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ABSTRACT: Horizontal gene transfer (HGT) is a fundamental process of increasing genetic diversity in microbial species. It allows
bacterial cells to acquire new beneficial traits quickly by incorporating new genetic material into existing genomes. Despite the
critical importance of HGT phenomena, the underlying molecular mechanisms are still poorly understood. Recent experiments
investigated the dynamics of conjugation HGT processes in which DNA is transmitted directly from the donor to the recipient
bacterial cell. It is accomplished by special mobile genetic particles known as integrative and conjugative elements (ICE). However,
the molecular picture of how ICE can efficiently find the unique integration sites in a new genome is not yet clear. We present a
novel theoretical model to explain the dynamic processes in HGT after ICE reaches the recipient cell. It is shown that the target
search for integration sites can be viewed as a set of stochastic transitions between discrete states, allowing us to obtain an explicit
description of the dynamic properties using analytical calculations supported by Monte Carlo computer simulations. Search times are
found to depend on the location of integration sites, the size of the genome, the effective diffusion rate of mobile genetic elements,
and the binding/unbinding transitions between ICE and DNA. Theoretical estimates for search times agree well with experimental
observations for integration in Bacillus subtilis bacterial species. Physical-chemical arguments are presented to explain the dynamics
of the ICE target search. This study clarifies some important mechanistic aspects of HGT phenomena.

Bl INTRODUCTION nucleic acid complexes called integrative and conjugative
elements, also known as conjugative transposons.'”"” integra-

Horizontal gene transfer (HGT) is a unique biological process
tive and conjugative elements (ICEs) already contain all the

by which genetic information is shared between organisms that

are not related as parent and offspring."”” It has been critically genes needed for their activities, namely, for the excision from
important for the evolution of all living systems,' > allowing the host genome, transferring between the cells, and for
for the exchange of genetic material between different cells that integration in the recipient genome. The main stages of the life
leads to genome modifications.””” This is a dynamic cycle of ICE are shown schematically in Figure 1. Under
phenomenon that might have immediate or delayed effects normal circumstances, ICEs are integrated into the donor
in the recipient host organism.g’9 Although HGT events occur genome, but the conjugation genes are silent. When the
between cells in different kingdoms of life, they are dominating potential host cell is nearby, these genes are somehow induced,

in bacterial species because of the lack of sexual methods of
increasing genetic diversity in bacteria.”'”'" Furthermore, it is
now well established that HGT events are crucial in
minimizing bacterial genome damage and for acquiring
critically important antibiotic resistance genes.”

Experimental studies show that there are multiple pathways
for HGT events in bacteria.”®'' However, one of the most
common mechanisms is conjugation, which is the contact-
dependent unidirectional transfer of DNA from a donor to a
recipient cell via conjugating (mating) apparatus expressed in
the donor cell.'"'” Tt is accomplished by mobile protein-

and ICE is excised from the original bacterial chromosome,
forming a separate circular DNA molecule (plasmid). There
are other products of conjugative gene activation, such as the
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Figure 1. Schematic view of conjugative horizontal gene transfer. The process starts with ICE being incorporated in the donor cell genome. In the
next step, after some external signal that a recipient cell is close, ICE is excised from DNA while still in the donor cell. Next, the donor and recipient
cells are connected by the conjugating (mating) channel, allowing for ICE transfer. In the last stage, the ICE complex is searching for integration

sites in the new genome.
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Figure 2. Discrete-state stochastic model for the search of integrations sites by ICEBsl. There are L — 1 nonspecific sites and one specific
integration site at the position m on the DNA chain. The ICE particle can diffuse in the solution parallel to the DNA chain in with the rate u, or it
can associate onto the DNA with the rate k. If attached to the DNA, ICEBs]1 can dissociate back into the solution with the rate k.4 The states in
the solution are labeled as i = (1), and the states on DNA are labeled as i = (0). Each segment in solution or on DNA is labeled with n = 1, 2, -, m,

w, L.

assembly of a mating pore between the host cell and the
recipient cell, tightly coupling them together for some time:
see Figure 1. Then a DNA segment in ICE is transformed into
a ssDNA—protein complex which is translocated by a mating
pump from the host cell into the recipient cell. Finally, the ICE
segment integrates into the new bacterial chromosome at a
specific location(s), called the integration site. At the same
time, the remaining strand of ICE in the host cell is
incorporated back into the original chromosome. This unique
set of events is robust, but the underlying microscopic picture
remains poorly understood.'”

Recent experimental studies focused on the last stage of
HGT cong'ugation when the ICE is searching for an integration
site.'"'*'> By following the motion of the ICE and the
chromosomal integration site, the dynamics of ICE integration
into the recipient genome was investigated in the Bacillus
subtilis bacterial species.'”'*'® In these experiments, ICEBs1
species (~20 kbp) were utilized which are known to enhance
the host cell’s ability to out-compete neighboring cells by
inhibiting sporulation and biofilm formation, keeping the cell
in an active growth and division phase. This prolonged growth
increases opportunities for HGT to occur, allowing ICEBs1 to
spread more effectively.'”'” It should also be noted that in the
recipient cell, ICEBs] preferentially integrates near the t-RNA
(trnS-leu2) gene into the site denoted attB (there are two such
sites per genome), which is a highly conserved genomic region
that provides both stability and relative protection against the
hosts defense mechanisms.'® In addition, it was found that
successful genetic transfer typically occurs in about ~1 h, and
both ICE and the integration site in the recipient genome
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exhibited “sub-diffusive” behavior. This study highlights the
important role of cellular crowding and chromosomal structure
for HGT events. However, the molecular mechanisms of
efficient target search for integration sites remain unclear."!

In this paper, we present a novel theoretical approach to
investigate the last stage of the HGT process when ICE is
searching for integration sites. The dynamics of protein target
search has been intensively studied for various biological
systems, and multiple theoretical methods have been
proposed.'”™** Our theoretical model is based on a discrete-
state stochastic analysis of dynamic phenomena that explores
the analogy of integration site target search with the homology
recombination of RecA proteins, which search for sites of DNA
damage.'”**7® This method allows us to explicitly evaluate
the dynamic properties of the system, quantifying the ICE
target search for integration sites in HGT. We identified that
the main features that influence the search dynamics are the
location of integration sites, size of the genome, nonspecific
affinities between mobile genetic elements and DNA, and ICE
diffusion rates in the volume around the DNA segment. Our
analytical calculations are supplemented by Monte Carlo
computer simulations, and our estimates of target search times
are consistent with experimental observations, clarifying
important dynamic aspects of HGT phenomena.

B MATERIALS AND METHODS

Discrete-State Stochastic Model. To investigate the
dynamics of ICE target search for integration sites (the last
stage in the HGT process as shown in Figure 1), we propose a

https://doi.org/10.1021/acs.jpcb.5c02436
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discrete-state stochastic model presented in Figure 2. Our goal
is to mimic the search of ICEBs1 particles for attB integration
sites in the B. subtilis bacterial genome.'"'* The bacterial
genome has a size of 4.2 Mbp, and its projected length in the
bacterial cell is ~3 #M."**” There are two integration sites that
are located approximately 1/4 and 3/4 of vertical distance
along the genome.'* Because of this symmetry, it is reasonable
to consider a DNA strand of half the length, ~1.5 uM, with a
single target in the middle of the DNA chain: see Figure 2.
Although the bacterial chromosome is circular, experiments
considered a projected view of the system,'* such that in our
theoretical model the DNA molecule can be approximated as a
one-dimensional (1D) line of L segments each of length |,
where [ ~ 100 bp approximately corresponds to the size of the
attB integration site.”®*” This means that L ~ 15, and the
target is located in the middle of the DNA chain at m ~ L/2.
Additional arguments in support of our theoretical picture
come from experiments exhibiting that the bacterial genome
has a polymer bottle-brush structure, with the distance
between neighboring branches being of the order of several
hundred bps.'"*® This distance in our theoretical picture
corresponds to the distance , since ICE can go between DNA
genome branches, trying to find the integration site.

In our model, we assume that the ICE particle also has a size
I and can be found in one of two possible sets of stochastic
states: see Figure 2. The ICE particle can diffuse in the solution
“parallel” to DNA with the diffusion rate u. The solution is
divided into L volume segments, each of them surrounding the
corresponding site on DNA: see Figure 2. ICE can also attach
to DNA with the rate k,, to check if the site is the right target.
If this is not the case, ICE dissociates back into the solution
with the rate kg There are a total of 2L discrete states in the
system (L states in the solution and L states when ICE is
bound to DNA). ICE starts in the solution, and the process is
completed when the target at site m is located for the first time.
A single-molecule view of the target search dynamics is
adopted, which is consistent with experimental setups where a
single ICE species participated in integration.14 It is important
to note here that our theoretical method views the integration
target search by ICE particles as an effective 1D process, which
is stimulated by experimental geometry and the corresponding
analysis in recent studies on B. subtilis."*

To analyze integration target search during HGT events, we
notice that this process is similar to some degree to the
homology search (by RecA proteins in bacteria or RadSl
proteins in eukaryotes), which is activated when a double-
strand break in DNA appears.’’>* The mechanisms of
homology search have been investigated using a variety of
theoretical tools, and it is reasonably well understood
now 263537

For the search of the integration site, it is convenient to
adopt a first-passage method of calculating dynamic properties
that connects diffusion and association/dissociation rates with
the target search dynamics.26 For this purpose, we introduce
functions F{)(t) and F{)(t) defined as probability densities to
reach the target (integration site) at time t for the first time if
at t = 0 the system starts in the state n© (in the solution) or in
the state n) (on DNA), respectively: See Figure 2. These
probabilities evolve with time as described by a set of backward
master equations26

dr(t)

PP ko F(E) = ko)

1
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dE(t
V:iit() = ulF, () + (01 + K, E0()
— (u+ k)R @
In addition, one should impose the initial condition®®
ED() = 5(1) 3)

which means that if the system starts with ICE on the
integration site the target search process is immediately
accomplished.

The set of backward master equations can be solved
explicitly using the Laplace transformation approach, as
explained in detail in the Supporting Information. More
specifically, we introduce Laplace transforms of the first-
passage probability functions

EO = [ B0
0

£ = [T eEnar “

and calculate them exactly: see the Supporting Information.
Then, all of the dynamic properties of the integration target
search can be obtained. Because we are mimicking
experimental conditions,'* we are interested in evaluating the
mean search time to locate the integration site starting with
equal probability anywhere in the solution

1 L
T:zZTn(l)

n=1

(5)

where

=)

(1) dE, " (s)

7, = ———

ds (6)

is the mean first-passage time to locate the integration site if

starting from the specific solution state n. As shown in the

Supporting Information, the exact expression for the mean
search time is given by

(s=0)

T= M: + (Lk_ L, ki]
6u( o :ﬁkoﬁ ) off on )
where the auxiliary function W is defined as
W =1+ 3L+ 2L" — 6m — 6Lm + 6m* (3)

The expression for the mean target search time [eq 7] has a
clear physical interpretation. The first term represents the time
during which ICE is diffusing in solution and is not bound to
DNA. The second term accounts for the total time the ICE
spends trying to check if the given site on DNA is the
integration site or not. It is done by sequentially associating
and dissociating from the DNA chain. On average, there are L
such dissociations and L — 1 such association transitions. The
number of association events is smaller by one because the last
association to the integration site successfully ends the target
search process, and there is no need to dissociate.

To better understand the molecular picture for the search of
the integration site, it is convenient to look at two limiting
situations (assuming that the target is in the middle, m ~ L/2).
First, if the DNA genome is very long (L > 1) and the

https://doi.org/10.1021/acs.jpcb.5c02436
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Figure 3. Mean search times to find the integration site as a function of the target position along the DNA segment. The red solid curve is from
analytical predictions, and the blue symbols are Monte Carlo computer simulations. The following parameters have been used for calculations are L
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association rate is much faster than the dissociation rate (k,, >
k&), the mean search time behaves as
’K
T ==

12u (9)

where K = Zﬂ is a nonspecific affinity of the ICE to the DNA

off
chain. One can see that in this case, diffusion in the solution is

a rate-limiting step. This situation is probably close to
experimental conditions in B. subtilis."*

Another limit is when the diffusion rate in the solution is
very fast (u > 1) and the length of the DNA genome is not
too long. In this case, it can be shown that

L-1 L

T~ +
kg k

(10)

Here, the rate-limiting steps are DNA association and
dissociation events, and the location of the target does not
matter. This situation is probably not very realistic for B.
subtilis."*

on

B RESULTS AND DISCUSSION

For our theoretical approach, it is important first to estimate
the kinetic parameters from the experimental data on
integration sites search in B. subtilis."* In these experiments,
ICEBsl particles were observed to move “sub-diftusively” in
the vertical direction, with mean-squared displacement scaling
as

r* ~ D" (11)

with D = 0.0077 um? s% and a ~ 0.43. While this behavior
likely arises due to finite-size or confinement effects and
probably does not reflect true long-time anomalous diffusion,
we use this relationship as a practical means to estimate the
characteristic time to move a vertical step of size r = [ = 0.1 ym
between neighboring vertical volume segments. Equation 11
suggests that it will require a 7 =~ 2 s. This allows us then to
estimate the effective diffusion rate in our model, u = 1/7,
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yielding u =~ 0.5 s™'. This approach suggests that we have
effectively mapped our model to a normal 1D diffusion
process: see Figure 2.

The binding/unbinding rates for ICE to attach and detach
from DNA are not known experimentally. However, using the
similarity of the integration site search with homology search,
one might roughly estimate that k,, ~ 10—1000 s~ and kg ~

ko
a) 1S
K ~ 10-100. The affinity cannot be too high because ICE
would associate to nontarget sites on DNA too frequently,
significantly slowing the target search. It also cannot be too low
as ICE would infrequently bind to the DNA, preventing it from
efficient scanning of DNA sites. One can also evaluate the
length of the DNA segment per one integration site as L = 15
and m = 8, as was already explained above.

Substituting the kinetic parameters estimated from the
experimental data into eq 7, one can calculate the mean search
times T. We predict then [from eq 7] that T ~ 400—4000 s,
i.e,, finding the integration sites might take from 10 minutes up
to 1 hour, and these estimates are in very good agreement with
experimentally determined values.'* These calculations suggest
that our theoretical method likely captures the main aspects of
the complex target search process in conjugative HGT events.

Our theoretical model allows us to evaluate the role of
different factors during the ICE target search. First, let us
understand the effect of varying the position of the integration
site. The results of our analytical calculations supplemented by
Monte Carlo computer simulations are presented in Figure 3.
One can see that the location of the integration site does affect
the dynamics of the target search. The fastest search times are
observed when the integration site is in the middle of the DNA
segment (m =~ L/2), and varying the position might accelerate
the search up to 4 times for parameters that are relevant for B.
subtilis.

To explain these observations, we note that before ICEBs1
can integrate at its target site, it must first reach the volume
segment surrounding the target. Since the initial position of

1—100 s, suggesting that the nonspecific affinity (K =

https://doi.org/10.1021/acs.jpcb.5c02436
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ICEBsl in solution is equally likely to be anywhere along the
DNA chain, the search process is most eflicient when the target
is centrally located. This is because, on average, ICEBs1 must
diffuse approximately L/4 volume segments to reach a region
next to the middle of the chain (m ~ L/2) since it can start
with equal probability anywhere along the DNA segment.
Whereas for the target at the end (m ~ L), it must traverse
roughly L/2 volume segments. Since the diffusion in the
solution is most probably a limiting factor at typical conditions
in B. subtilis, one could estimate the mean search time as T(m
~L/2) ~ (L/4)* for the target in the middle, and T(m ~ L) ~
(L/2)* for the target at the end, explaining the 4-fold
acceleration in finding the target. Interestingly, the attB
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integration site in B. subtilis is located at the position at
which the fastest search is observed. To be more precise, two
integration sites are located at 1/4 and 3/4 of the genome
length, which, due to symmetry, correspond to the middle of
the DNA segment in our theoretical model. These arguments
suggest that evolution may have optimized the position of
targets so that the search dynamics for integration sites are the
fastest possible. This is supported by observations that it is
difficult to find the integration site due to molecular crowding
in the cell, and any means to accelerate the search process are
beneficial for the success of HGT.

One can also understand how the target search dynamics
depend on the size of the genome. The results of our

https://doi.org/10.1021/acs.jpcb.5c02436
J. Phys. Chem. B 2025, 129, 6828—6836
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theoretical analysis are presented in Figure 4. One can see that
the search times grow mostly quadratically as a function of L.
This is because the slowest process in the system is diffusion
parallel to the DNA segment, which scales quadratically with
the distance. Thus, it will take much longer for HGT to occur
for longer DNA chains (T ~ L?), if the same mechanism as
considered here is taking place in other living systems. Since in
bacterial species the size of DNA genomes is relatively short, it
seems that horizontal gene transfer might be an efficient
process of getting new genetic material in microbes, potentially
explaining why HGT dominates in bacterial systems in
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comparison with organisms from other kingdoms of life that
have much longer genomes.””

Next, let us investigate the role of the effective diffusion rate
in the target search dynamics. The results are presented in
Figure S. As expected, increasing the rate u first lowers the
search time, but for very fast diffusion rates the acceleration
effect disappears and the search times reach a plateau: See
Figure 5. The observations can be explained using the
following arguments. The relationship between diffusion rate
and search time highlights the importance of the molecular
mobility of ICE particles. A higher diffusion rate allows ICEBs1
to transition between solution and DNA-bound states more

https://doi.org/10.1021/acs.jpcb.5c02436
J. Phys. Chem. B 2025, 129, 6828—6836
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rapidly, thereby accelerating the search process. However, at
sufficiently high u, the system enters a regime where search
time is no longer limited by diffusion, but rather by the kinetics
of DNA binding and unbinding. A further increase in the
diffusion rate u will not affect the target search dynamics. This
explains the saturation for high u: see Figure S.

The dependence of the integration site target search on
binding and unbinding rates between ICE and the DNA chain
is analyzed in Figures 6 and 7. As one can see, increasing the
rate k.gz accelerates the search dynamics (Figure 6) because
unbinding prevents ICE particles from being trapped at
nonintegration sites. However, further increase in the
dissociation rate will have no effect on the target search
dynamics since other transitions (association or diffusion) will
become rate-limiting: see Figure 6. Our estimates of
dissociation rates (k,z ~ 1—100 s™') also suggest that the
integration search dynamics is probably already operating close
to the most efficient conditions (see Figure 6).

More interesting dynamic behavior is found when we vary
the association rate, as shown in Figure 7. A nonmonotonic
dependence of the mean search times as a function of k,,, is
observed. This can be explained by noting that increasing the
association rate first makes the ICE particle more mobile,
allowing it to explore more regions on DNA due to lowering
the time in the volume around the DNA segment. However,
when the rate k., is too fast, ICE will be trapped more
frequently at DNA sites that are not the final target, which
would slow down the search dynamics. As a result, there is a
minimum in the mean search times for integration sites as
shown in Figure 7. In addition, from our estimates of the
association rates (k,, ~ 10—1000 s™'), one might conclude
that the search dynamics is also operating close to the most
optimal conditions.

B SUMMARY AND CONCLUSIONS

In this paper, we developed a novel theoretical method for
analyzing the dynamic aspects of HGT phenomena in bacteria.
More specifically, we concentrated on the last stage of HGT
when the ICE particle, which delivers the novel genetic
material, is searching for integration sites in the genome of the
recipient cell. The proposed theoretical approach views the
target search as a set of stochastic transitions between different
states of the system, specified by the location and association
with DNA by the ICE particle. This discrete-state stochastic
framework provides a comprehensive description of all
dynamic processes during the search for integration sites,
allowing for analytical calculations supported by Monte Carlo
computer simulations and providing a clearer microscopic
picture of HGT integration processes.

It is found that theoretical predictions for the mean search
times agree well with experimental observations for B. subtilis.
Theoretical analysis indicates that the target search dynamics is
strongly influenced by the location of the integration sites, the
size of the DNA genome, the diffusion rate in the volume
parallel to the DNA segment, and the kinetic rates of
association to DNA and dissociation from DNA by ICE
particles. Physical-chemical arguments to explain these
quantitative trends are presented. It is also suggested that the
ICE search in B. subtilis probably operates close to the most
efficient conditions that support the fastest dynamics, explain-
ing the high success of HGT phenomena in these bacterial
species.
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It is important to discuss why our theoretical model utilizes a
simplified effective 1D description, while it is known that target
search phenomena employ the facilitated-diffusion mecha-
nisms that combine 1D and 3D searching modes.'””" There
are several arguments to explain it. First, there is very little
information about ICEBs1 complexes, and their shapes, sizes,
and possible association with protein molecules remain
unknown. Since there are some similarities between the search
for the integration site by ICE and the RecA homology search
that does not exhibit sliding, we assumed that there is also no
sliding in our system. Second, the experimental setups for the
ICEBs1 target search were performed in an effective 1D setup,
with the vast majority of movements parallel to the DNA
strand.'"* While ICEBsl might also utilize 1D sliding or
jumping along DNA, there is currently no experimental
evidence to support this. Furthermore, our simplified model
that incorporates 1D diffusion and occasional sampling of
DNA seems to predict search times reasonably well as
compared with experimental observations, suggesting that
these more detailed considerations are probably already
partially accounted for in our theoretical method.

While the proposed theoretical framework offers a
straightforward and physically intuitive approach to analyzing
the dynamics of HGT events, which is also consistent with
available experimental data, it is essential to discuss its
limitations. The weakest point of our theoretical method is
the assumption of normal diffusion by ICE particles, as
experimental observations clearly show the strongly “sub-
diffusive” dynamics of both mobile genetic elements and
integration sites due to large molecular crowding.'* While we
mapped the “sub-diffusive” dynamics into effectively normal
diffusion, allowing us to obtain reasonable estimates of target
search dynamics, it remains unclear what important aspects of
these processes are not accounted for in our theoretical
method. Additionally, our theoretical approach views DNA as a
fixed linear object, not accounting for the complex structure
(polymer bottle-brush) and conformational changes that DNA
undergoes in in vivo conditions. Also, the integration process,
when ICE has already found the right target, might consist of
several steps, but we effectively modeled it as a single-step
process. Furthermore, while our model assumes nonspecific
DNA bindings, it does not account for sequence-specific
interactions between ICE particles and DNA. Specific DNA
sequences might influence the search dynamics by affecting
association/dissociation dynamics, which will modify the
underlying effective free-energy landscapes. However, despite
these limitations, the proposed theoretical method provides a
convenient quantitative tool for analyzing HGT phenomena
that should help to clarify various aspects of these complex
biological phenomena. Importantly, it also gives quantitative
predictions that can be tested in experimental studies, and this
should stimulate more studies of these critical biological
processes.
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