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10.1 Introduction

DNA-binding proteins execute many different genetic tasks, such as tran-
scription, repression, replication, and the repair of damaged DNA. Given the
size of the genome, the large number of molecular species in vivo, and the
crowded environment in which these processes take place, the remarkable
efficiency and specificity of protein—-DNA recognition present a major theore-
tical puzzle. In particular, two fundamental issues of great interest in protein—
DNA recognition are: how proteins achieve a high degree of selectivity among a
huge background of competing nonspecific DNA sequences and the aspect of
the rapid recognition rate of the DNA target sequence by the protein.

Over forty years ago, it was suggested that the efficiency of bimolecular
interactions could be increased significantly by reducing the dimensionality
of the diffusion-based reaction." This hypothesis has been experimentally
supported by measuring the association rate of the /ac-repressor protein to its
DNA binding site, which is much higher than the protein—-DNA association
rate predicted by three-dimensional (3D) diffusion in solution.”> This result
implies that the search for the target site is facilitated by an alternative search
mechanism that combines, in addition to 3D random diffusion in solution,
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one-dimensional (1D) sliding of the protein along the DNA, during which
the protein binds the DNA nonspecifically.> ” Since the pioneering work
of Berg et al.,® it has become well accepted that a protein’s search for its
target sequence comprises both 1D search (sliding) and 3D search, where
the protein dissociates from the DNA into the surrounding solution and
reassociates randomly with the DNA at a distant position from the initial
dissociation point. In addition to these search mechanisms, the protein
may also translocate along the DNA via short-range microscopic dissocia-
tions to neighboring DNA sites (hopping) or through intersegmental trans-
fers in which the protein directly transfers to a different DNA location by a
looped DNA strand, presumably via a doubly bound intermediate.’

The task of probing the structural and molecular details of nonspecific
protein—DNA interactions, which govern the search for the target DNA
sequence, is a challenge because of the elusive and transient nature of non-
specific protein—-DNA complexes. Nevertheless, several crystal structures of
nonspecific or semi-specific protein—-DNA complexes have been resolved.
In non-specific protein-DNA complexes (e.g. the EcoRV,'© BamHI,"
lac-repressor,'>'? and BstYI' systems), the DNA maintains its canonical B
form,'? and the proteins interact mostly with negatively charged phosphate
groups.'> In general, DNA binding proteins have substantial regions of
positive electrostatic potential at their DNA binding interface that form a
complementary electrostatic patch to the negatively charged DNA double-
helix.'®'® The importance of electrostatic interactions in dominating
nonspecific protein-DNA interactions'® is supported by a stronger depen-
dence of nonspecific protein—-DNA interactions on salt concentration than
that seen in specific interactions®® and by the observation that the protein—
DNA interface is more hydrated in the nonspecific complex than in the
specific complex.?!*

Using a variety of approaches, several studies in recent years concluded that
there is a high degree of similarity between the specific and nonspecific binding
of DNA binding proteins with DNA. In recent NMR measurements, the
structural and kinetic aspects of the nonspecific interaction of the HoxD9
homeodomain with DNA were successfully characterized.”>** These
studies established that proteins may make use of similar binding interfaces for
both nonspecific and specific DNA binding, utilizing the positive electrostatic
patch on their surface to maintain a similar orientation with the DNA in
the two binding modes. In addition, single-molecule experiments that inves-
tigated the linear diffusion of DNA binding proteins along DNA have
reported diffusion coefficients for several proteins that are consistent with
rotation coupled translocation dynamics, in which the protein propagates one-
dimensionally along the DNA while rotating along the helical contour of the
DNA.?° In such a rotation-coupled sliding fashion, a secondary structural
element from the protein is able to probe the base-pair content of the DNA
grooves and transit to specific binding that involves additional types of
interactions (such as hydrogen-bonds with the bases and Van der Waals
interactions) once the target DNA sequence is reached.
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Recently, a few single-molecule experiments have been designed to investi-
gate the Brownian nature of the translocation of proteins along DNA. These
experiments indicated the broad distributions of the 1D diffusion coefficient
(D,) and the diffusion length.?”*® The D, coefficient ranges from ~10%nm?s™'
to ~10° nm? s, is much smaller than the 3D diffusion coefficient, which is
about 105nm?s™'. The relationship between the 1D and 3D DNA search
mechanisms has been studied for the heterodimeric restriction enzyme BbvCl,
which recognizes and cleaves an asymmetrical target site.’ By probing the
cleavage of a DNA substrate containing two sites placed in different orienta-
tions to each other and with varying separation distances between the two,
the authors have indicated a typical sliding distance of about 50 bp under
physiological conditions. This typical sliding distance has been also demon-
strated for other proteins, such the restriction enzyme EcoRV.*

Here, we review a simplified computational approach presented earlier by
Givaty and Levy® to explore the mechanism and the molecular details of the
search process adopted by the protein to find a DNA target. We elaborate more
on the distributions of sliding durations and provide a direct and quantitative
indication for rotation-coupled sliding. On account of the elusive nature of
nonspecific protein—DNA interactions, we use a reduced model in which the
interactions between DNA-binding proteins and DNA are governed solely
by electrostatic forces. In particular, we address here the structural details
characterizing sliding and hopping, measure 1D diffusion coefficients (D;) and
distributions of sliding durations, and directly observe a rotation-coupled
movement of a protein along DNA.

10.2 A Computational Model for Nonspecific
Protein—-DNA Interactions

10.2.1 A Coarse-grained Model for Simulations of Protein
Search along DNA

To explore relatively long timescales of protein translocation on DNA by
molecular dynamics simulations, we used a reduced model that allows sliding,
hopping and 3D diffusion to be captured from both molecular and mechanistic
perspectives. A canonical B-DNA molecule is modeled by three beads per
nucleotide, representing the phosphate, sugar, and base groups. Each bead is
positioned at the geometric center of the group it represents. The protein is
represented by one bead for each residue at the C, position of that residue, and
is placed with the DNA inside a box with dimensions of 200 x 200 x 500 A. We
used a 100 bp DNA molecule that was maintained in a static position at the
center of the box and aligned with the Z-axis throughout the simulation. While
the DNA remained frozen during the simulations, the protein was flexible and
diffused freely within the boundaries of the box. The protein was simulated
with a native topology-based model®' 3? that excludes non-native interactions
and uses the Lennard-Jones potential to represent native contact interactions.
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The dynamics of the protein—-DNA system is simulated with the Langevin

equation:*! 33

m;v;=F; —ym;v; + R;(2) (10.1)

where m;, v; and ©; are the mass, velocity, and acceleration of the /’th bead,
respectively. F; is the force applied on the /'th bead, and R; is a stochastic
variable drawn from a Gaussian distribution with zero mean and variance:

<R,(I)Rj(l+f)>:2lekBT5(’C) (102)

In this study, y was set to 0.01. We note that the random walk motion of the
proteins during sliding along the DNA is not achieved when random noise is
excluded from the simulations (i.e., with pure Newtonian dynamics).

On account of the elusive nature of non-specific interactions between protein
and DNA, which are central to the DNA search process by proteins, we used a
simplified representation for non-specific DNA binding in which the interac-
tions between proteins and DNA are governed solely by electrostatic forces.
Beads representing the charged amino acids (Arg, Lys, Asp, and Glu) and the
DNA phosphate groups were charged in the model. We employed the Debye-
Hiickel potential to describe the electrostatic interactions between the protein
and DNA:*

iq; exXp(—xry;
UDebye-Huckel = Kcoulomb Blw) 2}: %{E”) (103)

The Debye-Hiickel theory predicts the range of the electrostatic influences of
an ion to be the Debye screening length «~'. Linearization of the Poisson-
Boltzmann equation yields the relation:

,  8uN4e*p,Cs

1000 ekpT (104)

where N4 is Avogadro’s number, p, is the solvent density, e is the proton
charge, ¢ is the solvent dielectric constant, and C; is the ionic concentration in
molar units (CS:O.SZC,-in, where ¢; is the molar concentration of ion with
charge ¢;). In equation 10.3, g, is a point charge of the /’th bead, r;; is the dis-
tance between two charged beads (bearing either the same or opposite charges),
and Kcoutomb = 471¢p = 332 keal mol ™. B(k) is a salt dependent coefficient that
is related to the Debye screening length and the ion radius (a;) by exp(xa,)/
(1 4+ ka,), giving rise to B(k)= 1 for dilute solutions. The Debye-Hiickel model
has been used in the past to address the energetics and dynamics of various
biomolecular systems, such as RNA folding;*’ the conformational stability of
long DNA;* protein-DNA binding;*’” and DNA-DNA association.”® While
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the Debye-Hiickel model is a powerful means of introducing the salt effect of
screening electrostatic interactions into the Coulomb potential, one should be
aware of its approximations. The model is valid for relatively dilute solutions,
as it approximates that the potential energy of an ion is determined by pairwise
interactions with other neighboring ions. The detailed effects of higher salt
concentrations and of ion condensation on DNA have to be studied using the
nonlinearized Poisson-Boltzmann equation, as well with atomistic simulations
that can elucidate the dynamics of the ionic layer during sliding on the DNA.

Since the model is simplified, the distances between the charged beads of the
protein and the charged DNA beads are larger (as not all atoms are represented
and the charges are placed at the phosphate and C,, beads). Consequently, the
salt concentrations reported in this review are several times smaller than the
experimental ionic strengths. The sliding dynamics was explored at salt con-
centrations in the range of 0.01-0.3M in simulations of 107 time steps. We
point out that due to coarse-graining of the model, one cannot easily convert
the time steps to realistic time. Nevertheless, our model reproduces the ratio
D;/D;~100 as characterized experimentally as well as other kinetic and
mechanistic features such as the dependence of the linear diffusion on salt
concentration. We used a dielectric constant of 70-80, which is the typical
range in water, as the protein—-DNA interface is much more hydrated in the
non-specific complex than in the specific complex.>!*?

10.2.2 Structural Classification of Protein Sliding, Hopping,
and 3D Diffusion

During the simulation, the protein was categorized as performing a sliding,
hopping, or 3D search of DNA. One can imagine a search with continuous
transitions from sliding to hopping, or from hopping to 3D search. To differ-
entiate in silico between protein sliding, hopping, and free 3D diffusion, it is
necessary to provide a clear definition for each of them. A simulation frame was
considered to show 3D diffusion if the protein was farther than 32 A from the
main DNA axis, since the electrostatic energy drops at this distance to about
2% of the energy in sliding conformations at low salt concentrations. A
snapshot was classified as showing a sliding search mode if three criteria were
met. The first criterion was that 70% of the recognition region must be in
contact with a single groove (one can determine if a given protein atom resides
in the major or minor groove of the DNA based on the distance between the
two phosphates from each DNA chain that are closest to the atom of interest).
The second criterion was that the distance of the center of mass of the recog-
nition region from the DNA must be up to 10A longer than that measured in
the crystal structure. The third criterion required that the orientation angle be
less than 90° (where the orientation angle to DNA was defined as the angle
between the geometric center of the recognition region of the protein, the
geometric center of the protein, and the point on the DNA’s main axis per-
pendicular to the protein’s geometric center). If the protein was at a distance of
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less than 32 A from the DNA and did not meet the criteria for the sliding mode,
the frame was classified as representing protein hopping along the DNA.

10.2.3 DNA Bead Radius Parameterization: The Effect
of the Major Groove Width on Sliding

In addition to the electrostatic forces between all charged residues and phos-
phate beads, each bead of the protein had a repulsion potential from all of the
DNA beads modeled by ((7,]/r,,)12’30 where ¢ equals the sum of the hard-sphere
repulsion radii of the protein and DNA beads (05 = Crepprot + Crep.oNA)- We
set Crep prot and Crep pna to be 2A and 3.7A respectively (i.e., g; = 5. 7A
according to the shortest distance between the C, atoms and the DNA beads
found in a survey of crystallographic protein—-DNA complexes in which the
DNA is recognized via an o-helix).*

The repulsion radius for the protein beads is similar to those used in previous
coarse-grained simulations.>'* The choice of the repulsion radius for the
DNA beads may influence the sliding behavior of the protein. Figure 10.1a
shows the effect of the DNA repulsion radius Cip,pna and the salt con-
centrations on the total fraction of sliding across the entire search process
undertaken by the Sapl protein. For DNA beads with a small repulsion radius
of 1 or 2A, the protein may protrude into the DNA grooves relatively easily
through its o-helical recognition region, resulting in a high fraction of sliding
events (>0.75) even at relatively high salt concentrations of 90 mM. The high
propensity for sliding dynamics is accompanied by very few hopping events
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Figure 10.1 Color-coded maps for the fractions of sliding and hopping occurring
under varying salt concentrations for the Sapl protein. The maps were
obtained by averaging 10 simulations for each system. Lighter colors
indicate a larger fraction of the protein in the particular search mode.
(a) Fractions of sliding for systems with different DNA repulsion radii,
Crep.oNA- and (b) Fractions of hopping.
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(Figlolre 10.1b). When the DNA repulsion radius Cye, pna is in the range of
3-4 A, the transition of the protein from the sliding mode to a 3D diffusive
mode with increasing ionic strength is smoother (Figure 10.1a) and the protein
is shown to dissociate from the DNA at an ionic strength of 70-90 mM, where
the fraction of sliding events drops to less than 0.2. Moreover, for these values
of Crep.pNa, Simulation snapshots that correspond to hopping events could be
distinguished at intermediate salt concentrations of 50-70 mM (the fraction of
hopping performed was ~0.2, Figure 10.1b). A larger repulsion radius of 5 A,
which could mimic the existence of a water layer, shows an overall similar
sliding behavior to that observed for Ci.,pna values of 3.5-4 A, with the
transition from pure sliding (fraction of sliding >0.75) to hopping + 3D dif-
fusion occurring at an ionic strength of 30-50mM (Figure 10.1a). A more
significant fraction of hopping events (>0.4) is observed for a Ciep pna Of SA
compared to hopping in systems with lower DNA repulsion radii values
(Figure 10.1b).

Figure 10.2a—c shows the 15 residue recognition helix of Sapl (red spheres
with Crep prot = 2A) during its interaction with the major groove of a B-DNA
molecule in a coarse-grained phosphate-sugar-base model, with Ciep pna 0of 1, 3
and 5A shown by black spheres with the correspondingly modeled radii
(Figure 10.2). For each DNA molecule, the real molecular surface is shown in a
transparent gray color. One can observe that DNA with Ci., pna of 3A
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Figure 10.2 Effects of DNA atom repulsion radii (Ceppna) On the statistics of
sliding and major/minor groove sampling by the Sapl protein. (a—c)
Illustrations from a coarse-grained protein—-DNA model showing the red
spheres of the recognition helix of the protein interacting with the major
groove of a B-DNA molecule. Repulsion radii (C,ep.pna) are 1 A (a), 3A
(b) and 5 A (c), shown in black. The real molecular surface of the DNA is
shown in transparent gray. (d, ¢) Histograms showing the percentage of
sliding via the major (d) or minor (e) grooves (average of 10 simulations
at each salt concentration and DNA model).
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(Figure 10.2b) resembles more closely the real molecular DNA surface than
Crep.pna Of lA which is much less bulky than real DNA (Figure 10.2a) or
Crep.pna Of SA which significantly exceeds the real DNA molecular surface
(Figure 10.2¢).

For the Sapl protein, we expect that, during sliding, the recognition helix will
probe the DNA major groove.*® For each of the DNA models shown in Figures
10.2a— (i.e., with Cyep pna 0f 1, 3 and 5 A), we checked the extent to which the
protein may distinguish between major and minor DNA grooves during
simulations. For simulations carried out in salt concentrations of 1070 mM,
we calculated the fraction of the snapshots in which the protein samples the
major and the minor groove of the DNA. In each snapshot, we determined in
which groove(s) each of the 15 residues belonging to the recognition helix of Sap1
resides (for further details on major/minor groove determination see section
10.2.2 above), and the distance of the bead at the middle of the helix from the
main DNA axis. We classified a snapshot as belonging to a major/minor groove
sampling if more than 85% percent of the recognition helix beads were in
the major/minor groove, the distance of the bead from the middle of the helix
to the main DNA axis was <16 A, and the overall snapshot was classified as a
sliding snapshot according to the definition provided above (section 10.2.2).

Figures 10.2d and 10.2¢ show the fractions of major- and minor-groove
sagnpling (respectively)o in the three DNA systems with Ciep pna of 1, 3, and
5A. For Ceppna Of 1 A, major groove sampling is relatively low (less than half
of the total search) and is relatively unaltered by increasing ionic strength
(Figure 10.2d). The fraction of minor-groove sampling is also low (ranging
from ~15% to ~35% of the total search, Figure 10.2¢), indicating that
widening of both grooves due to the low repulsion radius of the DNA beads
enables the recognition helix to protrude into both grooves indiscriminately.
The constant sampling of DNA grooves with Cycp pna 0f 1 A in close proximity
to the main DNA axis, which is favored by the attractive negative charges of
the phosphate beads, results in an over classification of snapshots as sliding
(Figure 10.1a). For protein-DNA system with Cycp pna 0f 3 A, sampling of the
major groove predominates, as is expected for Sapl®°, and the fraction of
major-groove sampling decreases with increasing ionic strength (Figure 10.2d).
The overall sampling of the minor groove by the recognition helix is transient
and is more probable at higher salt concentrations (Figure 10.2¢). The overall
major-groove sampling trends observed for protein-DNA systems with
Creppna Of 5 A are similar to those observed for CrepoNa Of 3 A although the
absolute values are lower (Figure 10.2d). Sampling of the minor groove in this
bulky DNA model is very unlikely (Figure 10.2¢).

We conclude from this analysis that the choice of 3.7A for Cirep.DNA 1S @ TEQ-
sonable approximation as it resembles the distance observed in crystal struc-
tures.*® Specifically, it captures the essential search properties (such as sliding
fraction and major/minor-groove discrimination) for DNA-binding proteins that
interact with the DNA using an a-helical region, and it resembles the expected
behavior when a water layer is present around the DNA (i.e., of DNA with
Crep.oNA O 5 A) although this aspect is not directly addressed in this review.
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10.3 Results and Discussion

10.3.1 Structural Characterization of Protein during Sliding
and Hopping on DNA

10.3.1.1 Protein Sliding: Electrostatic Interactions Dictate
Sliding Conformation

Several kinetic experiments in solution have provided evidence for a search
mechanism that involves both 1D and 3D components.®® These experiments
show that the rate of specific DNA target binding significantly increases when
the nonspecific DNA segments surrounding the target are longer™****?° and
support the role of sliding in facilitating the target search process.>** Recent
developments in single-molecule techniques that allow a direct observation of
tagged proteins moving along DINA have made it possible to address additional
details of the process, such as obtaining lengths of protein translocation on
DNA and diffusion coefficients of protein movement along DNA.?>**' How-
ever, most experiments are limited to providing structural criteria that distin-
guish between protein sliding, hopping, and intersegmental transfer.
Computational tools have the potential to structurally characterize the sliding
conformation of many DNA-binding proteins, a task which is formidable to
undertake by traditional X-ray crystallography approaches.

A recent computational study has explored the molecular details of sliding, its
driving forces, and the interplay between DNA search by hopping and sliding
using molecular-dynamics simulations in which protein—DNA interactions are
represented solely by electrostatic forces.*® In the study, the properties of protein
sliding along canonical B-DNA were studied for several a-helical DNA-binding
proteins (engrailed homeodomain HoxD9, Sapl, and Sknl), as well as for an
RNA-binding protein (Barnase) and were compared to a non-DNA-binding
protein (SH3 domain). It was shown that, during the simulations, the DNA-
binding proteins as well as the RNA-binding protein (Barnase) remain in
proximity to the main axis of the DNA while randomly diffusing along it. In
contrast, the SH3 domain randomly diffuses in the bulk and is not attracted at all
to the DNA. This indicates that the electrostatic interactions are sufficient to
dominate nonspecific protein—DNA interactions. The ability of Barnase to bind
DNA is explained by the charge distribution on its surface. The narrow dis-
tribution of the distances of each protein from the DNA (Figure 10.3a) illustrates
the electrostatic attraction of nucleic acid binding proteins to DNA.

In a kinetic study of the translocation of the BbvClI restriction enzyme that
recognizes and cleaves an asymmetrical target site, Gowers et al. have shown
that a DNA substrate that contains two target sites in the same orientation
is cleaved more efficiently when the separation between the two sites is
<50 bp.>* This experiment shows that, in addition to a 3D search in solution,
the enzyme one-dimensionally slides along the DNA while maintaining the
same orientation relative to the DNA axis. NMR experiments also support the
notion that the proteins use a similar interface when sliding on DNA and when
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they interact specifically with the target site.>***** In molecular dynamics
simulations, HoxD9, Sapl and Sknl were also shown to maintain a relatively
fixed orientation relative to the DNA during sliding.*® The observation that the
orientation angle remains relatively fixed throughout a sliding event indicates
that the DNA-binding proteins interact with DNA through a recognition
region that faces the DNA during the sliding simulation. Accordingly, DNA
binding proteins exhibit a narrow distribution of orientation angles with the
DNA (Figure 10.3b), which implies the existence of a structural preference for
non-specific DNA binding. In comparison with the three DNA-binding pro-
teins, Barnase (RNA-binding protein) shows a wider distribution, and SH3
shows no orientational specificity at all with respect to the DNA, as reflected by
an angle distribution that is almost random.

Many DNA binding proteins utilize an alpha-helical motif that probes the
major groove of the double stranded DNA during the formation of specific
protein-DNA interactions.** During sliding, the protein may use non-specific
interactions with the DNA that share a certain degree of similarity with
the interactions that construct the complex with the specific DNA target.
Figure 10.3c shows the percentage of the recognition region that is situated in
the major groove for the DNA-binding proteins and for Barnase during the
simulations.*® More than 80% of the recognition region of the three DNA-
binding proteins resides in the major groove during the simulations, whereas
Barnase shows no clear tendency toward any groove.

Figure 10.4a illustrates the similarity that the sliding configuration of the
Sapl protein shares with the configuration of the specific complex in the crystal
structure (green and gray lines, respectively). The plot indicates the distances of
each of the protein C, atoms from their nearest DNA backbone phosphate
atom. The two distance profiles are very similar (with R = 0.75), in particular
in the recognition region, which is indicated by a green bar (residues 55-69).
Figure 10.4b shows a typical sliding snapshot (left) where the recognition helix
(in green) is shown to face the DNA and protrude into the major groove, in
agreement with the measure presented in Figure 10.3c.

10.3.1.2  Structural Characterization of Protein—-DN A
Interactions during Hopping

During 1D protein translocation along the main axis of the DNA using the
sliding mode, a protein moves bidirectionally and displays properties consistent
with a one-dimensional random walk driven by thermal diffusion. It was earlier
suggested that an optimal pathway for a target search would involve repetitive
dissociations of the protein from the DNA that are followed by reassociations
at other locations on the nucleic acid.* This scenario enables the protein to scan
a greater proportion of the DNA and avoid redundant sequence scanning by
sliding.

An important ingredient in the search process is hopping, in which
the protein remains in the vicinity of the DNA and performs short-
range dissociations to neighboring DNA sequences. There are typically less
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charge-charge interactions between the protein and the DNA during hopping
compared to sliding and therefore 1D diffusion increases with increasing ionic
strength.®*%* Figure 10.4a shows that although it is close to the DNA, the
configuration of the Sapl protein (blue line) relative to the DNA is less similar
to the specific protein—-DNA configuration during hopping than sliding (with
R?=0.39). In addition, the recognition helix is mostly excluded from the major
DNA groove during hopping, giving rise to a one-dimensional diffusion of the
protein that is not bound to the DNA helical path. Figure 10.4b shows a
random hopping snapshot where the protein is slightly more distant from the
DNA than during a sliding snapshot and the recognition helix (in green) is
outside the DNA major groove.

The structural properties of HoxD9, Sap1, and Skn1 were characterized from
molecular dynamics simulations to determine the extent to which hopping as
well as dissociation modes are governed by the specific protein—-DNA inter-
face.”® Figures 10.4c and 10.4d describe the configuration of the Sapl protein
relative to the DNA (distance from the DNA axis and orientation angle) during
hopping and dissociation in comparison with sliding. During hopping, the
protein adopts a conformation in which the binding region mostly faces the
DNA, but the orientation is much less restricted compared to that displayed
during sliding. In hopping, the protein is attracted to the DNA but does not
follow the helical backbone rail as occurs in sliding. The detected hopping
events reported in the simulations of HoxD9, Sap1, and Skn1?° mostly occur on
short timescales and span only a few DNA base pairs. Therefore, such transient
hopping events can be viewed as bridging two consecutive sliding events on
neighboring DNA fragments. There is, however, experimental evidence for
proteins, such as the UL42* processivity factor, that predominately use hop-
ping rather than sliding to translocate one-dimensionally along DNA.

10.3.2 DNA Search Efficiency: Combining 1D and 3D Search
Modes Enhances DNA Scanning

10.3.2.1 Effects of Salt Concentration on Search Efficiency

Electrostatic interactions dominate non-specific protein—DNA interactions
as supported by a salt concentration dependence that is stronger than that

15,19

Figure 10.3 Protein structural characteristics during sliding on DNA. (a) Histograms
showing the location of the protein’s center of mass relative to the DNA
axis (Z-axis). While nucleic acid binding proteins remain in close proxi-
mity to the nucleic acid, the SH3 domain is mostly detached from the
DNA as indicated by its wide distribution of distances. (b) Histograms of
the orientations angles between the protein and the DNA. The dis-
tributions displayed by DNA-binding proteins indicate that the proteins
scan the DNA using a distinct interface. Barnase and SH3 domains, in
contrast, present much wider distributions. (c) Percentage of the recog-
nition region situated in the major groove. For DNA binding proteins,
more than 80% of the protein’s recognition region is situated in the
major groove, while Barnase shows no groove preference.
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Figure 10.5 Effects of protein flexibility and salt concentration on the interplay
between sliding, hopping, and 3D diffusion for the Sapl protein. (a) The
balance between the three search mechanisms for the Sapl protein in
different salt concentrations at 0.97% (where TF is the folding tempera-
ture of flexible Sapl). Empty circles represent a flexible protein with a
10-12 van der Waals potential representing all protein native contacts.
Full circles represent a rigid protein model with harmonic constraints
applied to all native protein contacts to restrict their fluctuations. (b)
Percentage of positions probed by the protein using sliding during the
simulation as a function of the fraction of non-sliding conformations
adopted (i.e., as a fraction of the sum of hopping and 3D diffusion).

which exists in specific interactions.”® Therefore, the balance between DNA
sliding, hopping, and 3D search might be affected by either salt concentration
or temperature as both can decrease the strength of charge—charge interactions.
Simulations of the Sapl protein at a wide range of salt concentrations and at
two temperatures (both below the equilibrium folding temperature of the
protein) show that, as the salt concentration increases, the protein becomes
more dissociated and the usage of sliding decreases®® (Figure 10.5a). For the
Sapl protein, the authors have also addressed the interplay between protein
flexibility and the properties of the DNA search mechanism by quantifying the
fraction of sliding, hopping, and 3D diffusion in a protein model that is com-
pletely rigid, and found that the partitioning between the three search modes
under each ionic strength condition is similar for both the flexible protein
model and the rigid model®° (Figure 10.5a).
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To explore the relationship between the ionic strength of the environment
and the search efficiency of the DNA, Givaty and Levy defined a measure called
Probed Position, which indicates the number of new DNA sites that are sam-
pled by sliding (i.e., when a direct readout of local DNA sequence by the
protein helical recognition site is enabled).*® In this measure, any new DNA site
(base-pair equivalent) that is visited by sliding is added to the Probed Position
measure unless it was already been scanned earlier in the same sliding cycle.
When the protein dissociates from the DNA, marked positions are erased,
while the number of Probed Positions is left unchanged. The marked positions
are erased upon dissociation because the probability of the protein reasso-
ciating at the exact same position on the DNA in vivo is very low. Since the
model does not include a specific site, the Probed Position value serves as a
measure for the fraction of DNA sites that are scanned using sliding.

Figure 10.5a shows search efficiency as a function of the percentage of non-
sliding events performed during the search. When the protein utilizes sliding in
most of the search (at a low salt concentration), search efficiency is low because
the search is mostly performed locally. At a high salt concentration, the effi-
ciency of the DNA search is also low as most of the electrostatic interactions
are screened and the protein mostly diffuses three-dimensionally around the
DNA rather than sliding on it. At a moderate salt concentration that gives rise
to ~20% sliding (as a proportion of the total search), the DNA-binding protein
searches the DNA by an optimal combination that yields an efficient search.
This result is in agreement with theoretical models*” suggesting that an optimal
search strategy requires a combination of the different search mechanisms and
indicates the importance of hopping and dissociation events for an efficient
search. Halford et al., for example, have indicated that an optimal target
association rate is achieved with alternating cycles of 1D and 3D diffusion
where the lengths sampled by each sliding event are ~10% of the target size.*
Measurements of the translocation of the BbvClI restriction enzyme along the
DNA? indeed occur for short distances of 30 base-pairs and suggest that sliding
is crucial for local DNA scanning, while hopping and dissociation play
important roles in reaching distant DNA regions. Below, we further discuss the
spatial and temporal durations of individual sliding events obtained from
molecular dynamics simulations under varying ionic strength conditions.

10.3.2.2  Distributions of Sliding Durations and Protein
Translocation along DNA during Sliding

Under high salt concentrations, dissociation events of the protein from the
DNA become dominant. The efficiency of the DNA search by the protein (as
measured by the Probed Position in Figure 10.5b) is therefore low, as the
overall number of base pairs probed by the protein is small. Under low salt
conditions, however, the observed Probed Position from the simulations is also
low as the partition between 1D search and 3D search is far from optimal. We
examine here the distributions of the sliding durations and their dependence on
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the salt concentration, and observe the redundancy with which DNA sites are
visited by the protein under varying salt conditions.

For non-specific binding, the motion of the protein along DNA can be
modeled as a random walk driven by thermal diffusion.* The mean position of
the protein is at the initially bound site and the distribution of visited sites
around the mean broadens as the sliding duration increases at a rate of N~
where N is the number of steps. Figure 10.6a on the left hand side illustrates
such a scenario for a prolonged sliding event, where the protein repeatedly re-
probes sites it has already visited. The right hand side of Figure 10.6a illustrates
an analogous scenario in which the duration of the sliding event is shorter, and
thus the protein performs no more than one repeat over visited DNA sites.
The histograms obtained from the simulations of Sapl shown in Figure 1.6b
demonstrate that at a lower salt concentration of 0.03 M, the search process is
dominated by relatively prolonged sliding events in comparison with the length
of sliding events observed at higher salt concentrations of 0.07, 0.09, and
0.15M. At high salt concentrations of 0.09 M and 0.15 M, the sliding events are
relatively short, and the overall proportion of 1D search events is lower (see the
decrease in the area under the histograms with increasing salt concentration).

To quantify the extent of search redundancy during sliding, we examined
each sliding event from the simulations individually and calculated two values:
MSD, and d,. MSD, is the overall distance travelled by the protein along the
DNA axis (i.e., the sum of all the projections on the Z-axis during a single
sliding event), while d,, is the distance between the maximal and minimal
positions on the Z-axis visited by the protein during the sliding event (see
Figure 10.6a). Thus, a higher ratio of MSD,/d, reflects a sliding event in which
there is more redundancy in terms of repeated visits to the same DNA site.
Figure 10.6¢ shows a scatter plot of the probing redundancy (measured as
MSD,/d,) against the duration of the sliding event for salt concentrations of
0.03, 0.07, 0.09 and 0.15M. At a salt concentration of 0.03 M, there is a con-
siderable increase in the probing redundancy during long sliding events as the
random walk nature of the motion tends to increase MSD,, but not d,, linearly
over time. The probing redundancies at salt concentrations of 0.07 and 0.09 M
are significantly lower than those observed for a salt concentration of 0.03 M as
the durations of the sliding events are shorter. Under these conditions, the
protein may scan a short DNA segment and dissociate until it randomly
approaches another DNA site by non-specific binding, and therefore, ‘wasteful’
repeat visits to DNA sites are avoided. At a high salt concentration of 0.15 M,
the sliding events become transient, such that there are hardly any repeat visits
to DNA sites. However, the efficiency of the search is low under such high salt
conditions for the reasons discussed above.

Figure 10.6d summarizes the results for various salt conditions by showing
averages of MSD, and d, per unit time step of the simulation (namely,
<MSD,/t,> and <d,/t;>) for all the sliding events. The former has no
dependence on the salt concentration and is consistent with the fact that
the one-dimensional diffusion coefficient during sliding is not affected by
salt concentration (see further discussion in the sections below). The value of
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<d,/ts> increases with increasing salt concentration until saturation is
achieved at about 0.09 M.

These results provide a mechanistic explanation for the low efficiency of
DNA search (i.e., low Probed Position, see Figure 10.5B) under low salt
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Figure 10.6 The effects of salt concentration on the distributions of sliding durations
for the Sapl protein. (a) A prolonged sliding event (left) in which DNA
sites are sampled several times by the protein, and a shorter siding event
(right) in which DNA sites are visited fewer times. (b) Distributions of
the sliding durations for varying salt concentrations: 0.03 M (red), 0.07 M
(blue), 0.09M (green), and 0.15M (orange) (averages from 10 simula-
tions). (c) Scatter plot of MSD,/d, (where MSD,, is the total distance
traveled by the protein along the DNA axis and d, is the distance between
the maximal and minimal Z-axis positions visited by the protein during
the sliding event, see (a), left) against the sliding durations for each of the
individual sliding events simulated at salt concentrations of 0.03, 0.07,
0.09, and 0.15M. (d) Averages of MSD, per time step (< MSD,/ts>,
blue) and d, per time step (<d,/t,>, red) calculated over all individual
sliding events simulated at salt concentrations ranging from 0.01 to
0.17 M.
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conditions. First, the fact that the durations of the individual sliding events are
relatively long gives rise to a search mechanism that is more local because the
lower frequency of dissociation events prevents the protein from accessing
remote regions of the DNA. Second, because of the one-dimensional random
walk motion of the protein along DNA, individual sliding events under low salt
conditions are ‘wasteful’ because a significant amount of the search time is
spent on visiting sites that were already scanned. An optimal search process is
obtained at an ionic strength of about 0.07M in which the protein spends
~20% of the search time in sliding, and probing redundancy is relatively
moderate with MSD,/d, <20.

10.3.3 Protein Dynamics during Target Search: Influence of
Helical Sliding and Hopping on 1D Diffusion Coefficient

10.3.3.1 1D Diffusion Coefficient (D;) Increases with Ionic
Strength during Hopping but not during Sliding

The dynamics of a protein as it moves along DNA as well its microscopic
structural details, which govern sliding and hopping, can be studied compu-
tationally from the trajectories collected under various ionic strength condi-
tions and temperatures. The left panels on Figures 10.7a and 10.7b shows the
time-dependent position of the protein along the Z-axis (i.e., the axis of the
static DNA) for the recognition helix of the Sapl protein at salt concentrations
of 0.01 M and 0.07 M. According to the expression of mean square displace-
ment derived by Qian e al.,*® one can evaluate the 1D diffusion coefficient
using equation 10.5:

Nn
Z:)?
MSD_( Z ’*”+ —2D1nAt (10.5)

i=1

where N is the number of time steps measured, » is the measurement window
ranging from 1 to N, At is the time interval between two consecutive steps, and
D, is the 1D diffusion coefficient. To compute 1D diffusion along the DNA we
use the distances that are projected along the Z-axis of a protein atom (C,) that
is selected from the center of the recognition helix. Similarly, we use the pro-
jections along the X and Y axis, to compute MSD profiles (denoted as MSDy
and MSDy,) and diffusion constants along these axes. For Brownian diffusion,
the MSD(n,N) at n below a cutoff n. is linear with a slope of 2D;At.

Many single molecule experiments have used the same approach to evaluate
the 1D diffusion coefficient of different proteins such as RNA polymerases,
DNA repair proteins, and transcription factors as they allow the movements
of an individual fluorescently labeled protein along DNA to be observed.*
In most experiments, the DNA is stretched in the microscopy field and images
of the protein that one-dimensionally traverses the DNA are collected.
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This technique also enables a determination of whether a given protein pre-
dominately uses sliding or hopping to move along DNA by measuring the
diffusion coefficient at increasing salt concentrations. If hopping dominates
protein translocation along the DNA, then at higher salt conditions the protein
will spend more time in solution and therefore the measured diffusion coeffi-
cient will increase. During sliding, however, the protein maintains electrostatic
contact with the DNA continuously and therefore the diffusion coefficient is
independent of the salt concentration. By employing this approach, Kim ez al.
have demonstrated that the diffusion coefficient of RNA polymerase from the
T7 bacteriophage is independent of salt concentration, suggesting that sliding is
the underlying mechanism for the movement of the protein along DNA.*!
There is also an experimental example for an increase in the diffusion coefficient
with increasing salt concentration for the UL42 processivity factor, indicating
that hopping dominates the movement of protein along the DNA.*

The middle panel of Figure 10.7a, shows MSD(n,N) profiles for 10 trajec-
tories calculated only for the sliding periods along the X, Y and Z axes (denoted
as MSD,, MSD,, MSD. in blue, green and red, respectively) for simulations
of Sapl protein movement along a 100 bp dsDNA at a low ionic strength of
0.01 M. The convergence of the MSD profiles for all three directions may
suggest that the recognition helix of the protein not only progress along the
Z-axis but also fluctuates equally in the X and Y directions. This observation
results from a protein motion that is not restricted only to fluctuations along
the Z-axis but also to motions of the protein in directions that are perpendi-
cular to the DNA. The middle panel of Figure 10.7b shows the MSD profiles
for sliding at a salt concentration of 0.07 M. The average slope is only slightly
greater than those at 0.01 M. In the right panels of Figure 10.7a and b, the
MSD profiles for the same trajectories are shown for all the periods in which
the protein is bound to the DNA by either sliding or hopping (since hopping
events are rather short, it is impractical to estimate the D; value of a hopping
motion alone). At a low salt concentration of 0.01 M (Figure 10.7a, right), the
profiles resemble those obtained for sliding only, as the population of hopping
events under these conditions is negligible. However, as the ionic strength is
increased to 0.07M (Figure 10.7b, right), the MSD. profiles exhibit larger
slopes than the MSD, and MSD,, profiles, indicating that the protein traverses
along the DNA main axis more rapidly in comparison to its diffusion in the
directions perpendicular to it.

Figure 10.8a shows a summary of the comparison between a pure sliding
mode and a bound mode in which the protein engages the DNA in either sliding
or hopping. In agreement with the experimental observation discussed above,
the 1D diffusion coefficient D; along the DNA axis (D;.) increases with
increasing salt concentration when the protein uses sliding + hopping to move
along the DNA but remains unaffected for a pure sliding motion of the protein.
A similar observation is obtained from simulations of the HoxD9 and Sknl
proteins.>® To examine the effects of temperature on the 1D diffusion co-
efficient, the authors measured D; for both modes at different temperatures and
at different salt concentrations. As expected, an increase of the D; coefficients
with salt concentration as well as with temperature is observed but with a more



256 Chapter 10

@ 15, _a.D,S
--m--D;,,S ¢
--m-- D1,z’ S /
—e— Dy, SH @
104 _e Dy, SH /
o D1,Z’ S/H

Diffusion coefficient
(A2/Time step)

N\
-\\X

%i—'"/f::i”ﬂﬁ::
.,_,?5’-77: """
00 T T T T T
0.01 0.03 0.05 0.07 0.09
Salt concentration (M)
(b)
Aeeonnnns Y XEELELEE B, Annrress A
5
% --m-- Dy, S
=] 14
8o “A-- Dy
CE
Sk ,
o 4 . ] -
PE A |-
[
0.1
0.01 0.03 0.05 0.07 0.09

Salt concentration (M)

Figure 10.8 Diffusion coefficients (D;) for sliding and bound (sliding + hopping)
conformations of Sapl protein. (a) The values of D; increase with
increasing salt concentration for MSD profiles calculated over the bound
conformations only for 1D diffusion along the DNA (D;.), but are
relatively fixed for MSD profiles calculated over the sliding conforma-
tions only. (b) A comparison of 1D diffusion coefficient during sliding
(D, ) with 3D diffusion coefficient of the protein in bulk (Dj3).

pronounced effect for the bound conformation. Figure 10.8b shows a com-
parison of the calculated 1D diffusion coefficient D; along the DNA axis (D, .)
from sliding, with the 3D diffusion coefficients calculated at various salt con-
centrations for the protein in bulk (Dj3). The plot shows that Dj; is more than an
order of magnitude greater than D, ..

10.3.3.2  During Sliding Proteins may undergo Rotation-Coupled
Diffusion along DN A

Although it was demonstrated that proteins hop and slide along DNA, the path
traced by the protein during sliding along the DNA surface has not been
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directly observed yet. Biophysical and biochemical models have taken into
consideration both linear translocations along the DNA and helical motion
along the DNA grooves as plausible assumptions. A model proposed by
Schurr?’ for rotation-coupled diffusion along DNA suggests that the diffusion
coefficient has a stronger dependence on protein size (D;. rorarion ~ R ) during
rotation-coupled diffusion than it exhibits during a pure translational motion
(D Transiation ~ R~ 1), This discrepancy may give rise to a difference of up to
three orders of magnitude between diffusion coefficients from pure linear
translation compared to rotation-coupled diffusion. Bagchi et al., have incor-
porated a parameter that describes the minimal distance of the protein’s center
of mass from the DNA axis (Roc) into Schurr’s model*® and performed a series
of elegant single-molecule measurements indicating that DNA-binding proteins
indeed undergo rotation-coupled diffusion on a rugged free-energy landscape
with barriers of ~1.1kgT separating adjacent sites on DNA.? The rotation
along the helical path of the DNA enables the protein to continuously probe
the base-pair content in the DNA major groove. Additional experimental
evidence for rotation-coupled protein diffusion was obtained for proliferating
cell nuclear antigen (PCNA), whose diffusion properties were measured under
varying solvent viscosities and by attaching quantum dots that change the
protein’s size. The change in the diffusion coefficient for different protein sizes
suggested that the clamp moves along DNA while rotationally tracking the
helical path of the double-stranded DNA.*

While providing indirect evidence for coupling between rotational diffusion
and linear translocation along DNA, the current experimental strategies cannot
directly observe the rotational motion because of spatial resolution limita-
tions.* Using the computational model described above, we were able to
explicitly follow the curved linear motion of a protein along DNA. Figure 10.9a
(on the right) shows the paths taken by a residue located at the center of the
recognition helix of the Sap1 protein as it moves along the DNA surface during
several sliding events at a low salt concentration of 0.01 M. The image
demonstrates that the major groove of the DNA is substantially populated
during sliding and that the protein motion is coupled with the helical structure
of the double stranded DNA. Occasionally, the protein may undergo a rapid
transition along the DNA that is decoupled from the helical pitch of the major
groove but still in close proximity with the surface of the DNA. The coupling
between rotation and translation is also exhibited in the plots of Figure 10.9a,
which shows the angle of the protein against its position along the Z-axis in
several sliding events of a single trajectory. The plots show a clear linear
relationship (< Correlation coefficient> = —0.87) between rotation and
translation with an average slope of —0.16 radians/z&. This value is very close
to 211;/341& that is the helical pitch in a canonical B-DNA molecule (i.e., 1 turn
per 10 base-pair rise). The emergence of several parallel lines results from
transient decouplings between the rotation angle and position, in which the
protein may for example, traverse between two neighboring grooves. The
protein thus propagates along the Z-axis but not rotate around the DNA.
Figure 10.9b shows the results for a salt concentration of 0.07 M. Sliding events
under these conditions are much more transient and fast transitions of the
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Figure 10.9 Observation of rotation-coupled sliding in Sapl protein. (a) Low salt

concentration of 0.01 M. The protein is shown to rotate around the DNA
while sliding and maintain its interactions with the major groove (right,
the trace of an atom from the recognition helix is shown in green during
sliding). The rotation versus translation linear scatter plots on the left
(the average correlation between the rotation and translation motions,
<R>=-0.87) indicate average slopes (<Slope>=—0.16) that are
consistent with the geometrical properties of a B-DNA molecule (i.e.,
2m/34 A) indicating a strong coupling between protein translation and
rotation and the helical pitch of dsDNA. (b) Higher salt concentration of
0.07 M. The sliding events are shorter and more hopping events occur
(right, green and blue lines indicate the recognition helix trace during
sliding and hopping, respectively). The rotation-translation scatter plots
on the left (<R>= —0.58), with average slopes of —0.08, indicate that
the coupling of the rotation to the translation of the protein along the
DNA is weaker.
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recognition helix along the minor groove towards an adjacent major groove are
much more frequent. Several hopping events (blue lines) are shown in which the
protein also remains close to the DNA but exhibits no preference for the DNA
groove or backbone but rather ‘glides’ randomly near its surface. Since the
sliding events are significantly shorter and are less committed to the major
groove track as the salt concentration increases, the correlation between the
linear translocation and the rotation angle around the DNA axis is much
weaker (<Correlation coefficient> = —0.58) with an average slope of —0.08
radians/z&. These results may suggest that adoption of a helical bound protein
motion in the DNA major groove at low salt conditions, while enabling the
protein to scan each DNA site rigorously, comes at the expense of search
efficiency. By contrast, at higher salt concentrations the protein samples major
groove positions locally, and rapidly translocates to other sites. This detailed
mechanistic viewpoint is in agreement with the observation reported before
(Figure 10.5b) that the Position Probed measure is low at low salt conditions.
We point out that this coarse-grained simulation approach offers the potential
to determine the degree of rotation coupled diffusion in many other DNA
binding proteins as well as determining the preference of the protein for major-
groove search, minor-groove search, or a search that is coupled to the DNA
backbone.

10.4 Concluding Remarks

Many genomic processes, such as transcription, DNA repair, and recombina-
tion rely on DNA binding proteins that locate and bind their DNA targets
remarkably quickly and efficiently. Understanding the nature of interactions
between regulatory proteins and nonspecific DNA sequences is a fundamental
step in deciphering all physicochemical mechanisms that underlie the protein—
DNA recognition process.

In this review, we described a computational model to characterize the
structural and dynamic features of DNA recognition by proteins during DNA
search. In our simplified model, the protein was flexible but the DNA remained
rigid, and the protein—-DNA interactions were modeled by electrostatic forces
only. This modeling is in accord with structural and thermodynamic studies
indicating that electrostatics, rather than intimate interactions between the
protein and the DNA bases, govern the nonspecific binding mode.

Using molecular dynamics simulations, our results indicate that, during
sliding, the proteins perform a bidirectional 1D random walk movement driven
by thermal diffusion. In 1D sliding, the movement of the protein is coupled with
a rotational motion along the helical double-stranded DNA pitch, in which the
protein utilizes an interface and adopts an orientation to the DNA that is very
similar to that found in the crystal structure of the specific complex. This result
is in agreement with recent NMR measurements on the HoxD9 protein, which
indicate the signature of the specific protein—-DNA recognition in nonspecific
sliding.?***** Our measurements for the average slope of the plot describing
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protein rotation versus protein translation indicate a value of ~2r/10 bp, which
is consistent with the helical pitch of a B-DNA molecule.

Our observations for the distributions of sliding durations under varying salt
conditions combined with a measure for the efficiency of the DNA search
indicate that at low salt concentrations, sliding events are longer and less
efficient because the protein redundantly rescans DNA sites. At higher salt
concentrations, the protein is more detached from the DNA and may remain in
the vicinity of the DNA (undertaking a linear search via hopping). The hopping
search mode is accompanied by a higher diffusion coefficient and results in
an enhancement of DNA scanning efficiency. Further increase of the salt
concentration will result in a significant increase of the 3D search mode in
solution at the expanse of 1D DNA scanning and will therefore significantly
reduce the efficiency of the search. Accordingly, we suggest that there is an
optimal salt concentration at which the DNA binding protein combines sliding,
hopping, and 3D diffusion to search the DNA target. This optimal interplay
between the various search mechanisms of DNA may be different for proteins
having different DNA binding affinities.

Although we succeeded in capturing many of the key structural and dynamic
properties of protein sliding with a model that relates only to the electrostatic
interactions between proteins and DNA, it is clear that higher-resolution
models are also essential. Specifically, such models are required to understand
additional components of protein-DNA interactions, such as, the role of water
molecules and ions in sliding,’® >* water release from the protein-DNA inter-
face upon specific binding,?* and the role of DNA conformational changes and
flexibility.->* Nevertheless, the methodology presented here may serve as a
predictive tool to study relatively long biological timescales in protein—-DNA
recognition as well as complementing experimental data. This computational
approach has been applied recently to study how various aspects of the
molecular architecture of DNA-binding proteins may affect the mechanism of
DNA search. It was found that the oligomerization state of the protein can
significantly affect sliding speed and the overall search kinetics.’>> Splitting a
DNA-binding protein into two or more structural domains may assist the
search®%® by promoting intersegment transfer. Furthermore, not all DNA-
binding proteins perform sliding using the interface found in the specific
protein-DNA recognition, and consequently a switching transition is involved
when the target site is localized.®'
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