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Article
Nonspecific vs. specific DNA binding free energetics
of a transcription factor domain protein
Carmen Al Masri,1 Biao Wan,2 and Jin Yu1,3,*
1Department of Physics and Astronomy, University of California, Irvine, California; 2Wenzhou Institute, University of Chinese Academy of
Sciences, Wenzhou, China; and 3Department of Physics and Astronomy, Department of Chemistry, NSF-Simons Center for Multiscale Cell
Fate Research, University of California, Irvine, California
ABSTRACT Transcription factor (TF) proteins regulate gene expression by binding to specific sites on the genome. In the facil-
itated diffusion model, an optimized search process is achieved by the TF alternating between 3D diffusion in the bulk and 1D
diffusion along DNA. While undergoing 1D diffusion, the protein can switch from a search mode for fast diffusion along nonspe-
cific DNA to a recognition mode for stable binding to specific DNA. It was recently noticed that, for a small TF domain protein,
reorientations on DNA happen between the nonspecific and specific DNA binding. We here conducted all-atom molecular dy-
namics simulations with steering forces to reveal the protein-DNA binding free energetics, confirming that the search and recog-
nition modes are distinguished primarily by protein orientations on the DNA. As the binding free energy difference between the
specific and nonspecific DNA system slightly deviates from that being estimated directly from dissociation constants on 15-bp
DNA constructs, we hypothesize that the discrepancy can come from DNA sequences flanking the 6-bp central binding sites that
impact on the dissociation kinetics measurements. The hypothesis is supported by a simplified spherical protein-DNA model
along with stochastic simulations and kinetic modeling.
SIGNIFICANCE How transcription factors locate their target site on the genome is essential to genetic regulation. It has
been assumed that the protein switches conformations between search and recognition modes upon binding to nonspecific
and specific DNA, respectively, to efficiently locate the target. By employing all-atom molecular dynamics simulations on
theWRKY transcription factor domain protein bound to nonspecific and specific W-box DNA and calculating corresponding
binding free energies, we demonstrate that the two DNA binding modes, i.e., search (weak binding) and recognition (strong
binding), can be achieved via highly distinguishable protein domain orientations on the DNA rather than the protein internal
conformational changes. We also suggest kinetic impacts from flanking DNA on measuring the relative protein-DNA
binding affinity to the central DNA binding sites.
INTRODUCTION

Transcription factors (TFs) are proteins that regulate gene
expression by binding to specific DNA sequences called
TF binding sites (TFBSs), which are usually 6–20 bp long
(1). Once bound to the TFBS, TFs can promote or block
the recruitment of other proteins and enzymes such as
RNA polymerase to initiate transcription, resulting in gene
activation or silencing (1,2). To carry out their function,
TFs must efficiently navigate through the genome to find
their target binding sites among millions to billions of base-
pairs, at a rate up to 100 times faster than predicted by free
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diffusion or random collisions with the target site (3–5).
The facilitated diffusion model is a widely accepted theoret-
ical framework for the search process of TFs (4,6–12). In this
model, the TF diffuses randomly in three-dimensional (3D)
space until it collides with a DNA site, which is usually a
nonspecific binding site. Then, the TF can slide or hop along
the DNA in one-dimensional (1D) diffusion, alternating be-
tween 1D and 3D diffusion processes until it reaches the
target site on the genome. Various studies from both
in vitro and in vivo settings support this model (13–25), as
well as computational studies (26–32). The 1D diffusion of
TFs has been further modeled by considering the
sequence-dependent interaction potential energy between
the protein and DNA (33,34). Studies estimate that the 1D
diffusion free energy landscape fluctuates at a magnitude
of 1–2 kBT (33,34). On the other hand, once the TF locates
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FIGURE 1 An overview of the MD simulation

systems. (a and b) The WRKY domain protein

bound to the specific (GGTCAA) and nonspecific

(GATAAA) DNA sequences, respectively. The

preferred strand is shown in cyan, while the non-

preferred strand is in orange, with the binding site

highlighted in dark blue. In the nonspecific system,

the mutated nucleotides in the binding site are

marked by an X. (c) The protein orientations on

the DNA with respect to the x-axis (DNA long

axis) for specific and nonspecific systems, with

the orientation angle a defined as shown in the

left diagram. (d) The deviation between the protein

backbone conformations in the specific and

nonspecific systems. The left figure shows the

two protein conformations aligned. The protein

from the specific system is shown in transparent

blue, and that from the nonspecific one in orange.

The average conformation difference was

1:9550:2 Å throughout the equilibration period.

The protein conformations from the specific and nonspecific systems were aligned using pyMOL by excluding outlier atoms over five iterations, and

the all-atom root mean-square deviation between the two structures was computed. To see this figure in color, go online.

Compute protein-DNA binding free energy
the target site it is able to form a stable protein-DNA com-
plex. Such a stability appears to require the binding free en-
ergy strength to be much larger than kBT (33). Thus, it was
proposed that TFs adopt two conformations while bound to
DNA: the search mode, with relatively weak protein-DNA
interactions to allow for fast protein 1D diffusion, and the
recognition mode, which allows for the stable binding of
the TF to the DNA once the target site is located. Such
conformational changes have been extensively studied in
the literature (35–38), and have been noticed in multiple
TFs such as p53 (39,40), Lac repressor (41–43), and
MTERF1 (44), and their structural properties and dynamics
have been investigated through all-atom and coarse-grained
molecular dynamics (MD) simulations (45–54). In partic-
ular, in the seminal work by Marklund et al. (45) the free-en-
ergy landscape of TF sliding on nonspecific DNA has been
constructed through all-atom MD simulations, revealing a
sliding energy profile roughness of �1 � 2kBT and a disso-
ciation barrier of�12kBT. The following all-atom MD study
by Yonetani et al. on the LacI protein (50) revealed a disso-
ciation energy barrier difference between specific and
nonspecific DNA binding of � 10kBT, which was attributed
to the protein conformational variations between the protein
in search vs. recognition mode. The transition between
nonspecific (search mode) and specific (recognition mode)
DNA binding states of TFs has been primarily attributed to
large-scale protein conformational changes in the two-state
model of 1D diffusion. However, recent all-atom MD simu-
lations on the WRKY TF domain protein (55) have shown
that such protein conformational changes might not be
necessary to switch between the two states. Starting from a
crystal structure of the WRKY domain TF bound to a spe-
cific DNA sequence (i.e., the W-box), the DNA sequence
was subsequently changed to nonspecific or poly(A) se-
quences. Given that the protein internal or core conformation
(i.e., backbone, excluding side chains and peripheral loops)
in the three systems were almost identical while the protein
orientations on the DNA varied significantly in the simula-
tions, it was suggested that protein-DNA interaction energies
are lowered when the protein changes orientation, allowing
for the switch between nonspecific and specific modes.
Nonetheless, for the nonspecific DNA binding simulation,
a possibility remains that the necessary protein internal
conformational change for switching from the recognition
mode to the search mode has not yet been sampled within
the microsecond-long MD simulations. Free energetic calcu-
lations on both nonspecific and specific DNA binding sys-
tems are therefore necessary to determine that search and
recognition modes are achieved, respectively. Accordingly,
we aim in this study to distinguish the protein recognition
and search modes by calculating the binding free energetics
of the WRKY domain protein on specific and nonspecific
DNA, respectively (Fig. 1). It is expected that the protein sta-
bly bound on the specific DNA in the recognition mode
would display a highly stabilized binding free energy DGs

b

(with DGs
b< 0 and

��DGs
b

��[ kBT), while the protein in asso-
ciation with the nonspecific DNA in the search mode would
show a significantly smaller magnitude of the binding free
energy DGns

b (with DGns
b < 0 and

��DGns
b

��< ��DGs
b

��). Starting
from the microsecond equilibrated WRKY domain protein
structures bound with specific and nonspecific DNA from
the previous studies (55,56), we conducted all-atom MD
simulations to calculate the corresponding protein-DNA
binding free energies DGs

b and DG
ns
b , respectively, by enforc-

ing dissociation of the protein from the DNA binding site.
The binding free energy DGb was obtained using two
methods: Jarzynski’s equality (57) and then umbrella sam-
pling (58), both widely used for binding free energy calcula-
tions (2,59–63). We confirmed that, although the protein
internal conformations remained identical in both systems,
Biophysical Journal 122, 4476–4487, November 21, 2023 4477
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the protein re-orientations on the DNA resulted in well-
distinguishable binding free energies, with

��DGns
b

��< ��DGs
b

��.
We also observed that protein dissociation dynamics were
coupled with protein diffusion or horizontal motions along
the DNA, accompanied by notable protein rotational mo-
tions, particularly as hydrogen-bonding (HB) interactions
at the protein-DNA interface gradually diminished. Finally,
we compared our computed difference in binding free energy
between the specific and nonspecific DNA DDGb with that
estimated from experimentally measured dissociation con-
stants. Although the computed DDGb is comparable with
the experimental measurements and consistent with the
computed DDGb reported in previous studies on the LacI
system (50), there are still some deviations between the
computational and experimental estimations. While compu-
tational sampling and experimental accuracy can be contrib-
uting factors, we hypothesized that impacts from DNA
sequences flanking the core (i.e., central) DNA binding site
can also be a systematic source of discrepancy. Investiga-
tions through a simplified spherical protein model and sto-
chastic dynamics simulations together showed that the
flanking DNA regions impacted on measurements of protein
dissociation kinetics and consequently the relative protein-
DNA binding affinities.
MATERIALS AND METHODS

System setup

To compare the binding of the WRKY domain protein to specific and

nonspecific DNA, we simulated two systems: the WRKY1-N in complex

with a W-box DNA from the crystal structure (accession PDB: 6J4E),

and the WRKY1-N in complex with a mutated W-box sequence that re-

duces the DNA binding affinity by �76-fold. The former is referred to as

specific DNA (50-CTGGTCAAAG-30), and the latter as nonspecific DNA

(50-CTGATAAAAG-30). Following the protocol by Dai et al. (55), we

extended the 15-bp DNA constructs to 34 bp to avoid DNA end-effects

in the simulations. The CYS and HIS residues in the WRKY protein

were changed to CYM (deprotonated state) and HIE (residue 164, with

g-nitrogen protonated) or HID (residues 138 and 166, with e-nitrogen pro-

tonated), respectively, to form a stable zinc finger domain. Starting struc-

tures for our all-atom MD simulations were taken from previously

generated 10-ms equilibrium trajectories (55), at t¼ 8ms. The simulation

systems are shown in Fig. 1, a and b.
MD simulations setup

All-atom MD simulations were carried out using GROMACS 2020.4 (64)

with the Amber99SB-ILDN force field (65) for protein and the Parmbsc1

(BCS1) force field for nucleic acids (66). The protein-DNA systems were

solvated with TIP3P water in a rectangular box, with a minimum distance

from the complex to the boundary of the simulation box of 15 Å. The sys-

tem was neutralized with Naþ and Cl� ions at an ionic concentration of 0.15

M. The total simulation system contained �85,000 atoms. Periodic bound-

ary conditions were applied. Short-range electrostatic and vdW interactions

used a cutoff of 10 Å, while the long-range electrostatic interactions were

treated using the particle-mesh Ewald method (67). The solvated system

underwent a steepest-descent minimization, followed by a 4-ns equilibra-

tion under the NVT ensemble and another 4-ns equilibration under the

NPT ensemble with a time step of 2 fs. Position restraints with a force con-
4478 Biophysical Journal 122, 4476–4487, November 21, 2023
stant of 1000 kJ mol�1 nm�2 were applied to the heavy atoms of the system.

The simulations used the leap-frog stochastic dynamics integrator, with the

temperature set to 300 K and the inverse friction constant set to 2 ps. Pres-

sure was set to 1 bar using the Parrinello-Rahman barostat pressure control

method. Finally, the position restraints were lifted, and a final equilibration

of 200 ns was conducted, with restraints applied only to the edges of the

DNA (heavy atoms of the first and last residues) to keep the DNA axis

aligned to the x-axis.
Equilibrium reached for the specific and
nonspecific complexes

To confirm the attainment of equilibrium in the MD simulations for both

specific and nonspecific systems, we evaluated the root mean-square devi-

ation (RMSD) of the protein, as well as its orientation and radius of gyration

changes. Using the final 200 ns of unconstrained equilibration, we deter-

mined that the RMSD of the protein conformation stabilized after �80 ns

for both the specific and nonspecific systems (Fig. S1 a). The nonspecific

system exhibited a more significant change in protein orientation over

time (16.6� 5 7.9� for nonspecific vs. 10.1� 5 2.8� for specific) (Fig. S1
b), with the protein orientation angles with respect to the DNA a found

to be notably different between the specific (57� 5 8�) and nonspecific

(32� 5 3�) systems throughout the equilibration process (Fig. 1 c). In addi-

tion, we observed small changes in the radius of gyration over time (�0.06

5 0.16 Å for the specific system vs. �0.25 5 0.19 Å for the nonspecific

system) (Fig. S1 c), providing further evidence that the protein conforma-

tion achieved equilibrium in both systems.
Steered MD (SMD) simulations setup

To force the dissociation of the protein, its center of mass (COM) was

steered along a designated reaction coordinate, denoted as x. This coordi-

nate was aligned with the vertical dissociation pathway relative to the

DNA molecule, which was oriented along the x-axis. Through our chosen

coordinate system, we observed that the protein dissociation was most

likely to occur in the --y-direction for the specific DNA system and in the

þz-direction for the nonspecific DNA system (Fig. 2, bottom). To demon-

strate this, we employed the random acceleration MD technique imple-

mented in GROMACS (68) by randomly steering the COM of the protein

(Figs. 2, top, and S2). To facilitate the steering process, we applied a spring

force with a force constant of 3000 kJ mol�1 nm�2 to the protein’s COM,

guiding it along the x-direction at a speed of 0.1 Å/ns. Such a speed was

found to be affordable while achieveing similar results on constructing po-

tential of mean force (PMF) as reversible or quasistatic pulling in a simpli-

fied test model system (Fig. S3). To prevent the DNA molecule from being

dragged along with the protein during the pulling process, we restrained the

heavy atoms of the DNA using harmonic restoring forces with a force con-

stant of 1000 kJ mol�1 nm�2.
PMF calculations using Jarzynski’s equality

Jarzynski’s equality (57) enables the calculation of free energy differences

from work measurements during nonquasistatic processes. It is expressed

as:

e� bDF ¼ Ce� bWD (1)

where DF represents the free energy difference, W is the work performed,

C.D denotes ensemble averaging, and b¼ 1=kBT with T the temperature
of the system. To overcome computational challenges arising from the

exponential term being dominated by small work values, an approximate

form using cumulant expansion, assuming a Gaussian work distribution,

can be employed. By applying Jarzynski’s equality, the free energy profile

along the reaction coordinate FðxÞ (or PMF) can be computed. Along a



FIGURE 2 Top: utilizing random acceleration

MD (RAMD) to determine the directions of protein

dissociation in both specific and nonspecific sys-

tems. The COM of the protein is steered in a

random direction using a constant force of

k¼ 2000 kJ mol�1 nm�2. If the COM does not

move by a distance larger than 0.25 Å within 100

fs, the direction is updated to another random one

until the protein reaches a user-defined maximum

distance (2 nm in this study). Snapshots of four

different trajectories are shown for both specific

(left) and nonspecific (right) DNA binding systems,

with arrows indicating the dominant directions of

protein dissociation (protein and arrows colored ac-

cording to the sampled trajectory). Bottom: visual-

ization of the preferred direction of protein

dissociation from different perspectives in each

system. The � y-direction is found to be preferred

in the specific binding system, while the z-direction

is preferred in the nonspecific system. Supporting

figures are provided in the Fig. S2. To see this

figure in color, go online.

Compute protein-DNA binding free energy
well-defined reaction coordinate x, when quasistatic equilibrium is reached,

the protein’s other degrees of freedom are fully relaxed. That is, at each re-

action coordinate xðrÞ, the PMF is in principle calculated as an ensemble

average:

Fðx0Þ ¼ �kBT ln

Z
exp

�
� Eðr; pÞ

kBT

�
dðxðrÞ � x0Þdrdp

(2)

Here, Eðr; pÞ is the total energy function of the system, x the reaction co-

ordinate, and r;p are the phase space coordinates of the rest of the degrees

of freedom, ‘‘orthogonal’’ to x in the system. In our simulations, the path

was sampled via the SMD simulations (69), and the PMF was determined

using the stiff-spring approximation:

FðltÞ¼ Fðl0Þ þ CWD � b

2

�
CW2D � ðCWDÞ2�þ. (3)

Where lt and l0 represent the parameter l values (defined in the previous

section) at times t and 0, respectively, and W is the work sampled between
0 and t. Biases in sampling were mitigated by employing segment-based

pulling while alternating between forward and reverse pulling events, and

allowing overlap or shared initial positions between neighboring segments.

Additional details can be found in supporting text S-IV and Fig. S4.
PMF calculations using umbrella sampling

The free energy along a reaction coordinate x (or the PMF) is directly

related to how x is populated. Umbrella sampling allows computing the

PMF by applying an external potential to enhance sampling of energetically

unfavorable regions (58). Multiple umbrella sampling windows, each

biasing the system near a specific region parameterized by li with

i¼ 1;.;N were employed. Umbrella histograms hiðxÞ were recorded, rep-
resenting the biased probability distributions Pb

i ðxÞ along x. The unbiased

probability distribution PðxÞ and the PMF FðxÞ were then by obtained by

reweighting or unbiasing the Pb
i ðxÞ using the weighted histogram analysis

method (WHAM) (70). In this work, the GROMACS implementation of

WHAM, g wham (71), was used to compute PðxÞ and FðxÞ. A single

SMD trajectory of 200 ns was performed to sample the dissociation path,

with protein-DNA dissociation occurring �100 ns as observed from the

complete breaking of HBs (Fig. S5). For both specific and nonspecific

DNA binding systems, 21 umbrella sampling windows were launched
with a spacing of �0.1 nm. The COM of the protein was restrained by a

harmonic potential using a force constant of 3000 kJ mol�1 nm�2 during

each window simulation, and a PMF for protein-DNA dissociation was

generated. Convergence of the PMFs was assessed (Fig. S6). To estimate

the errors along the obtained PMF, Bayesian bootstrapping of histograms

was conducted as detailed in (71), whereby each umbrella window gener-

ated 10 independent histograms, which were then chosen by sampling

with replacement to generate a new PMF. Each histogram then had a corre-

sponding probability to be sampled given by a random weight. Finally, the

average PMF was obtained, with the errors being the standard deviations

along the bootstrapped PMFs.
Simplified spherical protein model

To investigate how the protein binding free energetics obtained from the

protein-DNA dissociation PMFs connect with the protein dissociation

events and kinetics sampled randomly in a highly simplified quantitative

model, the domain protein is modeled by a positively charged sphere

(Fig. S7). In this model, discretized positive and negative charges were

placed on the surface of the spherical protein with overall neutrality. The

DNA is modeled by a line of negative charges. The protein-binding sites

on the DNAwere then represented by linearly aligned points with spacing

of 0.34 nm. In addition, the protein-DNA interfacial HB interactions were

represented by the pair-interaction between the sites on the protein hemi-

sphere and the sites on DNA. The protein-DNA electrostatic interactions

screened by a solution with ions can be approximated by the Debye-

Huckel potential, and the interfacial HB interaction can be described by

the Morse potential depending on the bond angle or protein orientation

(supporting text S-VII and Fig. S8). More details on the implementation

can be found in supporting text S-VII.
RESULTS

To assess whether the protein-DNA binding free energy dif-
ference DDGb between the nonspecific and specific DNA
constructs are consistent with the definitions of search and
recognition modes, several steps were taken. Initially,
PMFs were computed using Jarzynski’s equality for both
systems, allowing the computation of the respective binding
free energies. However, given that the SMD trajectories
Biophysical Journal 122, 4476–4487, November 21, 2023 4479



FIGURE 3 PMFs of enforced protein dissocia-

tion from DNA from implementing both Jarzyn-

ski’s equality and Umbrella Sampling methods.

(a) The work from all SMD trajectories for both

specific (blue) and nonspecific (orange) systems.

Dark colors correspond to setup 1 and light colors

to setup 2, as detailed in supporting text S-IV. (b)

The resulting PMFs obtained from the Jarzynski

equality. (c) The distributions of x, the reaction co-

ordinate of protein pulling, in each umbrella win-

dow at t ¼ 200 ns for both specific and

nonspecific DNA binding systems, and (d) the re-

sulting PMFs from umbrella sampling. The stan-

dard deviations are shown as the shaded regions.

DG
s=ns
b values are obtained from the PMF as

Fðx0 ¼ 0Þ� FðxNz2nmÞ, the energy difference

between the initial protein bound state and final

dissociated state. To see this figure in color, go on-

line.

Al Masri et al.
exhibited limited sampling of the protein’s rotational de-
grees of freedom, an alternative approach was also em-
ployed. The PMFs were then computed using the umbrella
sampling method, which improved relaxation of the pro-
tein’s rotation dynamics. Both methods yielded
DDGbz10kBT, and the dissociation dynamics revealed
qualitatively distinct behaviors between specific and
nonspecific binding. In addition, a comparison was made
between the computationally determined DDGb and the
experimentally estimated value, which showed a difference
of a few kBT and led to an investigation of potential effects
of flanking sequences on the binding affinity measurements
using a highly simplified spherical protein model. In the pro-
posed model, the PMFs for protein dissociation from a 6-bp
DNA binding site were computed using protocols similar to
those employed in the SMD simulations. Langevin dy-
namics simulations were then conducted to measure the
spontaneous dissociation kinetics of the protein from a
15-bp DNA, mirroring the experimental setup. By doing
so, one can compare the DDGb values obtained from the
simplified model using both the SMD PMF and the Lange-
vin dynamics approaches, respectively.
Binding free energy measurements using SMD
and Jarzynski’s equality

We first used Jarzynski’s equality to calculate the PMF by
pulling the protein away from the DNA in specific and
nonspecific binding systems. The work applied as a function
of x for all 20 trajectories sampled is displayed in Fig. 3 a.
We noticed large fluctuations in the work that deviated from
a Gaussian distribution (Fig. S9, a and b). Consequently,
convergence of the PMFs obtained by taking only the first
two cumulants of the work distributions (given by Eq. (3))
was not well achieved (Fig. S10, a and b), leading to poorly
behaved PMFs (Fig. S10 c). To improve the results, we uti-
lized the original exponential averaging form of Jarzynski’s
4480 Biophysical Journal 122, 4476–4487, November 21, 2023
equality (given by Eq. (1)). This approach yielded improved
convergence of the PMFs, within 4 kBT for the specific bind-
ing system and 2 kBT for the nonspecific binding system
(Fig. S10 d and e). The resulting PMFs shown in Fig. 3 b
showed that protein dissociation along the reaction coordi-
nate x exhibited a larger energy difference between the un-
bound and bound states. One can then obtain the binding
free energy DGb from the PMF FðxÞ as DGb ¼ Fðx0Þ�
FðxNÞ, with Fðx0Þ the free energy of the initial protein-
DNA bound state, and FðxNÞ the free energy after protein
dissociation from the DNA. Here, FðxNÞ is taken as the
reference and set to zero, with the infinity determined by
the flattening of the PMF for x larger than a certain distance
(2 nm from current MD simulations, see Fig. 3 b). Accord-
ingly, we obtain DGns

b ¼ � 2652 kBT and DGs
b¼ � 3654

kBT, corresponding to the nonspecific and specific binding
free energies, respectively. The binding free energy differ-
ence between the systems is then given by
DDGb¼ DGns

b �DGs
b¼ 1054:5 kBT. Upon analyzing the

pulling trajectories used to construct the PMF via the Jar-
zynski’s equality method, we observed highly limited pro-
tein rotation (Fig. S11). This indicated that, within the
sub-microsecond pulling at 0.1 Å/ns, SMD could not pro-
vide with sufficient sampling to capture the protein’s rota-
tional degrees of freedom, which impacted on the protein
free energetics and likely resulted in overestimating the ab-
solute binding free energy DGb. To address this issue, we
then employed the umbrella sampling method, which allows
for improved sampling on the protein’s rotational degrees of
freedom (see analyses below).
Binding free energy measurements using
umbrella sampling

To construct the PMFs of WRKY protein dissociation from
DNA, we also employed the umbrella sampling method.
Convergence of the PMFs was observed at �150 ns for



FIGURE 4 Dissociation dynamics of protein and protein-DNA interfacial HB changes during the enforced protein dissociation from DNA using the um-

brella sampling method. (a) The protein horizontal displacements and orientational changes during the dissociation. The top left panel shows the protein

horizontal displacements Dx along the DNA long axis, and the top right panel shows the protein orientation changes, Dq. The standard deviation of each

quantity is shown via the shaded region. The bottom panel shows snapshots taken from the initial bound state (x¼ 0) and the intermediate dissociated state

(x¼ 1:4 nm). The protein bound to the specific sequence is colored in green and that bound to the nonspecific sequence in red. During the enforced disso-

ciation process, the protein can still diffuse horizontally either to the left (Dx< 0, upper panels) or to the right (Dx> 0, lower panels) in both specific and

nonspecific systems. Note that the range of protein orientational change is more limited in the Jarzynski pulling method (Fig. S11) than in the umbrella sam-

pling. (b) Top panels show the protein-DNA interfacial HB interactions initially formed with molecular graphics. Bottom panels display the average HB

occupancy along the protein-DNA interface from umbrella sampling windows, highlighting the preferred DNA strand (sequence in blue) and nonpreferred

strand (in orange) (55), for both the specific (left) and nonspecific (right) systems. To see this figure in color, go online.

Compute protein-DNA binding free energy
both specific and nonspecific protein-DNA binding systems,
with the PMF fluctuating within 1.5 kBT, of the order of
thermal fluctuations (Fig. S6). Accordingly, the last 50 ns
of simulation data for each window were considered for
further analyses. The overlapping histograms for the um-
brella sampling windows at 200 ns are shown in Fig. 3 c.
The final PMFs along with the error obtained through
Bayesian bootstrapping analyses were generated (Fig. 3
d). Based on the PMF results, we determined the protein-
DNA binding free energies as DGs

b¼ � 3251:5 kBT for
the specific system and DGns

b ¼ � 2151:5 kBT for the
nonspecific system. The difference in binding free energies
between the two systems was found to be DDGb¼ 1152

kBT. In comparison with the PMF calculations using SMD
along with the Jarzynski method, the umbrella sampling im-
plementation exhibited reduced energetic fluctuations and
improved sampling of the protein rotational degrees of
freedom (Fig. 4 a). Interestingly, although the average value
of the binding free energy decreased, the difference between
the nonspecific and specific DNA binding systems remained
at � 10 kBT. In previous experimental measurements,
the dissociation constants KD ¼ koff =kon for the specific
and nonspecific binding systems were determined to be
0.1 and 8 mM; respectively (55). This would
correspond to a binding free energy difference of
DDGb ¼ lnðKns

D =Ks
DÞ� 4:2 kBT. However, the PMF calcu-
lations in current simulations consistently indicated a
slightly larger binding free energy difference of
DDGb� 10 kBT. Although both simulation and experi-
mental measurement errors could be contributing factors,
it is worth noting that the previous experiments used
15-bp DNA constructs for these measurements (55,56). To
address potential systematic effects that can cause discrep-
ancies, further investigation was conducted in the subse-
quent section to examine the potential impact of flanking
sequences included in the DNA construct on the protein
dissociation measurements.
Protein dissociation dynamics features near DNA

We analyzed the protein’s structural dynamics during en-
forced dissociation by highlighting its horizontal diffusion
along the DNA and its orientational changes relative to
the DNA (Fig. 4 a, top) in specific and nonspecific binding
systems. Following an initial dissociation stage (x> 1 nm),
the protein exhibited a comparatively free diffusion along
the DNA axis and notable rotational motion. The umbrella
sampling method provided improved sampling of protein
orientations, reaching up to 120� of spatial rotations
(Fig. S4 a, upper right) compared with the 30� in Jarzynski’s
equality method (Fig. S11, upper right panel). Notably, in
the nonspecific system, protein rotation started as early as
Biophysical Journal 122, 4476–4487, November 21, 2023 4481



FIGURE 5 Spherical protein model comparing free energetics from steered simulations and protein-DNA dissociation kinetics, on protein binding to

15-bp DNA constructs with a 6-bp central specific/nonspecific core DNA and flanking DNA sequences. (a) The steering of the spherical protein using an

external harmonic potential, while (b) compares the potential of mean force (PMF) obtained by pulling the protein away from the specific/nonspecific

DNAs. Dwell-time histograms are shown in (c) and (d) for the protein bound to 15-bp DNAwith specific and nonspecific sequences, respectively. The effect

of flanking sequences on the relative binding free energy is depicted in (e and f), where different binding sites and their dissociation rates are indicated. The

notations b and b0 represent the core DNA-specific and nonspecific binding sites, respectively, while FL denotes the flanking sites. The association rate is

assumed to be the same for all sites, denoted as kon, while the dissociation rate ksiteoff varies. The population on a site is denoted as Psite. To see this figure in

color, go online.
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x¼ 0:5 nm, indicating weaker binding and lower dissocia-
tion barriers compared with the specific DNA. In contrast,
in the specific binding system, protein rotation began at
xz1 nm. In addition, horizontal diffusion became signifi-
cant in specific DNA dissociation (xz1:5 nm; Fig. 4 a, up-
per left), preceding nonspecific DNA dissociation (xz2

nm). HB occupancy and dynamics at the protein-DNA inter-
face were analyzed from the umbrella sampling simulations.
In the specific binding system, HB contacts were mainly
formed on the preferred strand (50-CTGGTCAAAG-30),
particularly on the specific sequence. These contacts
abruptly broke upon dissociation at x �1 nm. After the
initial breaking, only a few new HBs formed (about eight
contacts), primarily with the preferred strand. In contrast,
the nonspecific binding system exhibited fewer contacts
with the preferred strand compared with the specific binding
system. Gradual dissociation starting at x � 0.5 nm was
observed, with the initial HBs breaking and weaker contacts
emerging (up to about 35 HB contacts). After the initial
breaking at x � 0.5 nm, no strand preference was observed
as residues formed HB contacts almost equally with both
strands (3 5 1 HBs on the originally preferred strand and
2 5 2 HBs on the nonpreferred strand).
PMF and protein dissociation kinetics from a
simplified spherical protein model

In the simplified spherical protein-DNA model system,
DDGb was estimated using two different methods. In the
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first method, DDGb was calculated using PMFs obtained
from steered simulations (Figs. 5, a and b). The simulations
involved applying a time-dependent harmonic potential to
steer the protein away from the DNA. The Hamiltonian of
the protein-DNA system was Eþ1=2kðx � vtÞ2, where E
is the energy function of the protein-DNA system and x

the reaction coordinate constrained under the time-depen-
dent potential centered at vt with force constant k¼ 4000

pN/nm, at a very low velocity of v¼ 1 Å=ms. More details
on the implementation can be found in Fig. S7 and support-
ing text S-VII. The PMFs reached a flat region very early at
x> 0:5 nm. The simplified model was further calibrated with
the all-atom SMD simulations by tuning the sequence-
dependent protein-DNA HB strengths, so that the relative
binding free energy calculated on top of the PMFs con-
structed from this simplified model can fit with that from
the MD simulations as DDGb¼ 10:8 kBT (supporting text
S-VII). In the second method, the free energy difference
was then computed by simulating spontaneous protein
dissociation from 15-bp DNA constructs, similar to the
experimental setup. The free energy difference was readily
obtained from DDGb ¼ � kBT lnðksoff =knsoff Þ, where ksoff
and knsoff are the respective dissociation rates from the core
6-bp specific and nonspecific sequences, flanked by a
nonspecific sequence. The dissociation rates can be esti-
mated from koff ¼ 1

td
, where td is the mean dwell time of

the protein bound to the DNA. A total of 10,000 sponta-
neous dissociation events were recorded without consid-
ering reassociations (Figs. 5, c and d). It is important to
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note that the simplified spherical protein model used in this
study may lead to underestimation of the binding free en-
ergies due to the limited number of protein charges consid-
ered for calculating protein-DNA electrostatic interactions.
However, this limitation is not expected to affect the binding
free energy difference or the ratio of dissociation rates. The
free energy difference is then measured as DDGbz4:2 kBT
for tsd� 190ms and tsd� 1:8ms, which turned out to be

consistent with the experimental value and was indeed
significantly smaller than that obtained from the steered
simulations. The result from protein-DNA dissociation rates
thus underestimates the free energy difference of the core
sequences due to the center core DNA sequence (� 6 bp) be-
ing surrounded by nonspecific flanking sequences. Conse-
quently, the protein can bind and unbind from the flanking
DNA sequences, in addition to the central binding site. On
average, the flanking DNA binding sites reduce the pro-
tein-DNA binding affinity compared with that being
measured on the specific core DNA sequences. We therefore
proceeded to model the effect of the flanking DNA binding
sites on the protein-DNA binding affinity as shown in the
schematics depicted in Figs. 5, e and f: we first considered
DNA binding and unbinding/dissociation from only
the core region of the specific (b, with protein bound popu-
lation Pb) or nonspecific (b

0, with population Pb0) sequences
(see Fig. 5 e). As measured from steering the protein away
from the core DNA region, this gives us a difference in

binding free energy DDGbb0
b ¼ kBT lnðPb =Pb0 Þ ¼

kBT lnðkb0off =kboff Þ. However, when b and b0 are flanked by

sites denoted by FL (see Fig. 5 f), with an approximate total

dissociation rate kFLoff and a total protein bound population

PFL, then the new segments B ¼ bþ FL and B0 ¼ b0þ
FL will have bound populations PB ¼ Pb þ PFL and
PB0 ¼ Pb0 þ PFL. The total dissociation rate will then be
approximated by an average of the dissociation rates of

the flanking sequences (kFLoff ) and the central sequence (kb
0

off

or kboff ), weighted by the fraction of bound protein popula-

tions to FL. We denote these fractions by ah PFL

PFLþPb0
and

bh PFL

PFLþPb
. This gives us a difference in binding free energy

of:

DDGBB0
b ¼ ln

"
a$kFLoff þ ð1 � aÞ$kb0off
b$kFLoff þ ð1 � bÞ$kboff

#
<DDGbb0

b (4)
A more detailed derivation and further analysis can be
found in (Fig. S12 and supporting text S-IX). Note that for
simplicity, we have not taken into consideration the poten-
tial DNA sequence dependence on protein-DNA association
kinetics in the above analyses. If the protein binding rate to
DNA kon is also sequence dependent, then the relative bind-
ing free energetics would include additional effects from the
association kinetics.
DISCUSSION

The TF domain protein reorients on the DNA to
switch between search (nonspecific) and
recognition (specific) modes

The facilitated diffusionmodel suggests that TFs alternate be-
tween 1Ddiffusion alongDNAand3Ddiffusion in the bulk to
search for target DNA sites. To efficiently locate the target,
TFs can adopt two conformations on the DNA: the search
mode for rapid diffusion along nonspecific DNA and the
recognition mode for stable binding to the specific target
site. However, recent microsecond MD simulations on the
WRKY domain protein showed that the protein core main-
tains the same conformation regardless of binding to nonspe-
cific or specific DNA, but exhibits significant differences in
orientation relative to the DNA (56). In this study, our focus
was on elucidating the binding affinities of the WRKY
domain protein on nonspecific and specific DNA to confirm
that the simulated systems corresponded to the protein in
the search (low DNA binding affinity) and recognition (high
DNA binding affinity) modes. Our results confirmed that pro-
tein reorientation on the DNA leads to significantly less stabi-
lized binding free energetics from specific to nonspecific
DNA binding. This suggests that protein reorientation on
the DNA facilitates the switch from the search to the recogni-
tion mode without requiring internal conformational changes
of the protein. In particular, we determined the relative
binding free energy of the WRKY domain protein between
a nonspecific and specific DNA to be approximately
DDGb¼ DGns

b �DGs
bz10 kBT, consistently revealed from

both the umbrella sampling and Jarzynski’s equalitymethods.
Previous predictions based on the two-statemodel framework
indicated that the transition between TF search and recogni-
tion modes involves a change in the protein-DNA binding
free energy of �5–10 kBT (33), which is consistent with our
current findings. One should nevertheless note that current
findings emphasizing protein reorientations on the DNA are
mainly relevant to small globular proteins or theDNAbinding
domain proteins. For larger or multimeric proteins, such as
LacI (72–74) or p53 (75), protein internal conformational
changes in the DNA binding domain have been detected
upon binding to DNA specifically vs. nonspecifically.
Protein-DNA binding free energetics in the search
and recognition modes

In this study, we calculated the binding free energetics of the
WRKY domain protein when bound to a specific W-box
sequence and a nonspecific DNA sequence that differed
by two nucleotides only. Experimental measurements have
shown that such minor changes in DNA sequence result in
a significantly increased dissociation constant Kd (�80
times higher) compared with the W-box sequence (55,56).
To calculate the binding free energy, we used SMD to
Biophysical Journal 122, 4476–4487, November 21, 2023 4483
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accelerate the protein-DNA dissociation by enforcing the
dissociation perpendicular to the DNA long axis. It is impor-
tant to note that protein spontaneous dissociation is a sto-
chastic process in 3D space that occurs over milliseconds
and can take various paths. The enforced SMD trajectories
do not represent the exact protein-DNA dissociation paths
but serve as an ensemble average or projection along the
perpendicular reaction coordinate x away from DNA.
Indeed, along the dissociation reaction coordinate, we
observed that the protein also explores horizontal degrees
of freedom along the DNA and undergoes rotational diffu-
sion, especially during umbrella sampling simulations
where the protein was allowed to relax for up to 200 ns
per simulation window. Accordingly, the population sam-
pling along the dissociation reaction coordinate effectively
captures the free energetics FðxÞ and, in turn, the difference
between the bound and unbound states of the protein with
respect to the DNA, i.e., the binding free energy DGb ¼
Fðx0Þ� FðxNÞ. As a sanity check, we compared our re-
sults with the binding free energies of LacI determined in
a similar study that used all-atom MD coupled with the
adaptive biasing force method (50). The magnitudes of the
WRKY domain protein-DNA binding free energies on spe-
cific and nonspecific DNA (21–26 vs. 32–36 kBT) are
similar to the binding free energies of LacI (27 kBT for
nonspecific DNA and 37 kBT for specific DNA). It is
conceptually important to note that a protein binding free
energy of 10–30 kBT is compatible with the diffusional
search mode of the protein along DNA. Previous work has
shown that the diffusional search energy barrier along
DNA is�2–3 kBT (55), with a rugged free energy landscape
characterized by thermal fluctuations (1–2 kBT) that agree
with experimental measurements (15). This diffusional
free energy profile is defined horizontally along the DNA,
while the protein-DNA binding free energy DGb is defined
vertically, considering protein dissociation away from the
DNA. Thus, a nonspecifically bound protein with a binding
free energy magnitude of 10–30 kBT at a transient binding
site can still rapidly diffuse along the DNAwith diffusional
free energy barriers of�2–3 kBT. This diffusional search re-
lies on shifting hydrogen bonds at the protein-DNA inter-
face, without involving protein dissociation that occurs at
least 1–2 nm away from the DNA. When specific target
DNA sequences are encountered during the diffusional
search process, the domain protein quickly reorients on
the DNA, transitioning from the search to the recognition
mode. This transition is accompanied by substantial changes
in protein-DNA binding free energy, such as from DGns

b �
21–26 kBT to DGs

b � 32–36 kBT in our current system.
Coupled protein diffusion and protein-DNA HB
dynamics during dissociation

To assess the sampling of protein translational and rotational
degrees of freedom during enforced protein dissociation, we
4484 Biophysical Journal 122, 4476–4487, November 21, 2023
examined the range of protein horizontal displacements
along the DNA and orientational changes. When construct-
ing the PMF using SMD along with Jarzynski’s equality,
protein translational degrees along DNAwere well sampled,
but rotational degrees were not sufficiently explored.
Limited sampling led to high fluctuations in the total work
for the PMF construction. In comparison, umbrella sam-
pling with more relaxed protein dynamics in each simula-
tion window allowed sufficient sampling of both protein
displacements and rotations, resulting in PMF convergence
within �1–2 kBT. Binding free energetics obtained from
umbrella sampling showed decreased magnitudes compared
with Jarzynski’s equality method (DGs

b from �36 to �32
kBT and DGns

b from �26 to �21 kBT). The relative binding
free energy DDGb nevertheless maintains a consistent value
of �10 kBT, despite the different levels of protein relaxation
during dissociation. Hence, DDGb turns out to be a compar-
atively robust measure between nonspecific and specific
DNA sequences. By examining HBs at the protein-DNA
interface, we observed that the protein formed approxi-
mately twice as many HB contacts with the six nucleotides
constituting the specific site compared with the nonspecific
site. In addition, HBs between the protein and DNA broke
more rapidly during dissociation from the nonspecific
DNA (at a distance of 5–6 Å) compared with the specific
DNA (at a distance of 9–10 Å). Interestingly, during disso-
ciation from the nonspecific DNA, the protein started re-
forming HB contacts with both DNA strands and was
observed to randomly probe the DNA surface, consistent
with the behavior expected in the search mode of a TF. In
contrast, the specific complex maintained initial HB con-
tacts at the protein-DNA interface, primarily on the
preferred DNA strand, as the protein core domain (including
the WRKY motif) interacted exclusively with the specific
W-box sequence. After the initial HB breakage, very few
new protein-DNA HB contacts reformed (approximately
four times fewer than in the nonspecific system), with
only two contacts formed on the nonpreferred strand. The
stronger binding of the protein to specific DNA and the
strong preference for the DNA strand align with the ex-
pected behavior of a protein in the recognition mode.
Simplified spherical protein model and analyses
reveal flanking DNA impacts on measurements of
protein-DNA affinity

The calculated protein-DNA binding free energy difference
between specific and nonspecific DNA complexes in the all-
atom MD simulations was �10 kBT, consistent between
both methods we used. In contrast, the experimentally ob-
tained free energy difference was estimated to be �4.2
kBT based on the ratio between the protein dissociation con-
stants for nonspecific and specific DNA complexes (80 vs. 1
mM) on the 15-bp DNA constructs (56). While the DDGb

value computed from all-atom MD is reasonable and does
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not deviate far from the experimentally estimated value, it
was still worth investigating potential sources of such a
discrepancy beyond sampling and experimental errors.
Considering that the protein binding site occupied �6 bp
on the DNA, while the experimental DNA construct was
15 bp (56), we constructed a highly simplified spherical pro-
tein model in complex with a 15-bp DNA, with the central
6-bp core as the initial DNA binding site. In one setup,
steered simulations were conducted similarly to atomic
SMD simulations to enforce the protein dissociation from
the 6-bp core binding site, and the relative binding free en-
ergy DDGb was tuned via the protein-DNA HB strength to
be equal to the all-atom MD value at �10 kBT. In the other
setup, stochastic dynamics simulations were launched, al-
lowing the initially bound protein to diffuse or dissociate
spontaneously from the 15-bp DNA as would happen in
experimental conditions. By measuring the ratio between
the dissociation kinetic rates from specific and nonspecific
DNA, we obtained DDGb� 4:2kBT, highly consistent with
the experimental result. These findings suggest that flanking
DNA sequences have a significant impact on measuring pro-
tein-DNA dissociation kinetics or binding affinity. The pro-
tein can bind to both the core binding site and the flanking
sites, leading to a variety of dissociation rates. As a result,
the dissociation kinetics are influenced by all possible disso-
ciation events from both the central and flanking DNA sites,
weighted by their respective populations. Since the dissoci-
ation rates of the flanking sequences are larger than that of
the central binding site with specific DNA sequences, the
overall approximation or averaged dissociation rate will be
larger than that of the central binding site alone. It should
be noted that, in the current kinetic analyses, we have not
yet considered the sequence dependence of protein-DNA as-
sociation kinetics. Considering the significant role of pro-
tein-DNA electrostatic interactions in TF binding (76,77),
certain sequence effects in protein-DNA associations are
still possible and may further impact on measurements of
protein-DNA dissociation constants. Accordingly, the rela-
tive binding free energy between the nonspecific and spe-
cific DNA constructs was measured to be lower than that
of the central site alone in the absence of protein binding
to the flanking DNA sequences. In other words,
DDGBB0

b <DDGbb0
b (as seen from Figs. 5, e and f), which

can predict that the experimentally measured binding free
energy difference is generally smaller than that determined
from the pulling simulations, where the protein dissociation
events are confined within the core binding sites. It is impor-
tant to note that both in vitro and in silico analyses have
demonstrated that DNA sequences flanking the DNA core
motifs can influence the affinity of TFs to the DNA motif
by altering the 3D structure and flexibility of the DNA
(78,79,80,81). However, to our knowledge, no physical
models have been developed to elucidate the impact of TF
binding or diffusion to flanking sites on the measurement
of protein-DNA binding affinities. Further experimental
studies with designs of the protein binding to various lengths
of DNA constructs are expected, both to validate the current
model and to systematically elucidate the impact of flanking
sequences on determining the protein-DNA binding affin-
ities. Furthermore, quantitative investigations are needed
to determine and understand the influence of DNA se-
quences on protein association kinetics and binding dy-
namics. Notably, such influences or effects have been
reported in a recent work (82). Consequently, our current
studies can be extended to include additional analyses on
protein binding and rebinding effects on DNA.
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