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ABSTRACT Genetic stability is a key factor in maintaining, survival, and reproduction of biological cells. It relies on many pro-
cesses, but one of the most important is a homologous recombination, in which the repair of breaks in double-stranded DNA
molecules is taking place with a help of several specific proteins. In bacteria, this task is accomplished by RecA proteins that
are active as nucleoprotein filaments formed on single-stranded segments of DNA. A critical step in the homologous recombi-
nation is a search for a corresponding homologous region on DNA, which is called a homology search. Recent single-molecule
experiments clarified some aspects of this process, but its molecular mechanisms remain not well understood. We developed a
quantitative theoretical approach to analyze the homology search. It is based on a discrete-state stochastic model that takes into
account the most relevant physical-chemical processes in the system. Using amethod of first-passage processes, a full dynamic
description of the homology search is presented. It is found that the search dynamics depends on the degree of extension of
DNA molecules and on the size of RecA nucleoprotein filaments, in agreement with experimental single-molecule measure-
ments of DNA pairing by RecA proteins. Our theoretical calculations, supported by extensive Monte Carlo computer simulations,
provide a molecular description of the mechanisms of the homology search.
INTRODUCTION
A successful functioning of biological cells, which includes
accurate DNA replication and transfer of genetic information
without errors, strongly depends on stability of its genome
(1). However, within a cell, DNAmolecules constantly expe-
rience attacks by various active chemical molecules, thermal
collisions with other molecules, and the effect of external
radiation (2–4). This leads to frequent defects and even
breaks in double-stranded DNA chains, which might be
lethal for cells. Fortunately, there is a natural process known
as a ‘‘homology recombination’’, which is crucial for repair-
ing DNA double-strand breaks (3,5–7). During this process,
a nucleotide sequence of another identical or similar DNA
duplex is used for restoring the original sequence in the
broken DNA molecule (8,9). Furthermore, the homologous
recombination plays a fundamental role in the process of
genetic diversity and reassembling of genetic information,
which is important for living systems for adaption to chang-
ing environments (1,3,5,8,10–14).

In bacteria, a central role in the homologous recombina-
tion is played by RecA proteins (11,15,16). They belong to
Submitted November 15, 2016, and accepted for publication January 24,

2017.

*Correspondence: tolya@rice.edu

Editor: Keir Neuman.

http://dx.doi.org/10.1016/j.bpj.2017.01.018

� 2017 Biophysical Society.
a class of recombination proteins that are conserved across
different organisms, from bacteria to mammals (RadA in
archaea, and Rad51 and Dmc1 in eukaryotes) (3). The pro-
cess of the homologous recombination consists of several
stages, and RecA is activated by assembling into a nucleo-
protein filament on a single-stranded DNA segment that ap-
peared due to a double-strand break in DNA (15,17–20).
One of the most mysterious steps in the homology recom-
bination is a process when the RecA nucleoprotein filament
is looking for the corresponding homologous regions on
identical undamaged DNA (7,21–23). This is known as a
‘‘homology search’’. It is still poorly understood, and it
remains unknown how RecA nucleoprotein filaments can
find and recognize the homologous sequences on a long
DNA chain so quickly and efficiently (3,9,10). By now, it
is well proven that the homology search is not an active
process, because ATP hydrolysis is not required to pro-
ceed forward (18,19). Therefore, it must be related to pro-
tein search for targets on DNA that have been intensively
investigated in recent years (24–32). However, a compre-
hensive description of the mechanisms of the homology
search still does not exist even for simplified in vitro sys-
tems. The homology search is much more difficult for
understanding for in vivo conditions where the identity
and the functions of various assisting proteins are not yet
fully identified (3,9).
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FIGURE 1 A schematic view of the homology search on DNA by RecA

filaments. There are L� 1 nonspecific sites and one specific homology site

at the position m on the DNA chain. A filament can diffuse in the solution

along the DNA chain with the rate u, or might associate to any site on DNA

with the rate kon. From DNA, the RecA filament can dissociate into the

solution with the rate koff . The states in the bulk solution are labeled as 1,

and the states on DNA are labeled as 0. To see this figure in color, go online.
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Several important experimental advances in studying the
homology search have been reported in recent years. Exper-
imental studies that utilized optical trapping and single-
molecule fluorescent microscopy were able to visualize
how individual RecA nucleoprotein filaments paired broken
and undamaged DNA molecules (12,23). It was determined
that the homology search strongly depends on the 3D confor-
mational state of the target DNA, i.e., on the degree of the
polymer extension, as well as on the size of the nucleoprotein
filament. Based on these observations, it was suggested that
the RecA filament utilizes a so-called ‘‘intersegmental con-
tact sampling’’ mechanism, in which multiple contacts with
the target DNA are explored (23). As a result, the homolo-
gous search is more efficient for longer filaments and for
less extended (more coiled) DNA chains. A general question
on the role of DNA coiling in the protein search has been
addressed theoretically (24,33–35). However, a quantitative
model of the intersegment transfer for the homology search
has not yet been developed.

A different idea, which argues that the filament sliding is
the source of the high efficiency of the homologous search
process, had also been explored in 2012 (13). Single-mole-
cule fluorescent measurements with a high spatiotemporal
resolution were employed, which, in contrast to earlier
experiments that indicated no sliding (36), have observed
multiple diffusional events for RecA filaments on DNA.
Using computer simulations, it was argued that sliding ac-
celerates the homology search as much as 200 times (13).
However, the degree of sliding was not significant: the
observed sliding lengths were comparable to or less than
the size of the RecA filament. In addition, the continuum
model utilized in simulations might not be reasonable at
these conditions, and more advanced theoretical models
show that the sliding might not actually lead to such large
accelerations in the search dynamics (27).

Another important question that is still highly debated is
the mechanism of homologous recognition (10,14,37,38). It
has been argued that electrostatic interactions as well as
torsional deformations of DNA molecules are key players
in the recognition process. But the exact molecular details
of this process remain poorly understood, especially for
in vivo cellular conditions (10,14,37–39).

In this article, we develop a minimalist theoretical model
of the homology search that provides a quantitative analysis
of the underlying dynamics. It is based on the idea related
to the intersegmental contact sampling mechanism, and
the model argues that the RecA nucleoprotein filament
can scan DNA faster for more coiled DNA conformations.
Our analysis extends the earlier developed discrete-state
stochastic approach for protein search for targets on
DNA (26,27), which explicitly takes into consideration
major physical and chemical processes in the system. This
allows us to obtain a full analytical description for all
dynamic properties of the homology search by utilizing a
method of first-passage probabilities (27). Our theoretical
860 Biophysical Journal 112, 859–867, March 14, 2017
calculations, supported by extensive Monte Carlo computer
simulations, show that, indeed, extending the DNA chain
and/or shortening the RecA filament will slow down the
search dynamics. Furthermore, our theoretical model is
able to describe quantitatively and explain the experimental
observations (23), as well as to make testable predictions.
MATERIALS AND METHODS

Theoretical model

To describe the homology search, we introduce a discrete-state stochastic

model as presented in Fig. 1. The DNA molecule is viewed as consisting

of L binding sites, and one of them (at the site m) is the homology segment

that the RecA needs to find and recognize. Thus, we assume that the size of

each site is equal to the filament’s length, and it includes many nucleotides.

The RecA nucleoprotein filament, which consists of the protein molecule

and a ssDNA segment, can associate nonspecifically to dsDNA at any

site with a rate kon, and the dissociation rate into the solution is equal to

koff (Fig. 1). We divide the bulk volume around DNA into L segments,

each of them surrounding the corresponding site on DNA (as shown in

Fig. 1). While in the solution, the RecA filament can go from one segment

to another segment with the effective diffusion rate u (Fig. 1). It is important

to note that the rate u is generally not an intrinsic diffusivity of the RecA

filament, but instead an effective rescaled diffusion rate that depends on

the degree of coiling of DNA. This effectively means that we simplified a

three-dimensional (3D) motion of the RecA filament into an effective

one-dimensional (1D) motion. There are several arguments to justify this

approximation. We can always look at the translation of the center of

mass of the RecA filament projected along the line that connects DNA

ends as an effective 1D motion. In addition, the experiments on DNA

pairing by RecA filaments have been developed in a quasi-1D setup

when the dual optical trapping system fixed the DNA ends, and the width

of the experimental setup is ~1 mm, while the DNA chain is extended to

the distance ~10 mm (23). The corresponding diffusion rate depends on

the end-to-end extension of the DNA chain: the smaller this distance, the

larger is the rate u. This assumption explicitly incorporates the idea of

the intersegmental contact sampling. To simplify calculations, a single-

molecule view is adopted. We also label all states as nðiÞ with i ¼ 0 when

the RecA filament is associated to DNA, and i ¼ 1 when the RecA filament

is free in the solution (Fig. 1).

The RecA filament starts from the solution and the process is completed

when it reaches the homology site m for the first time. This means that we

adopt a simple all-or-nothing approach to describe the recognition step in

the homology search, neglecting the molecular details of this complex pro-

cess (10,14,37–39). This also suggests employing a first-passage method of

analyzing the dynamic properties, which turned out to be very successful in
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analyzing various protein search phenomena (26,27,31,40). We introduce

functions Fð0Þ
n ðtÞ and Fð1Þ

n ðtÞ; defined as the probability density functions

to reach the target at time t for the first time, if initially at t ¼ 0 the

RecA filament starts at the site nðiÞ ðn ¼ 0; 1;.; LÞ on the DNA ði ¼ 0Þ
or in the solution ði ¼ 1Þ. The temporal evolution of the first-passage prob-

abilities follow the backward master equations (27). For nsm; we have

vFð0Þ
n ðtÞ
vt

¼ koffF
ð1Þ
n ðtÞ � koffF

ð0Þ
n ðtÞ; (1)

and

vFð1Þ
n ðtÞ
vt

¼ u
h
F
ð1Þ
nþ1ðtÞ þ F

ð1Þ
n�1ðtÞ

i
þ konF

ð0Þ
n

� ð2uþ konÞFð1Þ
n ðtÞ: (2)

Because the dynamics is different at the boundaries (n ¼ 1; n ¼ m or

n ¼ L), the corresponding equations are the following:

vF
ð1Þ
1 ðtÞ
vt

¼ uF
ð1Þ
2 ðtÞ þ konF

ð0Þ
1 ðtÞ � ðuþ konÞFð1Þ

1 ðtÞ; (3)

vFð1ÞðtÞ h
ð1Þ ð1Þ

i

m

vt
¼ u Fmþ1ðtÞ þ Fm�1ðtÞ þ konF

0
mðtÞ

� ð2uþ konÞFð1Þ
m ðtÞ; (4)

vF
ð1ÞðtÞ
L

vt
¼ uF

ð1Þ
L�1ðtÞ þ konF

ð0Þ
L ðtÞ � ðuþ konÞFð1Þ

L ðtÞ: (5)

In addition, the initial conditions imply that

Fð0Þ
m ðtÞ ¼ dðtÞ: (6)

The physical meaning of this expression is the following: if the RecA

filament starts at t ¼ 0 from the homology sequence site, the search is

instantaneously completed.
y ¼
sþ 2uþ kon � konkoff

sþ koff
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
sþ 2uþ kon � konkoff

sþ koff

�2

� 4u2
r

2u
; (14)
To determine the first-passage probability functions, we utilize a Laplace

transformation, ~FðsÞ ¼ RN
0

e�stFðtÞdt: This allows us to simplify the prob-
A1 ¼ konðym þ y2L�mþ1Þ� konkoff
sþ koff

�
ðym þ y�mÞðym þ y2L�mþ1Þ þ uð1� y2Þð1� y2LÞ

; (15)
lem by solving algebraic equations instead of original differential equa-

tions. Thus, Eqs. 1 and 2 are modified into
s
g
F
ð0Þ
n ðsÞ ¼ koff

g
F
ð1Þ
n ðsÞ � koff

g
F
ð0Þ
n ðsÞ; (7)

2 3

s
g
F
ð1Þ
n ðsÞ ¼ u4g

F
ð1Þ
nþ1ðsÞ þ g

F
ð1Þ
n�1ðsÞ5þ kon

g
F
ð0Þ
n ðsÞ

� ð2uþ konÞgFð1Þ
n ðsÞ: (8)

And for the boundaries, taking into account Eq. 6, we have
g
F
ð0Þ
m ðsÞ ¼ 1; and

the following expressions can be written:�
sþ uþ kon � konkoff

sþ koff

�g
F
ð1Þ
1 ðsÞ ¼ u

g
F
ð1Þ
2 ðsÞ; (9)

�
sþ uþ kon � konkoff

sþ koff

�g
F
ð1Þ
L ðsÞ ¼ u

g
F
ð1Þ
L�1ðsÞ; (10)

2 3

½sþ 2uþ kon�gFð1Þ

m ðsÞ ¼ u4 g
F
ð1Þ
mþ1ðsÞ þ g

F
ð1Þ
m�1ðsÞ5þ kon:

(11)

These equations can be solved, producing from Eq. 7:

g
F
ð1Þ
n ðsÞ ¼ g

F
ð0Þ
n ðsÞ sþ koff

koff
: (12)

Then, from Eq. 8, taking into account the boundary conditions, we obtain

g
F
ð0Þ
n ðsÞ ¼ A1y

n þ A2y
�n; (13)

where
and the coefficients A1 and A2 have different values depending on the posi-

tion of the state n with respect to the target. For n%m, we have
and
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A2 ¼ yA1: (16)

Similarly, for nRm it can be shown that
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FIGURE 2 Normalized mean search time to find the homology sequence

as a function of the relative target position for different DNA lengths. (Solid

lines) Theoretical predictions; (symbols) Monte Carlo simulations. Param-

eters used for calculations are: kon ¼ u ¼ 105 s�1 and koff ¼ 103 s�1. To see

this figure in color, go online.

A1 ¼ konðym þ y1�mÞ� konkoff
sþ koff

�
ðym þ y�mÞðym þ y2L�mþ1Þ þ uð1� y2Þð1� y2LÞ

; (17)
and

A2 ¼ y2Lþ1A1: (18)

The knowledge of first-passage distribution functions allows us to obtain a

comprehensive description of the dynamics in the system. For example, we

are interested in evaluating the mean search times for the RecA filament to

find the homology sequence starting from the solution. It is reasonable to

assume that the nucleoprotein filament can start with equal probability at

any region of the solution around the DNA chain. This also corresponds

to the experimental conditions of studying the homology search with

well-mixed chemical components (23). Then for the mean search time,

we derive

T ¼ 1

L

XL

n¼ 1

tð1Þn ; (19)

where

tð1Þn ¼ �v~F
ð1Þ
n

vs

�����
s¼ 0

(20)

is defined as a mean time to reach the target from the state n in the solution

(Fig. 1). The final expression for the mean search time is given by

T ¼ W

6u
�
koff

	

kon þ koff

��þ �
L� 1

koff
þ L

kon

�
; (21)

where

W ¼ 1þ 3Lþ 2L2 � 6m� 6Lmþ 6m2: (22)

Equation 21 has a clear physical meaning. The first term corresponds to

the time when the RecA filament diffuses in the solution under the

condition that it is not bound to the DNA (equal to koff=ðkon þ koffÞ).
The second term describes the total time for associations and dissocia-

tions. So in the limit of very fast diffusion in the solution, u/N; which

corresponds to highly coiled DNA configurations, the search time is

equal to

T ¼ L� 1

koff
þ L

kon
: (23)

This expression is easy to understand because, on average, the filament will

make L� 1 unsuccessful binding attempts to DNA before the Lth step,

where it will find the homology sequence. This also agrees with the analyt-

ical result obtained earlier (27).
862 Biophysical Journal 112, 859–867, March 14, 2017
Similar analysis can be done for any dynamic property in the homology

search, and we will illustrate this below when the experimental results are

analyzed.
RESULTS AND DISCUSSION

Dynamic properties of the homology search

The knowledge of first-passage probability functions allows
us to fully analyze the dynamics of the homology search.
Several important questions can now be investigated. One
of them is the role of the target sequence position along
the DNA on the search dynamics. This can be done by vary-
ing the target location m, evaluating how it affects the mean
search time. The corresponding results are presented in
Fig. 2.

One can see that moving the target location along the
DNA chain changes the search times for all sets of parame-
ters (Fig. 2). The fastest dynamics is observed when the
homology sequence is in the middle of DNA, and slowest
dynamics when the target is at the end. For long DNA
chains, L[ 1; it is up to four times faster to find the target
if it is in the center versus the end of the DNA molecule
(Fig. 2). This can be easily explained by noting that, to reach
the homology sequence, the RecA filament must first to
come to the volume segment around the target. Because
the filament starts with equal probability anywhere in the
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volume around the DNA chain, the dynamics is faster if the
target is in the middle of the chain. At average, the protein
filament must diffuse � L=4 segments to reach the segment
around the target in the middle, while for the end target
locations it will move through � L=2 volume segments.
The time diffused in the solution scales quadratically with
the distance. Then the search slowing down due to moving
the target to the end is given by T=TmaxxððL=4Þ2=
ðL=2Þ2Þ ¼ 1=4 (Fig. 2).

It is interesting to note that this behavior differs for other
protein search systems where 3D diffusion is usually very
fast (27,31). For these systems, the relative contribution of
the sliding along DNA in comparison with the bulk diffusion
determines the importance of the varying the target position.
If the search is dominated by the motion via the bulk solu-
tion, the variation of the target position is less relevant for
the protein search dynamics.

The next question is to understand the effect of the
length of DNA in the homology search. The dependence
of the search time on L is presented in Fig. 3. Two
different behaviors are observed. When the protein fila-
ment spends most of the time in the solution ðu � konÞ,
the mean search time has a quadratic scaling, T � L2:
In the solution, the RecA protein filament performs a
simple unbiased diffusion. At the same time, when the
rate limiting step is associated with binding/unbinding
events to/from DNA ðu[ kon; koffÞ, the scaling is linear,
T � L, because the filament visits each site on DNA inde-
pendently of each other. The same conclusions can be ob-
tained from Eq. 21. Thus, for RecA to conduct a fast and
efficient search, it should not stay very long in the solution
if DNA chains are quite long. This also means that the
search is generally faster for longer RecA filaments,
assuming that the length of DNA is fixed, because a
smaller number of associations to DNA is needed to find
the homology sequence.
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FIGURE 3 Mean search times to find the homology sequence as a func-

tion of the DNA length. (Solid lines) Theoretical predictions; (symbols)

Monte Carlo simulations. The homology sequence is in the middle of the

DNA chain ðm ¼ L=2Þ. To see this figure in color, go online.
Another important factor in the homology search is the
strength of protein-DNA interactions. To quantify the affin-
ity between protein and DNA molecules, we consider an
equilibrium binding constant K ¼ kon=koff that specifies
the tendency of the protein to associate nonspecifically to
DNA. The mean search times as a function of the binding
affinity are illustrated in Fig. 4. A nonmonotonic behavior
is observed, which can be explained using the following
arguments. For weak affinities, K � 1, the protein filament
does not like to associate to DNA, and this prevents it from
quickly finding the homology sequence. For strong affin-
ities, K[ 1; the effect is opposite. The nonspecific interac-
tion between the RecA filament and DNA is so strong that
the protein is frequently trapped at different locations on
DNA. This again slows down the search dynamics. Only
for intermediate affinities, K ~1–10, the homology search
is fast because the protein can efficiently scan the DNA
without being trapped. Experiments suggest that RecA oper-
ate in this regime of affinities (23). Similar nonmonotonic
behavior for search dynamics in other protein systems has
been explained earlier (32).

Our theoretical approach allows us to fully describe all
possible search behaviors in the system. To show this, we
build a dynamic phase diagram for the homology search,
as shown in Fig. 5. To understand the dynamics, we note
that there are two relevant length scales in the system. The
first one is the length of the DNA chain, L. The second
one is a length d ¼ ffiffiffiffiffiffiffiffiffiffiffi

u=kon
p

; which has a physical meaning
of the average distance that the RecA filament diffuses in the
solution before binding to DNA. These two length scales
lead to two different dynamic search regimes (Fig. 5).
When d � L; the nucleoprotein filament has a strong ten-
dency to nonspecifically bind DNA at any position, and
this effectively traps the protein-ssDNA filament on the
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FIGURE 4 Mean search times to find the homology sequence as a

function of the RecA filament-DNA affinity, K ¼ kon=koff : Different curves
correspond to different but fixed dissociation transition rates koff : Parame-

ters used for calculations are: L ¼ 100 l; m ¼ 50 l, and u ¼ 1 s�1. To see

this figure in color, go online.
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dsDNA chain. The search time decreases with increasing the
length d because it corresponds to relaxing the trapping on
DNA, leading to faster search for the homology sequence.
The situation is different for d[ L; when the protein
filament prefers to be found in the solution. But this does
not help with the search. Increasing the length d also in-
creases the mean search time, and this makes the search
even less efficient. One can clearly see that the most optimal
search is observed when the filament diffusion in the solu-
tion is balanced by frequent associations and dissociation
from DNA.

It is important to note that this dynamic phase diagram
is also different from other protein search systems, where
three dynamic regimes are usually observed (27,31). The
main reason for this is the absence of the sliding along the
DNA, which is associated with another length scale and a
different dynamic regime.
Comparison with experiments

One of the advantages of our theoretical approach is the fact
that it provides a fully analytical description of the homol-
ogy search dynamics. It can be tested by applying it for a
quantitative description of the experiments on RecA. Here
we present the analysis of the single-molecule observations
of in vitro RecA homology search (23). In these experi-
ments, the degree of DNA pairing by RecA filaments has
been measured for different end-to-end distances in DNA
and for different filaments lengths (23).

To assist our analysis, we first have to evaluate the
effective diffusion rate u. Because the RecA nucleoprotein
filaments utilized in these experiments usually are not
very long (several hundreds of nucleotides in length), they
can be viewed as rigid cylindrical tubes. Then the transla-
tional diffusion constant for the cylindrical object of length
864 Biophysical Journal 112, 859–867, March 14, 2017
l and diameter a in the solution of viscosity h can be written
as (41)

D ¼ kBT½lnðl=aÞ þ c�
6phl

; (24)

where a numerical parameter c is a finite-size correction.
For long cylinders, l[ a; it was numerically evaluated
that cx0:312 (41). For RecA protein, the diameter can
be estimated as ax2 nm (42), and the filament with 500
nucleotides has a length lx150 nm, so that l is always
much larger than a. Assuming that the viscosity of the
solution can be reasonably approximated as the viscosity
of water, hðwaterÞ ¼ 8:9� 10�4 kg, m/s, and considering
the RecA nucleoprotein filaments of the length of 500 nucle-
otides, we estimate the translational diffusion coefficient as
Dx7� 10�12 m2/s.

To obtain the estimate for the effective diffusion rate u,
we note that the volume around the DNA molecule is
divided into L=l segments, and the effective 1D size of
each segment is given by leff ¼ R=ðL=lÞ, where R is the
end-to-end DNA distance (see also Fig. 1). It takes the
average time 1=u to move the distance leff in our model.
Simultaneously, the time for the RecA filament to diffuse
the same distance in the solution is l2eff=2D. Then the
following condition

1

u
x

l2eff
2D

¼ R2l2

2DL2
(25)

leads to the explicit estimate for the rate u. For experi-
mental parameters that describe the DNA pairing by RecA
filaments (L ¼ 48; 502 bp) (23), it can be shown that
ux103 s�1 for the fully extended DNA chains (R ¼ 16

mm), and for the coiled DNA chains (Rx2 mm), we obtain
ux105 s�1. The 100 times increase in the diffusion rate u is
related with the order-of-magnitude decrease for the end-to-
end distance R between the fully stretched and fully coiled
DNA conformations and the quadratic dependence of the
time on the distance for the diffusion process. Experiments
also suggest that for the filament concentration of 100 pM,
the equilibrium binding constant is K > 10; giving the
connection between the transition rates kon and koff (23).

The experimentally observed fraction f ðtÞ of RecA mole-
cules that find the homology sequence at the time t can be
evaluated from the first-passage probability functions, aver-
aged over the initial starting conditions,

f ðtÞ ¼ 1

L

XL

n¼ 1

Z t

0

Fð1Þ
n ðtÞdt: (26)

These quantities are explicitly calculated by numerically in-
verting the Laplace transforms

g
F
ð1Þ
n ðsÞ using the procedure

described in Valko and Abate (43). Experimental measure-
ments on the degree of DNA pairing by RecA filaments
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Mechanism of Homology Search
are described then with only one fitting parameter, and the
results are presented in Figs. 6 and 7.

As one can see from Fig. 6, extending the distance be-
tween DNA ends makes the homology search less efficient.
When DNA is coiled (2 mm end-to-end distance), <85% of
the targets are found in <2 min. For the extended DNA
chain (8 mm end-to-end distance), <10% of the homology
sequences are located during the same time period. Similar
behavior is presented in Fig. 7, where the temporal evolution
of the fraction of the successful homology search events is
presented. Our theoretical picture, which argues for longer
search times for more extended DNA configurations, is
able to capture these experimental observations reasonably
well.

Because of the fully quantitative nature of our theoretical
model, more than just existing experimental observations
can be described. We can also make specific predictions
that can tested in the lab. More specifically, for the experi-
mental conditions described in Forget and Kowalczykowski
(23), the dependence of the search time on the degree of
coiling of DNA molecules is presented in Fig. 8. We predict
that the homology search will be accomplished in <2 min
for coiled DNA chains, while for the extended conforma-
tions it might take up to 8–10 min.
CONCLUSIONS

We developed a fully quantitative theoretical approach to
describe the homology search process by RecA nucleopro-
tein filaments. It is based on the idea of intersegment sam-
pling, which suggests that it takes longer to probe more
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kon ¼ 1000 s�1, koff ¼ 2 s�1, m ¼ 55 l, and L ¼ 113 l; the effective diffu-

sion rates u ¼ 24,536, 6134, 2726, and 1533 s�1 for R ¼ 2, 4, 6, and
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extended DNA conformations and for shorter filaments.
Our discrete-state stochastic model of the homology search,
which takes into account the most relevant physical-chemi-
cal processes in the system, is solved analytically using the
method of first-passage processes.

The presented theoretical analysis shows that the location
of the homology sequence influences the search dynamics:
the search is faster up to four times if the target is in the
middle of the DNA chain in comparison with the location
at DNA ends. We also found that the dependence of the
search time on the DNA length is determined by the domi-
nating process in the system. If the RecA filament spends
most of the time in the solution around the DNA molecule,
then the search time has a quadratic dependence on the DNA
length. However, if association to DNA and dissociation
from DNA are rate-limiting steps, then the linear scaling
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is observed. In addition, the nonspecific filament-DNA in-
teractions have been identified as another factor that affects
the homology search. Our theoretical calculations suggest
that there is the optimal filament-DNA affinity that speeds
up the search dynamics. It was argued that this effect is
the result of the compromise between being trapped on
DNA for strong attractive interactions and not coming to
DNA at all for strong repulsions. At the end, we constructed
a dynamic phase diagram for the homology search, where
two different regimes were found. When the distance trav-
eled by the filament in the solution is much smaller than
the DNA length, the RecA filament has a strong tendency
to be trapped on DNA. Increasing this length accelerates
the search. However, when this length becomes larger
than the DNA length, the trend is reversed because the fila-
ment is mostly in the solution, and this increases their search
times for the homology sequence. Furthermore, theoretical
description of the homology search indicates that it differs
in many aspects from other processes of proteins searching
for targets on DNA. Finally, our theoretical picture is suc-
cessfully applied for analyzing single-molecule experiments
on DNA pairing by RecA filaments. We are able to quanti-
tatively account for the effect of DNA coiling and size of
RecA filaments during the homology search. Experimen-
tally testable predictions on the homology search times
are also presented.

Although our theoretical approach provides a simple
quantitative description of the homology search, which
also agrees reasonably well with single-molecule experi-
mental measurements, there are several issues that should
be discussed. It has been argued that the intersegmental con-
tact sampling is the leading mechanisms in the homology
search (23). However, our theoretical method only partially
takes this mechanism into account. We incorporate the idea
that it is longer to search more extended DNA chains, but
we implicitly assume that the RecA protein binds and disso-
ciates as a whole filament during the search process. In re-
ality, some parts of the filament can dissociate from DNA,
simultaneously binding to other segments on DNA. This
possibility of intersegment transfer is not accounted for in
our method. These arguments suggest that our model should
work better for more extended DNA conformations, and its
accuracy for more coiled DNA configurations is less reli-
able. At the same time, one should notice that the interseg-
ment transfer has been successfully accounted in other
protein search systems (40), so our theoretical method can
be extended in this direction. Another important process
that was not taken into account in our theoretical model is
the sliding of RecA filaments along the DNA chains and
the DNA sequence heterogeneity (13,44,45). It is still un-
clear if this effect is relevant for the homology search, but
the proposed discrete-state stochastic framework can be
extended to take care of this question. Despite these issues,
we believe that our method captures some important phys-
ical-chemical aspects of the mechanisms of the homology
866 Biophysical Journal 112, 859–867, March 14, 2017
search. It will be important to test the theoretical predictions
in experimental studies, as well as in more advanced theo-
retical treatments.
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