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Abstract

The kinetics of protein-DNA recognition, along with its thermodynamic properties, including affinity and specificity, play a central role in shaping
biological function. Protein—-DNA recognition kinetics are characterized by two key elements: the time taken to locate the target site amid various
nonspecific alternatives; and the kinetics involved in the recognition process, which may necessitate overcoming an energetic barrier. In this
study, we developed a coarse-grained (CG) model to investigate interactions between a transcription factor called the sex-determining region
Y (SRY) protein and DNA, in order to probe how DNA conformational changes affect SRY-DNA recognition and binding kinetics. We find that,
not only does a requirement for such a conformational DNA transition correspond to a higher energetic barrier for binding and therefore slower
kinetics, it may further impede the recognition kinetics by increasing unsuccessful binding events (skipping events) where the protein partially
binds its DNA target site but fails to form the specific protein-DNA complex. Such skipping events impose the need for additional cycles protein
search of nonspecific DNA sites, thus significantly extending the overall recognition time. Our results highlight a trade-off between the speed
with which the protein scans nonspecific DNA and the rate at which the protein recognizes its specific target site. Finally, we examine molecular
approaches potentially adopted by natural systems to enhance protein-DNA recognition despite its intrinsically slow kinetics.
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Introduction The molecular intricacies influencing the affinities of tran-

DNA transcription plays a pivotal role in shaping numerous scription factors for DNA are sufficiently complex that pre-
cellular activities. The essentiality of transcription necessitates dicting them is a non-trivial task (3-5). This complexity is
rigorous regulation, which is accomplished through the or-  compounded by various molecular factors, including the sub-
chestrated action of many proteins, known as transcription  tle characteristics of the DNA site. These subtleties can impact
factors (1,2). The biophysical properties of these transcrip- binding affinity and specificity through a DNA shape readout
tion factors are fundamental for achieving the required level that complements the base readout (6). The kinetics of bind-

of regulation. The relative affinity and kinetics of their bind-  ing the DNA target site is also sensitive to numerous molecular
ing to DNA, both at specific binding sites and at undesired  properties of both the protein and the DNA, and especially the
non-specific sites, are essential in achieving precise regulation. interplay between them.
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Figure 1. lllustration of the DNA search performed by a DNA-binding
protein (DBP) prior to recognition of the target site. (A) Extensive
scanning of non-specific DNA sites (colored purple) occurs before the
DBP recognizes its specific DNA binding site (colored in blue). The DNA
search may involve the mechanisms numbered on the figure: 1) 3D
diffusion of the DBP in solution is followed by linear diffusion of the DBP
along the DNA by 2) rotation-coupled translation (also called sliding), 3)
rotation-uncoupled translation (also called hopping), or 4) jumping
between two distant DNA sites (also called intersegmental transfer).
Linear diffusion can be intermittently interrupted by 3D diffusion in
solution, followed by another round of linear diffusion along the DNA. The
DBP-DNA binding mode adopted can differ between the search (S) and
recognition (R) states. In the S state, the DBP interacts with nonspecific
DNA sites in a manner that is governed by electrostatic interactions. In
the R state, the DBP interacts with a unique DNA sequence via
short-range interactions (e.g. hydrogen bonds and hydrophobic
interactions). In the R state, the conformations of the DNA and/or the
DBP may differ from the conformations adopted in the S state, with this
difference representing an energetic barrier that separates the Sand R
states. (B) The Sand R binding modes of the SRY transcription factor
with nonspecific and specific DNA sequences, respectively. The S state
is approximated based on coarse-grained (CG) modelling, assuming it is
stabilized solely by electrostatic interactions whereas the R state is
based on an NMR structure of SRY with DNA (pdb: 1j46). In the S state,
which is defined based on the coarse-grained modeling of nonspecific
interactions between SRY and straight DNA (See

Supplementary Figure S2), the SRY sits in the major groove of a straight
B-DNA conformation, whereas in the R state the SRY interacts with bent
DNA and sits in its minor groove. Local DNA bending was assessed
based on the helical axis of the DNA molecule. The axis is defined as the
line connecting the centers of each pair of phosphate beads in a
CG-model (red circles). To compare the structures adopted by DNA in the
Sand R states, the central angle (defined by the black circles), 6, is
calculated and exhibits a change from 10° to 64°. This change of 54°
reflects DNA bending supported by SRY binding.

The kinetics of binding of DNA-binding proteins (DBPs) to
their specific DNA target sites deviate from other bimolecu-
lar reactions that are typically governed by three-dimensional
(3D) diffusion for the formation of an encounter complex
(7). The presence of numerous alternative nonspecific bind-
ing sites, each with weak, but non-negligible affinity to DBPs,
and the presence of long-range electrostatic interactions limit
the time DBPs spend in solution. These forces, which domi-
nant binding to nonspecific sites, enable linear diffusion along
DNA (Figure 1A). Consequently, it was proposed that DBPs
search DNA for their specific binding site via one-dimensional
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(1D) diffusion along the DNA strand, with use of a lower di-
mensional space (compared with 3D diffusion) explaining the
fast observed kinetics (8-11). This proposal has since been
supported by a plethora of experimental data across various
proteins (12-19).

Computational studies reveal that two distinct modes de-
fine 1D search: sliding and hopping (20-25). In sliding, the
DBP translocates along the DNA axis, akin to it being twisted
around a screw, and also moves to an adjacent site within the
same DNA segment. In hopping, the DBP moves to an entirely
different DNA segment. The relative prevalences of sliding
and hopping in 1D diffusion are determined by salt concen-
tration in the surrounding medium and by the intrinsic molec-
ular properties of the DBP (7). For instance, the sliding mode
demands a substantially large positive patch on the DBP as
well as a DNA geometry that supports interaction of the DBP
with the major DNA groove. As such, DBPs lacking suitable
molecular properties may exclusively use the hopping search
mode when interacting with nonspecific DNA (26-30). Other
molecular properties of DBPs, such as the oligomeric state (31)
and the existence of multi-domains (32,33) can also impact
diffusion. Particularly, disordered regions may facilitate search
by allowing jumping of long DNA loops via the ‘monkey-
bar’ mechanism (20,34,35), which enables intersegmental
transfer. In addition to the evolutionary ‘positive design’ of
DBPs to perform efficient DNA search, DBPs should incor-
porate aspects of ‘negative design’ to avoid energetic traps
formed by their being overly attracted to semi-specific sites
(36,37).

After engaging in an extensive search for its DNA target
site within genomic DNA, the DBP must engage in specific
bonding, which may further slow-down the overall kinetics
of DBP-DNA recognition. The timescale associated with the
recognition phase may be linked to conformational changes
affecting the DBP and the DNA, which may be coupled with
a large free energy barrier and thus introduce further kinetic
complexity. From the perspective of the protein, the simplest
molecular origin for an energetic barrier involved in binding
arises from reorientation of the DBP upon the transition from
the S mode to the R mode. It was suggested that, in this sce-
nario, there is a tradeoff between the timescales of the 1D
search and of binding that can be addressed by optimizing
the molecular properties of the DBP (38). The recognition
timescale lengthens when a conformational change, such as
DNA bending or DBP distortion, is involved (37-40, 36, 41—
43). The shape and flexibility of DNA are essential determi-
nants that influence the search for the binding site and the
actual binding (44-46). Different DNA sequences confer vari-
ous intrinsic properties, including promoting bending (47,48)
or even dictating local shape preferences that can modulate
protein-DNA recognition (6,49,50) and affect the protein’s
affinity for its binding site (51-53).

In this study, we examine how the propensity of DNA to
change conformation impacts the kinetics of protein recog-
nition of specific binding sites and consequently the overall
search time to find and bind the target site. Using a coarse-
grained (CG) model of DNA capable of transitioning between
structural states, we aim to understand how these transitions
influence the search for specific sites and subsequent binding.
We address these questions for the SRY (sex-determining re-
gion of the Y chromosome) transcription factor, which binds
to a bent DNA while interacting specifically with the DNA
minor groove (Figure 1B).
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The SRY transcription factor, a member of the SRY-type
high mobility group (HMG) box protein family, plays an es-
sential role in testis development and male sex determination
(54). Structural analyses of the proteins from this family have
shown that they bind DNA in its minor groove, which causes
the DNA molecule to bend away from the protein (55-58).
Human SRY is comprised of three domains: a central HMG-
box domain (composed of 70 residues and, for simplicity, re-
ferred to here as the SRY domain), which is highly conserved
across mammals and directly involved in binding, and two ad-
ditional domains, the N- and the C-terminal domains. These
latter two domains exhibit low conservation, and their contri-
bution to DNA binding is considered minimal. SRY requires a
specific DNA conformation, specifically a bent conformation,
to function effectively (59). This distinct characteristic quali-
fies it as an excellent model for studying the impact of DNA
conformation flexibility on the recognition process between
proteins and DNA (60).

Through computational investigation using the flexible
DNA model with SRY, we aim to deepen our understanding of
how binding kinetics are impacted by the ability of DNA to
undergo conformational changes and the interplay between
the speed with which the protein finds and binds its target
DNA site. Importantly, we examine the complications arising
when the protein fails to recognize its target site, adding an in-
triguing layer to our understanding of the complexity of gene
transcription machinery.

Materials and methods

To study the mechanism by which SRY binds to DNA, we
employed a CG model that was developed to address both
searching of non-specific DNA sites as well as SRY recognition
of its target DNA site.

SRY modeling

The structure of SRY that was implemented in the study was
based on the complex formed between the HMG domain of
the human SRY and DNA, as resolved by NMR (PDB: 1j46)
(55). Each of the 85 residues that make up the SRY domain
is represented by a single bead, positioned at the center of the
Ca atom. The force-field used in the simulations implements
native-topology modeling for SRY, where the experimentally
obtained structure serves as a global minimum during the sim-
ulations, as was applied in the past for simulations of other
proteins interacting with DNA (20,28,61). The potential en-
ergy function consists of the following terms:
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where the term rjj represents the distance between sequential
beads i—j, 6 is the angle (in radians) between sequentially
bonded beads i—j—k, and ¢jj is the dihedral angle (in radians)
between four sequentially bonded beads i—j—k-I. Parameters
whose values were measured in experimental structures are
denoted with a superscripted 0 (e.g. ri? is the distance between

sequentially bonded beads i and j as measured in the exper-
imentally determined structure). The term oj; is the distance
measured between two non-sequential interacting beads i—j in
the experimentally obtained structure. The native interactions
were obtained using the CSU algorithm.

The last term in the energy function is the Debye-Hiickel
potential (20) with Kcoyiomb = 332 kcal mol~'e=2. The term
qi/j is the total charge of the residue, which can be -1 for neg-
atively charged beads (Asp, Glu and the P beads of DNA),
+1 for the positively charged beads (Arg and Lys), or 0 for
neutral beads. The symbol € is the dielectric constant, « is the
screening factor, and B (k) is the salt-dependent coefficient.
The Debye-Hiickel potential is dependent on the distance be-
tween the charged beads, which is denoted as rj;.

DNA modeling

In the current study, a DNA model was used that consisted
of three beads representing the phosphate, sugar, and base
groups of each nucleotide. These beads were labeled as P,
S and B, respectively. The beads are bonded with harmonic
and periodic potential, in a similar manner to MADna model
(62) (reference). Although the original MADna model ac-
counts for DNA sequence specificity, the model used in this
study employs uniform parameters across the DNA molecule.
The full description of the parameters can be found in the
Supporting Information (Supplementary Tables S1-S3). The
DNA utilized in the simulations was composed of 50 base
pairs (bp), including 14 bp from the original NMR struc-
ture of the SRY-DNA complex, with the remaining base pairs
comprised of B-DNA. Of the 28 nucleotides comprising the
binding site, 13 nucleotides interact with binding residues
of SRY.

The conformation of the DNA in the specific complex with
SRY is bent by about 50° and thus deviates from linear B-
DNA conformation. The DNA bending may be an intrinsic
property of the sequence of the cognate site or induced by
SRY binding. The distinct nature of the DNA conformation
demands its incorporation in the computational model. Our
model, therefore, was constructed to include both types of
DNA conformation. The first conformation represented the
B-form of DNA that corresponds to the DNA used for non-
specific binding. The second DNA conformation was derived
from the SRY-DNA complex and was designed by extending
the 14 bp DNA extracted from the PDB 1j46 entry to a length
of 50 bp using the x3dna webserver (63). To characterize the
two distinct DNA conformations, we compared pairwise dis-
tances between phosphate beads in the two structures, and
selected distances that exhibited a >20% change between the
two structures as defining the conformational change required
to switch between them. Sixteen such pairwise distances were
identified. The model employed in this study permits transi-
tion between these two DNA conformations on the basis of
the identified 16 pairwise distances. In the model, each of the
identified pairwise contacts was assigned a dual-basin Gaus-
sian potential (64) in which each Gaussian potential corre-
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sponds to one of the distance values of that pair of phosphates
(see Supplementary Figure S1). Several other approaches of
dual-basin models were used in the past to study conforma-
tional changes in proteins (65-70). We note that various com-
putational models addressed different questions on the effect
of the polymeric properties of DNA (e.g. dynamics, persistence
length, and structures) on various aspects of protein—-DNA
binding (6,71,72), however, the model used in this study con-
centrates on the conformational transitions of the DNA target
site.
The dual-basin Gaussian consists of the following:

Ug=¢

12
1+ (0?7C> (1+G(r1j,r'1])) (1+G(rji,rg)) -1
ij

(2)
ij
n=1,2
notes the distance between the identified pair of phosphate
beads, while r;) represents the distance between pairs of beads
in a specific state. € is a global scaling factor and was set to be
1 in our simulations. Here, # = 1 refers to the B-DNA struc-
ture (also referred to as straight DNA state), and 7 = 2 de-
notes the NMR structure state (also referred to as the bent
DNA state). The parameter ¢, indicates the depth of the en-
ergy basin, which modulates the interaction strength. The ex-
cluded volume value, represented by onc, was set at 0.4 nm.
The width of each well was adjusted to o, = r| — ). We note
that the model also allows additional conformations that con-
stitute various combination of the parameters of the two dis-
tinct conformations.

The ability of the DNA to transition between the two states
(namely, the straight B-DNA conformation and bent DNA
conformation) is described by the parameter o, which refers
to the deformability of the DNA:

where, G(rj;, r ) = —enexp[—(rj— rﬂ)z/szr%] and rjj de-
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8. Given these parameters, the relative strength of the straight
and bent DNA conformations are tuned. At the lowest de-
formability value (i.e. « = 0; which is achieved for €,;g = 8),
the energy preference for the DNA’s bent state is zero. Con-
versely, at the highest deformability value (i.e. « = 1; which
is achieved for €y, = 0), the energy preference for the bent
state reaches its maximum. We simulated the system under
two scenarios: one in the absence of the SRY protein (i.e. with
only the 50 bp DNA), and another in its presence. Each sce-
nario was studied by 50 simulations with the values of « being
scanned between 0 and 1.

The model incorporates two contributions to interactions
between SRY and DNA: non-specific electrostatic interactions
with any DNA nucleotide and specific interactions with the
cognate site. The former are modeled using the Debye—Hiickel
equation and the latter by the Lennard-Jones function (Eq. 1).

= € =
bent
= 8. The values of €,y range between 0 and
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The specific interactions are defined using the NMR struc-
ture (i.e. binding to the bent DNA), in which 33 such na-
tive interactions between the SRY and the DNA were identi-
fied. The potential constants were kil]? =100 kcal mol~! A-2,

kiaik =20 kcal mol=, ki‘}kl =1 kcal mol~! , and eiic =1 kcal

mol~!. To achieve efficient sampling of binding and dissocia-
tion events, the Lennard-Jones interactions between the SRY
and the DNA were modeled using a decreased strength for the
specific protein—-DNA interactions, with ei]-c = 0.7 kcal mol~".

The system was simulated using Langevin dynamics at a tem-
perature of 0.4 (reduced units). The dielectric constant was
set to 80 with and the salt concentration set to either 0.02 or
0.04 M. The binding of SRY to its specific site is probed by
the fraction of contacts formed, Oprotein-DNA, Where complete
binding is linked with Oprorein-pna = 1 (namely, all the 33 na-
tive interactions are formed).

Simulations and their kinetic and thermodynamic
analysis

To decipher the mechanism of SRY binding to its specific tar-
get DNA, we simulated its binding to various DNA sequences
that differ in their deformability (as captured by the o param-
eter). To obtain a complete mechanistic characterization for
each DNA model, a set of 50 long simulations of 5 ms that
included several association and dissociation events were col-
lected. The SRY-DNA interactions in these trajectories were
classified to one of three states: binding to nonspecific DNA
sites (the search or § state), binding to the specific site (the
recognition or R state), and partial binding to the specific site
(the intermediate or I state). The three states were designated
based on the fraction of contacts between SRY and the target
site, Oprorein-DNA- The S state is defined as Oprorein-pDna = 0,
the R state as Qprorein-pna > 0.5, and the I state is defined as
0< QProtein—DNA < 0.5.

We estimated the mean first passage times from the S
— [ state, I — R state and S — R state. The kinetic on-
rate constants (ks_., kir and ks_g, respectively) were cal-
culated as the inverse of these transition times. In a simi-
lar manner, the kinetic off-rate constants (k;_. s, kr_.1 and
kr_s) were calculated by the inverse of the mean time for
the corresponding transitions. The calculated kinetic rates
were used to estimate the affinity of SRY for DNA (as de-
scribed by their corresponding dissociation constant Ky) by
measuring Kg;, Kjg and Kgg. These dissociation constants
were estimated by Kjg= kg ;/k;_. g and Kg;= k;_. s/ks_.; and
Ksg= kr—s/ks-r.

To calculate the kinetic rates and skipping events, the tra-
jectories and center of mass (COM) displacement data were
initially smoothed using a convolution function to eliminate
noise. The degree of bending of the DNA was quantified by
the fraction of phosphate—phosphate pairs, represented by the
OpNA-bending term, that switch from S to R distances. The
case of OpNa-bending = 1 occurs when all the 16 predefined
phosphate—phosphate pairwise distances correspond to the
values of the R state. The local DNA bending was assessed
based on the helical axis of the DNA molecule (73). The axis
is defined as the line that connects the centers of each pair
of phosphate beads in a CG-model generated from the NMR
structure of SRY with DNA of the same length generated by
the x3dna webserver.
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Figure 2. SRY binding to a deformable DNA studied with a dual-basin
coarse-grained model. (A) An illustration of the dual-basin Gaussian well
used, in which well depth is adjusted between the two DNA states. One
state corresponds to the deformed, bent DNA conformation (taken from
the specific SYR-DNA complex, PDB 1j46, i.e. the R state,) whereas the
other represents the straight B-DNA conformation (adopted by DNA
while SRY engages in nonspecific interactions during the search process;
i.e. the Sstate). The Rand S states are captured by 16 dual-basin
Gaussians applied for pairwise distances between phosphates (see
Supplementary Figure S1). The degree of DNA deformability, «, is
adjusted by changing the relative strengths of the two energetic basins
(see Eq. 3). In our study, the energetic strength of pairwise
phosphate-phosphate interactions in the R basin (epent) is kept fixed and
the corresponding strength of the S basin (&saignt) is scanned (see
colorbar). (B) The mean bending of DNA (Qpna-bending) POSSESSING @
varying degree of sequence deformability («) is estimated in the
presence (circles) or absence (triangles) of the SRY protein. The
Qbna-bending Parameter is the fraction of phosphate-phosphate pairs
among the 16 selected pairs whose distances fit the values that define
the bent conformation of the R state. The bendability of the DNA, as
probed by the coarse-grained model of a dual-basin Gaussian potential is
measured for different values of «. The solid black line indicates the
fraction of specific protein—-DNA interactions (Qprotein-pna). A value of
unity corresponds to the formation of all 33 interactions that define the
SRY-DNA complex in the NMR structure. Each data point is calculated as
the mean from 50 simulations.

Results

SRY binding promotes DNA bending

In this study, we employed a CG model that allows confor-
mational changes of the DNA between two major distinct
conformations. In this dual-basin potential energy model (Fig-
ure 2A), the basins are modeled as Gaussian functions, with
one basin corresponding to a canonical B-DNA form (i.e. an
energetically-preferred straight conformation; as assumed for
the S state; Figure 1B) and the other corresponding to the con-
formation DNA adopts when in complex with SRY (i.e. a bent
conformation; as found in the R state; Figure 1B). Transitions
between states are achieved by incrementally modulating the
relative depths of the potential energy wells by systematically
scanning the energy depth parameter (&g,;0,;) for each pair
of phosphates in the straight DNA basin (Figure 2A, color-
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bar). The dual-basin nature of the Gaussian potentials facili-
tates gradual transitions between the straight and bent DNA
conformations via variably bent intermediate states. These in-
termediate states are modeled as combinations of all the ge-
ometrical parameters of the bent and straight conformations,
with the probability of each parameter varying from 0 to 1
and corresponding to its lifetime.

We use « to designate the relative energetic preference to
adopt the geometric parameters of the bent over the straight
DNA conformation, which describes the overall deformability
of the DNA. When « = 1, the DNA is highly deformable and
therefore it exclusively adopts the bent conformation. When
o = 0, the DNA is highly non-deformable, and it adopts the
straight B-DNA conformation. All intermediate deformabil-
ity values correspond to various ratios of populations in both
states. Intuitively, as the deformability of the DNA increases,
its bending propensity increases. Figure 2B shows that the
fraction of phosphate—phosphate pairwise interactions defin-
ing bent DNA, Opna-bending> reaches a value of 1 as the de-
formability, «, approaches 1.

It is evident that DNA bending is affected by the presence of
the SRY protein (Figure 2B, circles compared with triangles).
Binding of SRY acts as a counterbalance to the bent confor-
mational state of the DNA molecule. The specific interactions
of SRY binding in the minor DNA groove modify the system’s
energy landscape, leading to a more bent conformation (Fig-
ure 2B). This introduces additional energetic contributions,
enabling stabilization of the bent DNA conformation and in-
creasing the bending propensity beyond the intrinsic bending
dictated by the DNA sequence. The modeling results for par-
tially deformable DNA support this understanding, because
at intermediate « values greater DNA bending is observed in
the presence of SRY compared with its absence. For such par-
tially deformable DNA sequences (0.1 < « < 0.3), protein
binding can cause an up to 20% increase in the DNA bending
tendency (Figure 2B).

DNA bendability is essential in order for SRY to recognize
its specific DNA binding site. With nondeformable DNA (i.e.
in the straight DNA conformation; « < 0.1), SRY forms only
~60% of the specific interactions formed when it binds to
its cognate site (Figure 2B; specific interactions are quanti-
fied by Oprotein-pDNa)- As the DNA becomes more deformable
(i.e. as « increases), SRY binds more extensively, as shown by
the sharp increase in Qprorein-pna- This result supports that
protein—-DNA interactions might be highly dependent on the
conformational flexibility of the DNA molecule and its ability
to form a bent structure. Maximal binding of the SRY to its
cognate site is achieved at Opna-pending ~ 0.9, indicating that
tight binding can be achieved even for DNA that slightly devi-
ates from the DNA conformation found in the NMR structure
of its complex with SRY.

DNA conformational deformability modulates SRY
recognition kinetics

The dual-basin model was applied to examine how the ki-
netics of DNA recognition by SRY is affected by the intrinsic
conformational flexibility of the DNA, which dictates its ten-
dency to adopt the bent conformation. In these simulations,
the SRY was located at a random position, either on or off the
DNA, and the formation of specific interactions between SRY
and its predefined specific DNA site (probed by Oprotein-DNA)
was followed over time (Figure 3, upper panel in each set). To
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Figure 3. Effect of DNA deformability on SRY while searching for and recognizing its specific DNA binding site. (A) Two representative trajectories are
presented for SRY interacting with two types of DNA molecules: DNA with low deformability (e« = 0.2) and DNA with higher deformability (o« = 0.6).
Each of the trajectories were analyzed in terms of SRY binding and DNA bending. Each set of three trajectories shows: (upper) time evolution of the
fraction of contacts between SRY and the target DNA site (Qpotein-ona) for DNA in the R state. (Middle) Time evolution of the fraction of DNA
phosphate—phosphate pairs that adopt distances that fit the definition of the bent R state (Qpnabending). The local bending angle 6 is shown as an inset
(note that the bending angle monitors SRY binding in the R state but is not coupled with the DNA bending). (Bottom) Time evolution of the displacement
of the center of mass (COM) of SRY relative to the location of the target site on the DNA. The vicinity of the target site is marked by the blue band at
distance ~0 base pairs (bp), which indicates the region in which the COM is closest to the center of the binding site. Red bars indicate skipping events
in which the SRY partially binds the target site. On the basis of the Qpoein-ona plots, we classify SRY-DNA binding in three groups: SRY search of
nonspecific DNA (Qprotein-ona = 0; the S state); SRY present at the binding site region but only forms partial interactions (0.2 < Qprotein-ona < 0.5; the /
state); SRY recognizes the DNA target site and most of its interactions with DNA are specific (Qprotein-ona > 0.5; the R state). (B) lllustrative
representative snapshots from the simulation of the S, /and R states of SRY-DNA binding states. The SRY is shown in yellow, the target DNA site in

blue and nonspecific DNA sites in purple.

complement the analysis of the kinetics of SRY recognition of
the specific binding site, we also probed the kinetics of the ar-
rival of the SRY at that site by measuring the distance between
the COM of SRY and the center of the binding site over time.
Similarly, the evolution over time of DNA bending (probed by
ODbNA-bending; Middle panel in each set) and the bending angle
were also followed (Figure 3; middle panel inset).

The CG simulations indicate that SRY-DNA binding pro-
gresses through three distinct states (Figure 3): the search
state (S), intermediate state (I), and the recognition state (R)
(see Supplementary Video SV1). In the S state, the SRY scans
nonspecific DNA sites (i.e. in the § state; Oprotein-pDNa = 0),
while it performs hopping or sliding dynamics along the
DNA, depending on the strength of the electrostatic inter-
actions, which are dictated by the salt concentrations (see
Supplementary Figure S2). In the I state, SRY partially binds
the DNA, as indicated by the formation of, on average, ~20%
of its specific interactions with DNA. By contrast, in the
R state, at least 80% of the specific SRY-DNA interactions
are formed. The S, I and R states are found for SRY bind-
ing to DNA irrespective of the extent to which it is de-
formable (Figure 3), however, the kinetic parameters are evi-
dently affected by the degree of deformability (i.e. by the value
of ).

The kinetic rate constants associated with the transitions
between the S, I and R states were calculated from the
association/dissociation simulations of SRY and DNA. For
SRY-DNA association, the kinetic rate constant for the first
transition (ks_ ) is faster than that for the second transition
(k;_Rr) (Figure 4A), which can be explained by the higher en-
ergetic barrier to convert from the I to R state than from the
S to I state. The transition from the partially bound I state
to complete recognition in the R state occurs slowly and, in
many cases, occurs only after repeated attempts because the
intermediate state also dissociates due to unsuccessful binding
(Figure 3; upper panel). Indeed, unsuccessful transition from
the I state to the R state may result in transition back to the S
state, in which the protein searches the DNA at sites that may
be distant from the specific binding site, with particularly sub-
stantial kinetic consequences. The effect of the SRY skipping
the cognate site due to unsuccessful binding will be discussed
in a later section (see Results section 4). At this point, we focus
on the kinetics of productive binding events.

The rates constants k;_, g and kg_, g exhibit a notable sensi-
tivity to variations in DNA deformability (Figure 4A). Specif-
ically, it is evident that these rates decrease with decreased
DNA deformability (i.e. as the DNA becomes increasingly
straight and the value of « decreases). The origin for this
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Figure 4. A kinetic scheme for SRY binding to DNA sequences of varying deformability. (Upper panel) The molecular mechanism of SRY-DNA recognition
involves a conformational change to DNA that is characterized by a transition from a straight B-DNA (S state) to a bent DNA (R state). In the S state, the
SRY interacts with the DNA nonspecifically while performing 1D diffusion, whereas in the R state their interactions are tighter and principally involve
specific interactions. In the intermediate state, /, a fraction of the specific interactions are formed and the DNA may adopt fluctuating conformations.
(Lower panels) The rate constants (k) for (A) the association kinetics (ko,) governing the transitions S—/ (ks_, ; black), /- R (k;_ g; blue), and the overall
association transition S— R (ks_, g; red); and (B) the dissociation kinetics (ko#) governing the transition /— S (k;_ s; black), R— 1/ (k;_, g; blue), and the
overall dissociation transition R— S (kg s; red). The kinetic parameters were obtained as the average of 50 simulations across eight DNA deformability
values («). The value of the ks_, g rate constant incorporates kinetic delays due to skipping events. The ks, and kg_, s rate constants are identical, by
definition. (C) The equilibrium dissociation constant, Ky, calculated as kuf/kon for the kinetic rates of the corresponding transition. The difference
between the values of Kgp calculated for low and high o values (AAG) corresponds to the change in affinity due to DNA deformability (AAG ~ 3kgT).

slower kinetics is the higher energetic barrier for conforma-
tional change that is involved when the straight DNA con-
formation is more populated than the bent conformation. A
higher energetic barrier results not only in slower [—R tran-
sitions (and therefore smaller k;_, g) but also fewer transitions
(and therefore smaller kg_, g). The first association rate kg_, |
is least affected by o. This can be rationalized as the I state be-
ing stabilized by the formation of a ~20% specific interactions
between SRY and DNA and by the DNA not being required
to adopt the energetically less-favorable bent conformation.

The deformability of the DNA sequence also affects the dis-
sociation rates (Figure 4B), but to a lesser extent compared
with its effect on the association rates (Figure 4A). Nonethe-
less, the relations between « and the off-rates are opposite to
its effect on the on-rates. The binding of SRY to a less de-
formable DNA sequence results in higher dissociation rates,
as is clear from the higher rate constants for the R — S tran-
sition (Figure 4B; and for R — [ transition) at lower « values.
The [—S transition is hardly affected by DNA deformability,
consistently with the effect of « on the kinetics for the transi-
tion S— 1.

Effect of DNA deformability on binding affinity

To further investigate the transition between partial and full
SRY-DNA binding and its relationship with DNA deforma-
bility, we calculated the dissociation equilibrium constants
(Kq = kofr/kon) for several steps in the recognition process
(Figure 4C). Accordingly, the Ky was calculated for the transi-
tions S—I, IR and S— R (see Materials and Methods). The
values of K g; and Kjg for SRY binding to a bent DNA con-
formation (i.e. at a high « value) are close to zero and are also
lower than the value of the overall dissociation equilibrium
constant, K sg. We focus here on the dependence of Ky on «,
rather than on its absolute value.

Figure 4C shows that, while the value of Kg; is barely af-
fected by DNA deformability, K ;g and particularly Ksg show
a clear dependency on «. As the DNA deviates further from
its preferred bent conformation for binding (i.e. at lower o
values), the value of Ksg increases, which indicates that the
propensity of SRY to dissociate from DNA increases as the
DNA conformation increasingly deviates from the optimal
bent conformation for binding.

The values of K ;g and Kgg increase by factors of ~8
and ~23, respectively, upon decreasing the value of «. Such
changes in the value of K4 for the SRY-DNA complex at dif-
ferent « values can be employed to estimate the change in the
affinity (AAG) of SRY for DNA sequences that differ in their
deformability, given that AAG = kgTln (K§~"/K%="), where
kg is the Boltzmann constant. This approach may provide a
quantitative measure of the effect of the propensity of DNA to
deform on protein binding affinity to DNA. The assessment of
the change in free energy resulted in AAG = 1.8 kyT for the
I— R transition, indicating that of these two states, the R state
is the less stable, which can be attributed to the energetically
costly requirement that the DNA bend to achieve R state, and
therefore the transition IR is less favorable as the DNA is
less deformable. A value of AAG = 3.1 kg T characterizes the
overall transition S—R and includes the effect of unproduc-
tive transitions, which occur more commonly at low o values,
thus making the R state ~ 3 kT less favorable than the S state.
These affinity differences imply that altering the propensity of
the DNA molecule to deform can increase the binding affinity
to DNA, where the specific interactions with the binding site
remain the same. Our results thus suggest that DBP affinity
for its cognate site can be increased simply by increasing the
probability of the DNA to undergo conformational change
without changing the strength of the interactions.

Achieving increased affinity by increasing DNA deforma-
bility is reminiscent of the effect of DNA mismatches on affin-
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ity (52). It was shown that the introduction of mismatches
within the specific binding site of DNA may lead to a reduc-
tion in the energetic barrier associated with the binding pro-
cess because of the increased propensity of DNA to adopt
a bent conformation upon the introduction of mismatches.
The inherent ability of DNA to bend in response to the mis-
matches lowers the energetic cost required for the protein to
achieve its fully bound state, for example, the change in bind-
ing affinity following the introduction of mismatches into tu-
mor protein p53 and the TATA-Box Binding Protein was 0.4—
1.8 kT and 0.8-1.4 kT, respectively. These values closely
align with those calculated from our computational results,
affirming the validity of our approach to modeling the sys-
tem, and suggesting that modulation of DNA deformabil-
ity could potentially reduce the energetic cost for specific
binding.

Unproductive binding events govern overall
recognition kinetics

We now consider the role of the kinetics of unproductive bind-
ing events. The precursor to both productive and unproduc-
tive binding (skipping) is the protein locating and partially
binding its target DNA site, with partial bindings occurring
relatively quickly once the target site is found. Transition from
the intermediate state to the fully bound state at the target site
(i.e. I=R) is up to two-fold slower than the rate of interme-
diate state formation, depending on the deformability of the
DNA. However, as mentioned earlier (see Results section 2),
attempts to form the R state often conclude unproductively,
with the protein transitioning back to the S state (I—S). The
SRY then continues searching non-specific DNA sites till the
cognate site is found again and transition to the I state is fol-
lowed by another attempt to form the R state, and so forth
until the R state is achieved. Incidents of unproductive recog-
nition of the cognate DNA site result in slower overall recog-
nition kinetics and make [—R transitions rare events. Figure
4A shows that the overall recognition rate constants for tran-
sition from the S to the R states, revealing that kg_. g, is about
3-10-fold slower than k;_ .

The value of kg_. g is strongly dependent on DNA deforma-
bility (Figure 4A). As the DNA becomes less deformable and
less- easily populates the bent conformation, the value of ks_, g
reduces to as little as a sixth of its original value. This reduced
rate constant is driven not only by the requirement to surpass
a higher free energy barrier during the transition but also by
the possibility of the barrier not being overcome in a timely
manner. Thus, the tendency of DNA to adopt a straight con-
formation (characterized by low « deformability), reduces the
probability of productive transition from the I to R states. Un-
productive binding events in which the SRY fails to engage in
specific binding of its cognate DNA site after finding it and
establishing initial binding (as indicated by formation of the I
state) can be described as skipping events. In such a skipping
event, the SRY slides over its intended target site and continues
to explore the DNA (Figure 5).

To investigate the frequency of skipping events prior to
achievement of complete binding in the R state (Figure 3, red
marks), we counted the number of skipping events (Ng,) be-
tween two successive target-site recognition events for DNA
strands with different levels of intrinsic deformability at high
and low salt concentrations. At a low salt concentration of
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20 mM NaCl, the SRY skips the target site on average ~20
times when it searches highly deformable DNA compared
with ~500 times when it searches less deformable DNA. At
the higher 40 mM salt concentration, similar results were ob-
tained only for less deformable DNA, whereas for highly de-
formable DNA, the SRY skips the target site on average ~100
times (data not shown).

The inverse of the number of skipping events is an esti-
mate to the probability of recognition, P; (Figure 6A). This
probability is lowest when DNA has the highest tendency to
adopt a straight conformation, indicating that the protein’s
ability to find and successfully bind its cognate site is hin-
dered. However, as DNA deformability increases, the prob-
ability of recognition also increases until « values reach at
least the mid-range. This relationship suggests that the con-
formational state of DNA plays a crucial role in facilitating
or hindering protein—-DNA interactions beyond simple shape
readout and geometric complementarity.

The probability of recognition is also reduced at higher
salt concentrations. For example, at 40 mM NaCl, Ny, ~ 80
when SRY attempts to recognize the target DNA site, which
is 4-fold than the value obtained for 20 mM of NaCl (Figure
6A). This can be explained by the lower nonspecific affinity at
the higher salt concentration, which reduces the residence time
at a given site. Consequently, the probability of skipping the
target site increases. Such an effect of salt may depend on the
properties of the DNA. As the energetic barrier for recognition
increases (i.e. at low « values), the effect of salt in enhancing
kinetics decreases (Figure 6).

Implications of skipping the target site on the
overall DNA search kinetics

Iterative attempts to recognize the target site due to unsuc-
cessful binding events are expected to have profound conse-
quences for the overall DNA search kinetics. In the previous
section, we showed how the rate of recognition at the micro-
scopic level is affected by the low recognition probability im-
posing several DNA search cycles. Here, we aim to estimate
how these skipping events affect the overall macroscopic DNA
search kinetics (39,74).

To address this, we used a theoretical kinetic framework
for protein—-DNA binding and estimated the overall recogni-
tion time for SRY to search, recognize, and specifically bind
its target DNA site (tr). This recognition time is assumed to
be the sum of the time the SRY spends in 1D and 3D diffusion
as follows:

R = [Tip + m3D] (4)

M
2P,
where M is the size of the genome, @1 is the average number
of sites scanned in each 1D search round, and 7ip and 3p
are the 1D and 3D search times, respectively. The probability
of finding and target site successfully binding it and can be
estimated as (38):

kS—>R
kS—>R + kres

ks_ g is the rate constant for transitioning from the search
mode (S state) to the recognition mode (R mode), and k. is
the residence rate constant, which reflects the rate at which
the SRY protein moves a single step while in the S mode. We
used the inverse of the number of times SRY skips over its

Pr=1/Ngip = (S)
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Figure 5. Schematic mechanism for protein-DNA recognition that involves DNA bending. (A) A DNA sequence with low deformability (& ~ 0) has a low
likelihood of populating the bent conformation and therefore a searching protein is likely to encounter DNA in a straight B-form conformation, which
does not support initial protein binding to DNA. Although the protein finds the target site (marked in blue), it slides over the site several times without
engaging in successful binding. Such skipping events can occur several times (blue arrow) before successful binding (right panel) is achieved.
Consequently, low DNA deformability is associated with a high barrier to binding (AG*s_,g) and slow kinetics for protein-DNA recognition. (B) A DNA
sequence with high deformability (@ ~ 1) has an intrinsic tendency to adopt a bent conformation, thus raising the likelihood of a searching protein
encountering bent DNA at the target site, decreasing the likelihood of skipping events, and reducing the barrier for binding. Both scenarios A and B lead
to specifically bound protein-DNA complex, yet with different kinetics rates. The change in DNA deformability also contributes to a change in affinity
(see Figure 4). Thus, DNA deformability affects both the energetic barrier to binding [AG*s_,g(ax~0) > AG*s_ r(ce~1)] and the binding affinity [AGs_, g
(x~0) < AGg_glax~1)].
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Figure 6. The effect of skipping the DNA target site on the overall recognition time. (A) The probability of SRY binding the target site (P;) calculated as
the inverse of the skipping frequency (Pr= 1/Nsp) obtained from the coarse-grained simulations for DNA sequences across a range of deformability (o)
values and at two salt concentrations. (B) Overall recognition time (tg) for SRY binding of the target site of weakly (o« = 0.2) and highly (o« = 0.6)
deformable DNA at two salt concentrations; 20 mM (grey) and 40 mM (black). The tr parameter is calculated using Eq. (4) and using the Ps as estimated
from the simulations (Figure 6A) and t5p = 107 s; T = 108 s; Eps = 1kgT: 0 = 0 kgT.

target site (i.e. Ny, ,) to estimate the approximate value of  can be estimated by
Py, rather than calculating it. To explore how the Py affects

the recognition time, Tr, we now calculate it for two extreme

cases: bent DNA (& = 0.6) and straight DNA (« = 0.2) using
the P; values that are shown in Figure 6A (i.e. 2 x 1077 and
4 x 1072 for deformability values of 0.2 and 0.6, respectively,
at a salt concentration of 20 mM). Assuming the SRY protein
performs a single round of 1D search (M = <n>; where 7 is
the number of sites scanned in a single 1D round), we calcu-
lated TR by estimating t1p and T3p similar to previous stud-
ies (39,75). The typical time the SRY spends in 1D diffusion

2
B E,.s n 1/ o (6)
D =P\ T T 2\ KT

where E, is the interaction energy of SRY to nonspecific DNA
sequences, o is the ruggedness of the DNA, and 7y is the typ-
ical time it takes a protein to hop to a neighboring DNA site.
Using the term for the 1D search, we assumed that the search
landscape is smooth (namely, 0=0).
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The overall recognition time depends significantly on the
probability of the protein reaching the binding site and bind-
ing the specific target sequence, which (as mentioned earlier)
are strongly affected by salt concentration and DNA deforma-
bility (Figure 6B). At a salt concentration of 40 mM, the recog-
nition time is 5-fold longer for the less-deformable DNA. At
a lower salt concentration of 20 mM, DNA deformability has
a much greater effect on DNA recognition time, with g be-
ing 20-fold higher for less-deformable compared with more-
deformable DNA. We note that Eq. (4) assumes that a high
number of skipping events (resulting in low Py) necessarily
lengthens tg, however, it is likely that in some cases skipping
may result in a relatively fast return to the target site, and
therefore the estimated tr should be treated as an upper limit.

Potential means to minimize the effect of skipping
the target site on recognition kinetics

Following the direct linkage between the number of skip-
ping events and the overall recognition time, we next address
whether N, can be modulated by biophysical means in ways
that might be employed evolutionarily. On the basis of Eq. (5),
the recognition probability, P, is determined by two parame-
ters: ks_, g and k,.,. The residence rate constant k,,, can be ex-
pressed in terms of the diffusion coefficient for SRY diffusion
on DNA (as it is the residence time to stay at a single base pair
(BP)), where the mean interactions energy between the diffus-
ing SRY and the DNA is characterized by non-specific electro-
static energy, E,s. The relationship between k,.s and E,s can
be estimated by the following equation (38):

Wy 2 Ey
pooer(-(55) o

Rres = BP2 1

Eq. (7) indicates that k. increases as electrostatic inter-
actions (represented by lower E,s values) weaken, because
weaker electrostatic interactions enable faster protein move-
ment along the DNA during the 1D search and a shorter resi-
dence time at each non-specific DNA site. A simple approach
to reducing E,; is by raising the salt concentration of the sur-
rounding medium, and thereby inducing the protein to uti-
lize the hopping mode to a greater extent, at the expense of
the sliding mode, and thereby engage in faster linear diffusion
along the DNA (20,28). This expression hinges on an assump-
tion that ruggedness is introduced into the potential energy
landscape solely by electrostatic interactions.

The overall recognition rate constant kg_ g, does not de-
pend on non-specific interactions, but only on the energetic
barrier to the S—R transition, AG*s_g. It can be expressed

as:
1 — AG*s_r
ksr = % exXp <1<137T> (8)

The relationships of skipping frequency (Figure 7A) and
overall recognition time (Figure 7B) with the non-specific
binding energy, E., are affected by the height of the energetic
barrier, AG*s_ g (represented by the colorbar). When it is en-
ergetically favorable for the SRY to engage in non-specific in-
teractions with the DNA strand (i.e. at low E,; values), the
residence time at any non-specific site (i.e. 1/k,) is shorter
and therefore skipping events occur with a higher frequency
(Figure 7A). The inherent energetic barrier for the transition
between the S and R binding modes also strongly influences
the number of skipping events. An increase in the AG¥s_,y for

Nucleic Acids Research, 2024, Vol. 52, No. 12

specific binding correlates with an increase in N;,, implying
that the protein finds the specific site but is unable to over-
come the energetic barrier to transitioning from the S state to
the R state and bind it.

Using Eq. 4, the effect of E,; or AG*s_r on Py is used to
estimate Tg. Figure 7B shows that both E,,; and AG"s_ g have
profound effects on tg while the corresponding data from Fig-
ure 7A indicate that these effects are caused by an increase in
the number of skipping events. For example, for a protein—
DNA system with E,;= 5 kpT, changing AG*s_ g from 3 kgT
(blue line) to 7 kT (green line) increases tg from 0.007 s to
0.15 s (by increasing the number of skipping events ~20-fold).
A further increase in the energetic barrier from 7 kgT to 11
kpT (red line) results in a T of 8.2 s (by increasing the number
of skipping events ~50-fold).

The dependence of Tr on these energetic parameters shows
that for any given value of AG*s_ g, there is an optimal value
of E,;, demonstrating a tradeoff. On the one hand, a high E,;
value decreases ks (Eq. 7) (and therefore increases Py; Eq. 5),
but on the other hand it may slow down linear diffusion along
the DNA (and therefore increase t1p; Eq. 6). The existence of
an optimal E,; value defines the conditions under which the
DBP performs an adequately quick search yet also lingers suf-
ficiently on the DNA to enable efficient recognition, thus re-
ducing recognition time to a minimum. As AG*s_ y increases,
the optimal E,;; region is shifted toward higher values, because
Tr lengthens and greater P; values are required to overcome
the barrier.

The relationship between the recognition rate constants and
the non-specific binding energy (Figure 7B) raises a question
about how DBPs that must undergo a conformational change
at their DNA binding site can preserve reasonably fast recog-
nition times, Tg, despite encountering a high energy barrier to
conformational change, AG¥*s_ . These proteins must navi-
gate the challenge of efficiently reaching the target site more
effectively than proteins that bind to a canonical B-form DNA.
One strategy to achieve this is by modulating non-specific
DNA interactions to decrease the residence time. This may
be accomplished by enhanced nonspecific affinity, E, s, which
can be achieved in principle by making the protein surface
more positively charged or by reducing frustration between
the specific and nonspecific DNA binding modes (13). In such
scenarios, the ruggedness of the search landscape increases.
Support for this claim can be found in architectural proteins
that bind to a bent DNA and that were shown to diffuse more
slowly along DNA due to their intrinsic energetic ruggedness
(76). Such slow diffusion may serve to reduce the number of
skipping events, Ny, because these are coupled to a high en-
ergetic barrier to conformational change.

Discussion

The kinetics of protein-DNA binding is affected by various
factors, with one of the elementary factors being the length of
the DNA molecules, which dictates the extent of nonspecific
DNA sites that the protein potentially needs to scan before
identifying the target site. Long search times may play a dom-
inant role in binding kinetics. In light of this, numerous stud-
ies have focused on quantifying the mechanism and kinetics of
DNA search (7,25,39,77,78). However, protein binding to the
DNA target site, once identified, can pose another kinetic chal-
lenge by requiring energetically costly conformational changes
from the protein and/or the DNA. The contribution of the
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Figure 7. Trade-off between nonspecific binding and recognition kinetics. (A) The number of skipping events (Ngp; on a log scale) at different free
energy barriers to the transition from searching to binding (AG*5_ g; indicated by the colorbar) is shown as a function of nonspecific binding energy (Eps;
calculated using Egs. 4, 5 and 7). (B) The overall recognition time for SRY to recognize the target site (r; on a log scale) at different AG*5_, 5 values is
shown as a function of E,s. The strong effect of the E,s (which affect ks and therefore the speed of scanning nonspecific sites) on tr, indicates an
increasing tradeoff between the speed of scanning nonspecific DNA (which is higher at lower E,s values) and the overall recognition time (which

increases with Ng ) as the free energy barrier increases.

search kinetics and recognition kinetics to the overall kinet-
ics of protein-DNA binding in the genomic context has been
addressed in some studies (38,39). For certain proteins, it has
been suggested that a tradeoff exists between the timescales
of the search and recognition kinetics, and that this tradeoff
could be optimized, for example, by modifying the molecular
properties of the protein (38).

In this study, we investigated how the conformational
change required the DNA, which must transform from a
canonical B-DNA conformation to the bent conformation
necessary for SRY recognition, affects the overall kinetics for
binding of the SRY transcription factor to DNA. The CG
model designed and employed in the current study gradu-
ally modulates the DNA’s tendency to switch between these
two states, enabling us to examine how the deformability of
the DNA target site affects protein binding kinetics. Through
manipulation of the DNA energy landscape in our model,
we observed, as anticipated, that when the DNA is less de-
formable (i.e. when it has a lower tendency to bend), recog-
nition kinetics slow down because of a higher energetic bar-
rier to recognition. The energetic barrier may also be associ-
ated with DNA dehydration upon transition from nonspecific
to specific binding and could be influenced by the DNA se-
quence (79). Additionally, our findings indicate that SRY may
encounter unproductive binding events when attempting to
recognize its binding site on less deformable DNA molecules.
Each unproductive binding event leads to SRY skipping the
target site, and the frequency of such skipping events increases
with decreasing DNA deformability. The occurrence of skip-
ping events implies that SRY has to search again for the tar-
get site and again attempt to cross the energetic barrier to
recognition. The number of times SRY skips over the target
site is ~20 when the target site is located in deformable DNA
but increases to ~500 on nondeformable DNA, correspond-
ing to a recognition probability (P;) of <0.05. This result is
consistent with findings from the only other system in which
skipping has been investigated to date, namely, with the ex-
perimental estimate of the number of times the Lac repres-
sor slides over its binding site (80,81). For the Lac repressor,
the recognition probability on its wild-type DNA sequence is
found to be <0.1. Overall, skip events linked to conforma-

tional changes in the DNA have a profound kinetic effect. We
conjecture that conformational changes in a transcription fac-
tor itself may also contribute to skipping events and, conse-
quently, to slower recognition kinetics.

The probability of experiencing an unproductive binding
event depends on various factors. From the molecular per-
spective, it affected by the energetic barrier for transition-
ing from the search to the recognition mode and by the resi-
dence time at a nonspecific site. With shorter residence times
at nonspecific sites, the likelihood of crossing the energetic
barrier for recognition decreases. DNA sequences that are
more deformable, presenting lower energetic barriers to con-
formational changes, are characterized by fewer unproductive
binding events. Similarly, increasing the residence time at a
nonspecific site can enhance the probability of a productive
binding event. However, this comes at the expense of slow-
ing down the search of nonspecific DNA, defining a trade-off
between search kinetics and recognition kinetics. We demon-
strate that, indeed, at lower salt concentrations, in which non-
specific protein-DNA interactions are stronger, the number
of skipping events decreases. We hypothesize that additional
external factors may further reduce the number of skipping
events. For example, interactions with other DBPs may pro-
long the residence time at the cognate site through the forma-
tion of an auxiliary interface or by an allosteric mechanism
(82-84). It is also plausible that flanking DNA sequences may
have a kinetic advantage via modulation of the number of
skipping events (85,86).

In summary, this study reveals that DNA deformability
significantly affects the biophysics of protein-DNA recogni-
tion. Beyond its expected role in specificity, such as through
shape readout (4,87), our findings demonstrate that sequences
with greater intrinsic deformability toward the bound confor-
mation exhibit greater affinity. This increased affinity, stem-
ming from enhanced deformability toward the bent confor-
mation, resembles the enhanced affinity of transcription fac-
tors to bind to mismatches (52). Nonetheless, DNA deforma-
bility may pose a kinetic burden. The energetic barrier asso-
ciated with the DNA conformational change can contribute
to unsuccessful binding events, necessitating several cycles of
searching nonspecific sites before successful recognition oc-
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curs. Intriguingly, the strength of nonspecific protein—-DNA in-
teractions may serve as a means to modulate the recognition
probability. It is likely the cell employs additional biophysical
strategies to navigate and facilitate this kinetic complexity.
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