx.doi.org/10.1073/pnas.0904322106
http://www.ncbi.nlm.nih.gov/pubmed/19841258
http://dx.doi.org/10.1073/pnas.0910269106
http://www.ncbi.nlm.nih.gov/pubmed/19846782
http://dx.doi.org/10.1021/ja108952v
http://www.ncbi.nlm.nih.gov/pubmed/21207940
http://dx.doi.org/10.1016/j.cub.2008.06.071
http://dx.doi.org/10.1016/j.cub.2008.06.071
http://www.ncbi.nlm.nih.gov/pubmed/18656357
http://www.ncbi.nlm.nih.gov/pubmed/16382181
http://dx.doi.org/10.1186/1471-2199-11-54
http://dx.doi.org/10.1186/1471-2199-11-54
http://www.ncbi.nlm.nih.gov/pubmed/20670401
http://dx.doi.org/10.1016/S0076-6879(10)77008-7
http://dx.doi.org/10.1016/S0076-6879(10)77008-7
http://www.ncbi.nlm.nih.gov/pubmed/20699140
http://dx.doi.org/10.1371/journal.pone.0023126
http://dx.doi.org/10.1371/journal.pone.0023126
http://www.ncbi.nlm.nih.gov/pubmed/21829590
http://www.ncbi.nlm.nih.gov/pubmed/8982071


40. Bacia K, Kim SA, Schwille P. Fluorescence cross-correlation spectroscopy in living cells. Nat Meth-
ods. 2006; 3(2):83–9. PMID: 16432516

41. Schwille P, Haustein E. Fluorescence correlation spectroscopy. An introduction to its concepts and
applications. ( Bethesda, MD: Biophysical Society); 2001.

42. García de la Torre J, Carrasco B. Hydrodynamic properties of rigid macromolecules composed of
ellipsoidal and cylindrical subunits. Biopolymers. 2002; 63(3):163–167. PMID: 11787004

43. Oosawa F, Kasai M. Theory of linear and helical aggregations of macromolecules. J Mol Biol. 1962; 4
(1):10–21.

44. Li Z, Karakousis G, Chiu SK, Reddy G, Radding CM. The beta protein of phage lambda promotes
strand exchange. J Mol Biol. 1998 Mar; 276(4):733–44. PMID: 9500923

45. Epstein IR. Cooperative and non-cooperative binding of large ligands to a finite one-dimensional lat-
tice—model for ligand-oligonucleotide interactions. Biophys Chem. 1978; 8:327–339. PMID: 728537

46. Savir Y, Tlusty T. RecA-mediated homology search as a nearly optimal signal detection system. Mol
Cell. 2010; 40(3):388–96. doi: 10.1016/j.molcel.2010.10.020 PMID: 21070965

47. Savir Y, Tlusty T. Conformational proofreading: the impact of conformational changes on the specific-
ity of molecular recognition. PLoS ONE. 2007; 2(5):e468. PMID: 17520027

48. KagawaW, Kurumizaka H, Ikawa S, Yokoyama S, Shibata T. Homologous pairing promoted by the
human Rad52 protein. J Biol Chem. 2001; 276(37):35201–8. PMID: 11454867

49. Rybalchenko N, Golub EI, Bi B, Radding CM. Strand invasion promoted by recombination protein
beta of coliphage lambda. Proc Natl Acad Sci USA. 2004 Dec; 101(49):17056–60. PMID: 15574500

50. Essevaz-Roulet B, Bockelmann U, Heslot F. Mechanical separation of the complementary strands of
DNA. Proc Natl Acad Sci USA. 1997 Oct; 94(22):11935–40. PMID: 9342340

51. Bockelmann U, Essevaz-Roulet B, Heslot F. DNA strand separation studied by single molecule force
measurements. Phys Rev E. 1998; 58(2):2386.

52. Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE. Reversible unfolding of individual titin immu-
noglobulin domains by AFM. Science. 1997 May; 276(5315):1109–1112. PMID: 9148804

53. Oberhauser AF, Marszalek PE, Erickson HP, Fernandez JM. The molecular elasticity of the extracel-
lular matrix protein tenascin. Nature. 1998 May; 393(6681):181–185. PMID: 9603523

54. Dong J, Castro CE, Boyce MC, Lang MJ, Lindquist S. Optical trapping with high forces reveals unex-
pected behaviors of prion fibrils. Nat Struct Mol Biol. 2010; 17(12):1422–1430. doi: 10.1038/nsmb.
1954 PMID: 21113168

55. Smith DE, Tans SJ, Smith SB, Grimes S, Anderson DL, Bustamante C. The bacteriophage ϕ29 portal
motor can package DNA against a large internal force. Nature. 2001; 413(6857):748–752. PMID:
11607035

56. Veaute X, Delmas S, Selva M, Jeusset J, Le Cam E, Matic I, et al. UvrD helicase, unlike Rep helicase,
dismantles RecA nucleoprotein filaments in Escherichia coli. EMBO J. 2005 Jan; 24(1):180–189.
PMID: 15565170

57. Petrova V, Chen SH, Molzberger ET, Tomko E, Chitteni-Pattu S, Jia H, et al. Active displacement of
RecA filaments by UvrD translocase activity. Nucleic Acids Res. 2015; 43(8):4133–4149. doi: 10.
1093/nar/gkv186 PMID: 25824953

58. Krejci L, Van Komen S, Li Y, Villemain J, Reddy MS, Klein H, et al. DNA helicase Srs2 disrupts the
Rad51 presynaptic filament. Nature. 2003 May; 423(6937):305–309. PMID: 12748644

59. Veaute X, Jeusset J, Soustelle C, Kowalczykowski SC, Le Cam E, Fabre F. The Srs2 helicase pre-
vents recombination by disrupting Rad51 nucleoprotein filaments. Nature. 2003 May; 423(6937):309–
312. PMID: 12748645

60. van Mameren J, Modesti M, Kanaar R, Wyman C, Peterman EJG, Wuite GJL. Counting RAD51 pro-
teins disassembling from nucleoprotein filaments under tension. Nature. 2009; 457(7230):745–8. doi:
10.1038/nature07581 PMID: 19060884

61. Lindsley JE, Cox MM. Assembly and disassembly of RecA protein filaments occur at opposite filament
ends. Relationship to DNA strand exchange. J Biol Chem. 1990; 265(16):9043–9054. PMID: 2188972

62. Zhou X, Adzuma K. DNA Strand Exchange Mediated by the Escherichia coli RecA Protein Initiates in
the Minor Groove of Double-Stranded DNA. Biochemistry (Mosc). 1997 Apr; 36(15):4650–4661.

63. Rouzina I, Bloomfield VA. Force-inducedmelting of the DNA double helix 1. Thermodynamic analysis.
Biophys J. 2001 Feb; 80(2):882–93. PMID: 11159455

64. Williams MC, Wenner JR, Rouzina I, Bloomfield VA. Entropy and heat capacity of DNAmelting from
temperature dependence of single molecule stretching. Biophys J. 2001 Apr; 80(4):1932–9. PMID:
11259306

A Single-Strand Annealing Protein Clamps DNA to Detect Homology

PLOS Biology | DOI:10.1371/journal.pbio.1002213 August 13, 2015 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/16432516
http://www.ncbi.nlm.nih.gov/pubmed/11787004
http://www.ncbi.nlm.nih.gov/pubmed/9500923
http://www.ncbi.nlm.nih.gov/pubmed/728537
http://dx.doi.org/10.1016/j.molcel.2010.10.020
http://www.ncbi.nlm.nih.gov/pubmed/21070965
http://www.ncbi.nlm.nih.gov/pubmed/17520027
http://www.ncbi.nlm.nih.gov/pubmed/11454867
http://www.ncbi.nlm.nih.gov/pubmed/15574500
http://www.ncbi.nlm.nih.gov/pubmed/9342340
http://www.ncbi.nlm.nih.gov/pubmed/9148804
http://www.ncbi.nlm.nih.gov/pubmed/9603523
http://dx.doi.org/10.1038/nsmb.1954
http://dx.doi.org/10.1038/nsmb.1954
http://www.ncbi.nlm.nih.gov/pubmed/21113168
http://www.ncbi.nlm.nih.gov/pubmed/11607035
http://www.ncbi.nlm.nih.gov/pubmed/15565170
http://dx.doi.org/10.1093/nar/gkv186
http://dx.doi.org/10.1093/nar/gkv186
http://www.ncbi.nlm.nih.gov/pubmed/25824953
http://www.ncbi.nlm.nih.gov/pubmed/12748644
http://www.ncbi.nlm.nih.gov/pubmed/12748645
http://dx.doi.org/10.1038/nature07581
http://www.ncbi.nlm.nih.gov/pubmed/19060884
http://www.ncbi.nlm.nih.gov/pubmed/2188972
http://www.ncbi.nlm.nih.gov/pubmed/11159455
http://www.ncbi.nlm.nih.gov/pubmed/11259306


65. Baumann P, Benson FE, Hajibagheri N, West SC. Purification of human Rad51 protein by selective
spermidine precipitation. Mutat Res. 1997 Aug; 384(2):65–72. PMID: 9298115

66. Flory J, Radding CM. Visualization of recA protein and its association with DNA: a priming effect of
single-strand-binding protein. Cell. 1982 Apr; 28(4):747–756. PMID: 6212122

67. Bryant FR, Lehman IR. On the mechanism of renaturation of complementary DNA strands by the
recA protein of Escherichia coli. Proc Natl Acad Sci USA. 1985; 82(2):297–301. PMID: 2982147

68. Sung P, Robberson DL. DNA strand exchangemediated by a RAD51-ssDNA nucleoprotein filament
with polarity opposite to that of RecA. Cell. 1995 Aug; 82(3):453–461. PMID: 7634335

69. Kowalczykowski SC, Krupp RA. DNA-strand exchange promoted by RecA protein in the absence of
ATP: implications for the mechanism of energy transduction in protein-promoted nucleic acid transac-
tions. Proc Natl Acad Sci USA. 1995 Apr; 92(8):3478–3482. PMID: 7724585

70. Morrison C, Shinohara A, Sonoda E, Yamaguchi-Iwai Y, Takata M, Weichselbaum RR, et al. The
essential functions of human Rad51 are independent of ATP hydrolysis. Mol Cell Biol. 1999 Oct; 19
(10):6891–6897. PMID: 10490626

71. Kim JI, Cox MM, Inman RB. On the role of ATP hydrolysis in RecA protein-mediated DNA strand
exchange. I. Bypassing a short heterologous insert in one DNA substrate. J Biol Chem. 1992 Aug;
267(23):16438–16443. PMID: 1644827

72. Dorfman K, Fulconis R, Dutreix M, Viovy JL. Model of RecA-Mediated Homologous Recognition.
Phys Rev Lett. 2004 Dec; 93(26):268102. PMID: 15698024

73. Bi B, Rybalchenko N, Golub EI, Radding CM. Human and yeast Rad52 proteins promote DNA strand
exchange. Proc Natl Acad Sci USA. 2004 Jun; 101(26):9568–9572. PMID: 15205482

74. Hall SD, Kolodner RD. Homologous pairing and strand exchange promoted by the Escherichia coli
RecT protein. Proc Natl Acad Sci USA. 1994; 91(8):3205–9. PMID: 8159725

75. Sugawara N, Ira G, Haber JE. DNA length dependence of the single-strand annealing pathway and
the role of Saccharomyces cerevisiae RAD59 in double-strand break repair. Mol Cell Biol. 2000 Jul;
20(14):5300–5309. PMID: 10866686

76. Shen P, Huang HV. Homologous recombination in Escherichia coli: dependence on substrate length
and homology. Genetics. 1986 Mar; 112(3):441–457. PMID: 3007275

77. Zhang Y, Muyrers JPP, Rientjes J, Stewart AF. Phage annealing proteins promote oligonucleotide-
directed mutagenesis in Escherichia coli and mouse ES cells. BMCMol Biol. 2003 Jan; 4(1):1. PMID:
12530927

78. Ira G, Haber JE. Characterization of RAD51-independent break-induced replication that acts prefer-
entially with short homologous sequences. Mol Cell Biol. 2002 Sep; 22(18):6384–6392. PMID:
12192038

79. Zhang Y, Buchholz F, Muyrers JP, Stewart AF. A new logic for DNA engineering using recombination
in Escherichia coli. Nat Genet. 1998 Oct; 20(2):123–8. PMID: 9771703

80. Muyrers JP, Zhang Y, Testa G, Stewart AF. Rapid modification of bacterial artificial chromosomes by
ET-recombination. Nucleic Acids Res. 1999 Mar; 27(6):1555–1557. PMID: 10037821

81. Copeland NG, Jenkins NA, Court DL. Recombineering: a powerful new tool for mouse functional
genomics. Nat Rev Genet. 2001 Oct; 2(10):769–79. PMID: 11584293

82. Iyer LM, Koonin EV, Aravind L. Classification and evolutionary history of the single-strand annealing
proteins, RecT, Redbeta, ERF and RAD52. BMCGenomics. 2002 Mar; 3(1):8.

83. Kaye JA, Melo JA, Cheung SK, Vaze MB, Haber JE, Toczyski DP. DNA breaks promote genomic
instability by impeding proper chromosome segregation. Curr Biol. 2004; 14(23):2096–106. PMID:
15589151

84. Magiera MM, Gueydon E, Schwob E. DNA replication and spindle checkpoints cooperate during S
phase to delay mitosis and preserve genome integrity. J Cell Biol. 2014 Jan; 204(2):165–175. doi: 10.
1083/jcb.201306023 PMID: 24421333

85. Bormuth V, Jannasch A, Ander M, van Kats CM, van Blaaderen A, Howard J, et al. Optical trapping of
coated microspheres. Opt Express. 2008; 16(18):13831–44. PMID: 18772994

86. Jannasch A, Demiroers AF, van Oostrum PDJ, van Blaaderen A, Schäffer E. Nanonewton optical
force trap employing anti-reflection coated, high-refractive-index titania microspheres. Nature Photon.
2012; 6:469–473.

87. WangMD, Yin H, Landick R, Gelles J, Block SM. Stretching DNA with optical tweezers. Biophys J.
1997 Mar; 72(3):1335–46. PMID: 9138579

88. Schneider CA, RasbandWS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat
Methods. 2012 Jun; 9(7):671–675. PMID: 22930834

A Single-Strand Annealing Protein Clamps DNA to Detect Homology

PLOS Biology | DOI:10.1371/journal.pbio.1002213 August 13, 2015 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/9298115
http://www.ncbi.nlm.nih.gov/pubmed/6212122
http://www.ncbi.nlm.nih.gov/pubmed/2982147
http://www.ncbi.nlm.nih.gov/pubmed/7634335
http://www.ncbi.nlm.nih.gov/pubmed/7724585
http://www.ncbi.nlm.nih.gov/pubmed/10490626
http://www.ncbi.nlm.nih.gov/pubmed/1644827
http://www.ncbi.nlm.nih.gov/pubmed/15698024
http://www.ncbi.nlm.nih.gov/pubmed/15205482
http://www.ncbi.nlm.nih.gov/pubmed/8159725
http://www.ncbi.nlm.nih.gov/pubmed/10866686
http://www.ncbi.nlm.nih.gov/pubmed/3007275
http://www.ncbi.nlm.nih.gov/pubmed/12530927
http://www.ncbi.nlm.nih.gov/pubmed/12192038
http://www.ncbi.nlm.nih.gov/pubmed/9771703
http://www.ncbi.nlm.nih.gov/pubmed/10037821
http://www.ncbi.nlm.nih.gov/pubmed/11584293
http://www.ncbi.nlm.nih.gov/pubmed/15589151
http://dx.doi.org/10.1083/jcb.201306023
http://dx.doi.org/10.1083/jcb.201306023
http://www.ncbi.nlm.nih.gov/pubmed/24421333
http://www.ncbi.nlm.nih.gov/pubmed/18772994
http://www.ncbi.nlm.nih.gov/pubmed/9138579
http://www.ncbi.nlm.nih.gov/pubmed/22930834


89. Rüttinger S, Kapusta P, Patting M, Wahl M, Macdonald R. On the resolution capabilities and limits of
fluorescence lifetime correlation spectroscopy (FLCS) measurements. Journal of Fluorescence. 2010
Jan; 20(1):105–114. doi: 10.1007/s10895-009-0528-1 PMID: 19690947

90. Petrasek Z, Schwille P. Precise measurement of diffusion coefficients using scanning fluorescence
correlation spectroscopy. Biophys J. 2008 Feb; 94(4):1437–1448. PMID: 17933881

91. Blum H, Beier H, Gross HJ. Improved silver staining of plant proteins, RNA and DNA in polyacryl-
amide gels. Electrophoresis. 1987; 8(2):93–99.

92. Doose S, Barsch H, Sauer M. Polymer properties of polythymine as revealed by translational diffu-
sion. Biophys J. 2007 Aug; 93(4):1224–1234. PMID: 17513377

93. Sim AYL, Lipfert J, Herschlag D, Doniach S. Salt dependence of the radius of gyration and flexibility of
single-stranded DNA in solution probed by small-angle x-ray scattering. Phys Rev E. 2012 Aug; 86
(2):021901.

94. Mills JB, Vacano E, Hagerman PJ. Flexibility of single-stranded DNA: use of gapped duplex helices to
determine the persistence lengths of poly(dT) and poly(dA). J Mol Biol. 1999; 285(1):245–257. PMID:
9878403

95. Murphy MC, Rasnik I, ChengW, Lohman TM, Ha T. Probing single-stranded DNA conformational flex-
ibility using fluorescence spectroscopy. Biophys J. 2004 Apr; 86(4):2530–2537. PMID: 15041689

96. Laurence TA. Probing structural heterogeneities and fluctuations of nucleic acids and denatured pro-
teins. Proc Natl Acad Sci USA. 2005 Nov; 102(48):17348–17353. PMID: 16287971

97. Johnson DS, Bai L, Smith BY, Patel SS, Wang MD. Single-Molecule Studies Reveal Dynamics of
DNA Unwinding by the Ring-Shaped T7 Helicase. Cell. 2007 Jun; 129(7):1299–1309. PMID:
17604719

98. Calderon CP, ChenWH, Lin KJ, Harris NC, Kiang CH. Quantifying DNAmelting transitions using sin-
gle-molecule force spectroscopy. J Phys: Condens Matter. 2009 Jan; 21(3):034114.

99. Krouglova T, Vercammen J, Engelborghs Y. Correct diffusion coefficients of proteins in fluorescence
correlation spectroscopy. Application to tubulin oligomers induced by Mg2+ and Paclitaxel. Biophys J.
2004; 87(4):2635–2646. PMID: 15454458

100. Mozziconacci J, Sandblad L, Wachsmuth M, Brunner D, Karsenti E. Tubulin dimers oligomerize
before their incorporation into microtubules. PLoS ONE. 2008; 3(11):e3821. doi: 10.1371/journal.
pone.0003821 PMID: 19043587

A Single-Strand Annealing Protein Clamps DNA to Detect Homology

PLOS Biology | DOI:10.1371/journal.pbio.1002213 August 13, 2015 23 / 23

http://dx.doi.org/10.1007/s10895-009-0528-1
http://www.ncbi.nlm.nih.gov/pubmed/19690947
http://www.ncbi.nlm.nih.gov/pubmed/17933881
http://www.ncbi.nlm.nih.gov/pubmed/17513377
http://www.ncbi.nlm.nih.gov/pubmed/9878403
http://www.ncbi.nlm.nih.gov/pubmed/15041689
http://www.ncbi.nlm.nih.gov/pubmed/16287971
http://www.ncbi.nlm.nih.gov/pubmed/17604719
http://www.ncbi.nlm.nih.gov/pubmed/15454458
http://dx.doi.org/10.1371/journal.pone.0003821
http://dx.doi.org/10.1371/journal.pone.0003821
http://www.ncbi.nlm.nih.gov/pubmed/19043587

