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The “Monkey-Bar” Mechanism for Searching for the DNA
Target Site: The Molecular Determinants
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Introduction

One of the most fundamental aspects of protein�DNA
recognition is how proteins find their target sites so rapid-
ly, given the millions of competing nonspecific sites on
DNA and the packed structure of DNA in the cell. The
association rate of a transcription factor with its operator
on DNA can be two orders of magnitude faster than the
maximal rate of a bimolecular reaction controlled by 3D
diffusion.[1] Following the study of Berg et al. ,[2] it has
become widely accepted that the search by a protein for
its target DNA sequence is achieved through facilitated
diffusion comprising four different mechanisms: 1D slid-
ing, hopping (also known as correlated transfer), 3D
search, and intersegment transfer.

The notion of a facilitated target-search mechanism,
whereby diffusion occurs in a lower dimensionality
space,[1,3–7] was originally developed from both theoretical
and experimental perspectives,[2,8] and was later supported
by various bulk experiments that provided indirect sup-
port for the concept of linear diffusion on DNA and for
the importance of the combination of 1D and 3D diffu-
sion to speed up protein�DNA binding.[1,9–11] Further-
more, in recent years, several studies at the single-mole-
cule level have visualized 1D diffusion of a protein along
DNA.[12] For example, sliding along DNA has been di-
rectly observed for RNA polymerase,[13] lac repressor,[14,15]

DNA repairs,[16] and the p53 transcription factor.[11]

The biophysical characterization of facilitated diffusion
was studied by various experimental techniques,[9,12,17–20]

as well as by computational[21–24] and theoretical ap-
proaches.[25–29] The molecular and dynamic nature of pro-

tein searching for DNA was studied using molecular dy-
namic simulations,[30] particularly using reduced
models[31–33] that allow sampling of long timescale process-
es, such as sliding, hopping, 3D diffusion, and interseg-
ment transfer. We modeled DNA as having three beads
per nucleotide, representing phosphate, sugar, and base.
Each bead was located at the geometric center of the
group it represented. A negative point charge was as-
signed to beads that represented the DNA phosphate
groups. The nonspecific interactions between the protein
and DNA was modeled by electrostatic interactions that
were modeled by the Debye�Huckel potential.

Experimental studies, together with computational
studies of the structural and dynamic features of proteins
on a single DNA molecule using a coarse-grained model,
showed that sliding was a stochastic motion during which
the proteins followed a helical path along the major
groove.[9,17,23,34] During sliding, the protein makes use of
the interface that defines its specific binding to DNA.
The spiral motion of the protein along the phosphate�
sugar rails was hypothesized about 30 years ago by
Schurr[35] and recently was confirmed elegantly by a series
of NMR spectroscopy studies of HoxD9 protein by the
Clore group.[17,36,37] While the sliding motion is unambigu-
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ous and distinctive, hopping dynamics are less character-
ized. Often hopping is described as consisting of dissocia-
tion events of short lifetime, in which the protein reasso-
ciates with DNA at a point in the vicinity of the dissocia-
tion position, whereas in the 3D search the protein reas-
sociates at a point uncorrelated with the original location
of the dissociation event. During hopping, as in sliding,
the protein faces the DNA, but its orientation relative to
DNA is more diverse because it is not placed at the
major groove.[23] Not being helically constrained, linear
diffusion along the DNA is therefore faster during hop-
ping than during sliding, when the dynamics are restricted
by the backbone rails.

The existence of intersegment transfer has been con-
firmed by a number of in vitro experiments for various
proteins, such as homeodomain HoxD9[36] and multido-
main Oct-1.[18,38] The latter can adsorb two segments of
DNA, which allows Oct-1 to transiently form a double-
bound state with two DNA fragments. This double-bound
state breaks up faster than the dissociation of protein to
the bulk from the fully formed protein�DNA complex,
and the protein has a chance to be transferred to newly
adsorbed DNA. It has been suggested that intersegment
transfer significantly accelerates the search for a specific
target site on DNA under conditions where the protein is
adsorbed onto the DNA most of the time, as it is in
vivo.[39–41]

In addition to the characterization of the protein linear
diffusion on DNA (e.g., the value of the diffusion coeffi-
cient and the existence of jumping or hopping events)
and the dynamics of intersegment transfer obtained from
ensemble and single-molecule measurements, some as-
pects of the molecular characteristics of protein search on
DNA have been quantified in recent years. Describing
the molecular aspects of DNA search is essential for un-
derstanding the interplay between the structural architec-
ture of proteins or DNA and the efficiency of the DNA
search. Clearly, the dimensions and structural details of
the recognition region on the proteins that directly inter-
acts with the DNA in a specific binding interaction affect
the mode and efficiency of the DNA search when the
protein interacts with the DNA nonspecifically. It was
shown that the degree of overlap between the electrostat-
ic patch that is in use in nonspecific interactions with
DNA and the patch involved in hydrogen bonding with
the specific DNA dictates the sliding speed and the rate
of conversion from nonspecific to specific binding.[42,43] In
addition to the structural characteristics of the binding
sites, the overall molecular architecture of the protein
may affect the DNA search for its target site. For exam-
ple, the oligomeric state of the protein can affect its
motion along DNA. Homodimeric proteins may slide
very differently than their monomeric variants.[44] The in-
teractions of tetrameric proteins, such as p53, with non-
specific DNA contrast sharply with those of mono- or di-
meric p53. Compared with single-domain proteins, pro-
teins composed of several domains may also show unique
biophysical characteristics when interacting with DNA.

In intersegment transfer, direct relocation from one
nonspecific DNA to another occurs without accumulation
of free protein. We have shown that intersegment transfer
is promoted when the protein is composed of at least two
domains. The two domains can be globular proteins con-
nected by a flexible linker or a protein with a less struc-
tured subdomain (e.g., a protein with a disordered tail).
A tailed protein or a two-domain protein translocates on
DNA molecules through an intermediate in which the
recognition region on one of the protein domains is ad-
sorbed onto one DNA fragment, while the recognition
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region on the other protein domain is adsorbed onto
a second DNA fragment. We refer to this dynamic as the
“monkey-bar” mechanism because it resembles the
motion of children as they swing along monkey bars in
a playground. Similarly to the way a child transfers one
hand at a time when swinging from bar to bar, the pro-
teins cross from one DNA molecule or segment to anoth-
er by transferring first a single domain, followed, after
a certain lag time, by the transition of the other domain
(or subdomain, e.g., a disordered tail). In this brachiating
dynamics (which may also be described as following the
fly-casting mechanism[45–48]), the disordered tail or a low-
affinity globular domain reaches relatively distant DNA
regions that lie beyond those near the other domain of
the protein, and therefore, fly-casting suggests an increase
in the kinetic specificity of the search.[46]

The monkey-bar mechanism requires not only that the
proteins will comprise at least two structural elements
(two domains or a domain and a disordered tail), but
there will also be a degree of asymmetry in the dynamics
of the constituent domains and in their affinity to the
DNA. In addition to the properties of the protein, the
molecular details of the DNA may also control the usage
of the monkey-bar mechanism. The molecular details of
the monkey-bar mechanism are discussed below.

The Role of Protein Asymmetry in Monkey-Bar Dynamics:
Multidomain Proteins

Proteins composed of multiple domains are very
common, especially in eukaryotic genomes.[49,50] In many
cases, these domains lack any interface and can cooperate
only through a disordered, flexible linker. Flexible linkers
are crucial to several types of functions in protein�DNA
recognition.[51] The linker can attach unfolded domains
and keep the protein as a folded dimer that can bind to
DNA, such as in the designed single-chain Arc repress-
or.[51,52] In other cases, the disordered linker can tether
the DNA-binding domain with a dimerization domain as
in the l repressor,[51,53] or with a tetramerization domain,
as in p53,[54] and enhance the binding affinity.[51] The dis-
ordered linker was shown to be crucial for DNA binding
and recognition by Oct-1[55] and for the human replication
protein A (RPA).[56] We focus on linked domains, such as
those found in the Pax6,[57] Oct-1,[7,58] and p53[59] transcrip-
tion factors, in which the disordered linkers that connect
between the different DNA-binding domains increase
their affinities to DNA over those of the isolated do-
mains.

The molecular mechanisms of DNA search by tran-
scription factors consisting of two DNA-binding-domains
demonstrated that, when Pax6 and Oct-1 engaged in non-
specific binding, their individual domains exhibited signif-
icantly different affinities to DNA;[57] this finding is sup-
ported by experimental results.[58] Tethering the two do-
mains through a flexible linker increases their affinity to

the DNA,[51] resulting in a higher propensity for sliding
along DNA, which is more significant for the domain
with the weaker DNA-binding affinity.[57] The domain
that binds DNA more tightly anchors the multidomain
protein to DNA and, through the linker, increases the
local concentration of the weak DNA-binding domain at
the expense of slower linear diffusion than that exhibited
by the isolated domains.

Computational[57] and NMR spectroscopy[18,38,60] studies
showed that multidomain transcription factor exchange
occurred between two DNA molecules via a bridged in-
termediate, in which each domain was attached to a differ-
ent DNA segment, suggesting the monkey-bar mecha-
nism[61] (Figure 1). Intersegmental transfer is facilitated
when the individual domains are tethered by a flexible
linker. The electrostatic affinity of each domain to DNA
significantly affects the number of jumping events. Great-
er facilitation of the jumping search mode is achieved
when one domain has a higher affinity to DNA and acts
as a strong anchor, while the complementary domain has
a lower DNA binding affinity and serves as an explorer
for binding sites on adjacent DNA molecules, as shown
for the Pax-6[57] and Oct-1[18,38,57] transcription factors
(Figure 1).

The disordered linker mediates cross-talk between two
domains when there is no physical interface between

Figure 1. Monkey-bar dynamics between two parallel DNA mole-
cules by the two-domain transcription factor. Left: Asymmetry be-
tween the affinity of the two constituent domains of Pax6 increas-
es the number of monkey-bar brachiations. The panel shows the
number of intersegment transfer events performed by tethered
Pax6 variants (WT Pax6+ 1 (thin line), Pax6+ 1.5 (medium line), and
Pax6+ 2 (thick line)). In these variants, the magnitude of the charges
in the C-terminal domain of Pax6 (Pax6C) was changed, while the
N-domain (Pax6N) remained unchanged. A higher affinity of the C-
domain to DNA results in a greater number of intersegment trans-
fer events performed by the N-domain in the tethered variants.
Right: Pictorial representation of four frames from the Pax6 dynam-
ics on two parallel DNAs.
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them. Tethering by the linker can lead to a significant im-
provement in the search efficiency, which strongly de-
pends on the relative affinities of the domains to DNA.
A comparison of the electrostatic contributions to the
protein�DNA binding energy that are made by the indi-
vidual domains comprising several multidomain proteins
reveals that tethered domains tend to have different
DNA-binding affinities, which may imply that both spe-
cific and nonspecific DNA binding has biological signifi-
cance.[57] The efficient DNA search observed for multido-
main proteins with different affinities to DNA and the
polarized DNA-binding affinities found for multidomain
proteins suggest that there is an evolutionary drift toward
tethering of domains with different affinities to DNA by
a flexible linker.

More evidence for the role of asymmetry in multido-
main proteins in promoting the monkey-bar mechanism
was observed for the zinc finger protein Egr-1, which is
composed of three fingers (ZF1–3). It was shown by
NMR spectroscopy measurements and coarse-grained
molecular dynamics simulations that ZF1 was more dy-
namic than the two other fingers.[62,63] The high degree of
ZF1�s dynamics in the nonspecific complex can be attrib-
uted to 1) weaker electrostatic interactions with DNA
and 2) weaker interdomain interactions with ZF2. Elec-
trostatic binding free energy calculations suggested that
among the three zinc finger domains, ZF1 was the weak-
est DNA binder with the lowest absolute value of electro-
static binding free energy (�1.6 kcal/mol, as opposed to
�3.2 kcal/mol for ZF3). This can qualitatively be attribut-
ed to the smaller net charge of ZF1 (+1e) compared with
ZF2 (+4e) and ZF3 (+4e). ZF1�s weak interdomain in-
teraction with ZF2 can be another determinant. It is pos-
sible that other factors (e.g., the strength of the interface
between neighboring fingers) also support the higher dy-
namics of ZF1. The simulations show that the interseg-
ment transfer events of Egr-1 occurred via an intermedi-
ate, in which an Egr-1 molecule transiently bridges two
DNA molecules, which follows the monkey-bar mecha-
nism. For the wild-type protein, the bridging events oc-
curred most frequently by ZF1 capturing the other DNA
molecule, but mutations that increased the nonspecific af-
finity of ZF1 to DNA reduced the efficiency of the
monkey-bar dynamics by making the dynamics more sym-
metrical; it was also shown by kinetic NMR spectroscopy
that the rate of locating the target site was slower. The
study of Egr-1 suggests that its asymmetric search mode
of DNA (i.e., ZF1 is more mobile and less attracted to
DNA than ZF2 and ZF3) is suitable for intersegment
transfer that involves the transient bridging of two DNA
sites. We note that the asymmetric dynamics of this sym-
metric (repeat) protein may not be simply governed by
the overall net charge of each domain, but also on the ab-
solute number of charges and their locations, which may
both affect the electrostatic potential.

The Role of Protein Asymmetry in Monkey-Bar Dynamics:
Disordered Tails

We have previously shown that disordered tails are more
common in DNA-binding proteins than in non-DNA-
binding proteins.[57,64] The tails of DNA-binding proteins
are longer than those of other proteins (�60% of the
tails of DNA-binding proteins are longer than 5 residues,
whereas only 30 % of non-DNA-binding proteins have
tails longer than 5 residues). The disordered tails of
DNA-binding proteins have a larger net positive charge
and these charges tend to be much more clustered in the
tails of DNA-binding proteins than in the tails of non-
DNA binding proteins. We note that the composition of
positively charged residues and their degree of clustering
in the structured parts of DNA-binding proteins and non-
DNA binding proteins are very similar.[64]

A recent study based on coarse-grained molecular dy-
namic simulations of three homeodomain proteins with
different tail lengths and net charges, in which the inter-
actions between proteins and DNA are governed solely
by electrostatic forces, demonstrated the role of the disor-
dered tail in facilitating DNA search,[61] in agreement
with kinetic NMR spectroscopy studies.[17,37] The presence
of an N-tail increases the affinity of the protein to the
DNA, and therefore, enhances its sliding propensity at
the expense of hopping and 3D diffusion. However,
better sliding has its price: the linear diffusion coefficient
of the protein moving along DNA is lower, which results
in a slower search.[61] The increased use of the sliding
search mode accompanied by the decreased use of linear
diffusion in the presence of an N-tail is more pronounced
for the Antp homeodomain than for the HoxD9 homeo-
domain, which correlates with the presence of a longer
tail and a higher net positive charge for Antp than
HoxD9.

Most importantly, the N-tail in homeodomains can
assist intersegment transfer, which is known to enhance
DNA search when the protein interacts nonspecifically
with DNA.[38–41] Direct relocation from one nonspecific
DNA sequence to another occurs without accumulation
of free protein during the intersegment transfer of tran-
scription factors.[37,57,61,64] Thus, intersegment transfer is fa-
cilitated by the disordered tail. Tail length can significant-
ly affect the propensity to engage in intersegmental trans-
fer, such that more jumping events are seen for the Antp
homeodomain, the tail of which is longer and more posi-
tively charged (10 residues and net charge of +4), than
for the HoxD9 homeodomain, which has a shorter and
less positively charged tail (9 residues and net charge of
+2). The three homeodomain proteins, HoxD9, Antp,
and NK-2 (see ref. [61]) search DNA quite differently, al-
though they have very similar globular regions. The pres-
ence of an N-tail in these homeodomains modulates the
characteristics of the DNA search. Although the efficien-
cy of the DNA search is correlated with tail length and
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net charge, the linkage is more complex than that. A
comparison of the tail sequences of these three homeodo-
mains reveals that, while the lengths and net charges are
different for each, the positive residues are clustered into
positive segments in all of them. Simulations of more
than 600 homeodomain variants with different net charg-
es and positive charge distributions on the tails showed
that the intersegment transfer search mode is most popu-
lated for moderately charged segments on the tail and for
positive charges that are clustered together in the middle
of the tail or toward its N terminus[64] (Figure 2).

The tailed proteins might be viewed as multidomain
proteins, in which the disordered tail serves as a subdo-
main. In both cases, the composition of the proteins of
several domains together with the asymmetry (in their dy-
namics and binding affinity to DNA) is essential for pro-
moting intersegment transfer through the monkey-bar
mechanism.

Transcription factor p53 provides another example of
the importance of disordered tails in the interactions be-
tween proteins and DNA.[65,66] The C-tails of p53 are posi-
tively charged, and thus, strongly interact with DNA and
can affect sliding features very significantly. Recent
single-molecule experiments[10] and a coarse-grained sim-
ulation study[59] showed that the C-tails of p53 increased

its sliding speed along DNA. In the truncated version, the
sliding speed of p53 slows significantly. Moreover, the dis-
ordered C-tails mediate interactions between the DNA-
binding domain (the core domain) and distant DNA re-
gions where tails from two subunits interact with one
DNA region, while the other two tails interact with a dif-
ferent DNA.

The Effects of the Relative Orientation of the DNA Molecules
on the Monkey-Bar Dynamics

Intersegment transfer was shown to significantly improve
DNA search efficiency, depending on the molecular char-
acteristics of the transcription factors.[39,61,67] The ability of
a two-domain protein (for example, proteins that are
composed of two globular domains connected through
a flexible linker or a protein composed of a globular
domain and a long disordered tail) may also depend on
the molecular properties of the DNA. For example, the
distance between the two DNA segments will clearly con-
trol the usage of the monkey-bar mechanism.[61] Clearly,
two-domain proteins with longer linkers can form
a bridged intermediate between two more widely separat-
ed DNA sites than two-domain proteins with shorter link-
ers. The distance between the two DNA segments and
the length of the disordered linker (or the disordered
tail) are correlated with the ability to jump. Another pa-
rameter that may affect the probability to jump using the
monkey-bar mechanism is the relative orientation of the
two DNA regions.

Herein, we investigated the roles played by the inter-
DNA angle and inter-DNA distance in the protein search
of DNA. These aspects are addressed by quantifying the
molecular characteristics of intersegment transfers under-
taken by the NK-2 and Antp homeodomain transcription
factors. The search by each homeodomain of two 100
base pair (bp) DNA molecules separated by various dis-
tances (40–70 �) and rotated to various extents (0–3608)
relative to each other at a salt concentration of 0.07 m

was simulated using a simple computational model[23,61] in
which protein�DNA interactions were represented solely
by electrostatic forces.

The portions of the search performed using interseg-
ment transfer, during which the globular domain of NK-2
or Antp was on one DNA molecule, while its disordered
tail was on the other DNA molecule, are shown in
Figure 3. The color of the scatter plots represents the
number of the jumps during the simulation time. A short
distance of 40 � between DNA molecules is associated
with lower usage of the monkey-bar mechanism for all ro-
tational angles because of higher usage of a bridged inter-
mediate at the junction between the DNA molecules. At
a longer inter-DNA distance of 70 �, electrostatic attrac-
tion between the DNA molecules and the DNA binding
regions on the protein, namely, the tail and recognition
helix, is insufficient to promote jumping through

Figure 2. Monkey-bar dynamics between two parallel DNA mole-
cules by a transcription factor with disordered tails. The effect of
the length and location of positively charged segments in the dis-
ordered N-tail on the properties of DNA search by the homeodo-
main NK2. The influence of the effective charge and the average
position, < r> , of the charged segment on the tail on the number
of intersegment transfer event (left) and the number of position
probed by sliding (right) performed by the 153 variants of the NK-
2 homeodomain between two DNA fragments separated by 60 �
at salt concentration of 0.07 m. The length of the positive segment
was varied from 1–17 consecutive charged residues and it was
positioned at all possible positions along the 17 positions of the
tail (lower < r> values mean that the charged residues are cen-
tered closer to the N terminus). The gray circle indicates the effec-
tive charge and < r> values of the N-tail of wild-type NK-2, sug-
gesting that its sequence was evolved to promote the monkey-bar
mechanism. The sequence of the tail of NK-2 is
ASDGLPNKKRKRRVLFF.
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a monkey-bar mechanism at all rotation angles. Moderate
distances of 50 and 60 �, which are common in the nucle-
osome, promote the monkey-bar mechanism for parallel
(angles of 0, 180, or 3608) and almost-parallel DNA ori-
entations, where both DNA recognition domains on the
protein are within the electrostatic field of the DNA. At
an inter-DNA distance of 60 �, the highest occupation of
the intersegment transfer search mode is achieved at per-
fectly parallel inter-DNA angles of 0, 180, and 3608. By
contrast, at 50 �, many jumps also occur at the almost-
parallel inter-DNA rotational angles of 10, 20, 160, 170,
190, 200, 340, and 3508 because the tail is long enough to
bridge to the other DNA for small rotation of the DNA.
Figure 3 shows two snapshots of jumps between two
DNA molecules separated by 60 � and rotated 0 and 908
relative to each other, respectively. Although both home-
odomain proteins demonstrate similar occupation of the
jump search mode, the total number of jumps performed
is higher for NK-2 because of its longer tail with its
higher net positive charge and higher clustering index,
each of which was demonstrated to promote a more effi-
cient search.[64]

The location of the jumps is highlighted when plotting
the number of intersegment transfers as a function of the
DNA bps and the orientation angle (Figure 4). When the
DNA orientation changes from parallel to perpendicular,
jumping tends to occur between the two closest points
(i.e., at around bp 50 out of 100 on both molecules),
which correspond to the points closest to an imaginary
junction formed by extrapolations of the lines of the two
DNA molecules. For the perpendicular orientation, the
range of DNA bps that promote jumping around the

“junction” is larger, at 50 � compared with 60 � (Fig-
ure 4A and B, respectively), because of the higher elec-
trostatic field exerted by the DNA molecules at the short-
er distance. This explains the higher number of jumps ob-
served in Figure 3 at a nonparallel inter-DNA orientation
and an inter-DNA distance of 50 �. The probability to
jump is smaller for a separation distance of 60 � than for
50 �, and in this case the number of jumps is more sensi-
tive to changes in the rotation angle, w, between the two
DNA molecules.

Figure 3 shows two snapshots of monkey-bar dynamics
for parallel (08) and perpendicular (908) inter-DNA orien-
tations at an inter-DNA distance of 60 �. Although the
former orientation supports intersegment transfer at any
starting point along the original DNA, the latter only
allows jumping that originates from the middle of the
DNA, where the distance to the other DNA is the short-
est. Accordingly, the separation distance between the
DNA molecules and the angle between them dictates the
distance between two sites on DNA and whether it can
be bridged by a given tail.

We have previously shown that the intersegment trans-
fer search mode is highly dependent on salt concentration
for DNA molecules oriented in parallel to each other.[61]

Herein, we investigated the influence of DNA geometry
at different salt concentrations for two DNA fragments
separated by 60 �. The number of jumps performed by
NK-2 (Figure 5A) and Antp (Figure 5B) homeodomains
as a function of inter-DNA rotation angle at varying salt
concentrations (0.05–0.08 m) demonstrates that, in a paral-
lel DNA orientation of around 0, 180, and 3608, the popu-
lation of the jump search mode is dependent on salt con-
centration. By contrast, at other DNA orientations, the
number of jumps is low at all salt concentrations. The salt
effect is more pronounced for the Antp protein, which
searches DNA most efficiently at a salt concentration of

Figure 4. Jump location obtained through the monkey-bar mecha-
nism. The number of jumps is projected along the index of the
DNA bp and the angle for Antp protein on two 100 bp DNA mole-
cules at a salt concentration of 0.07 m separated by 50 (A) and
60 � (B). For the parallel DNA orientation, the jump can start from
any region along DNA. When the angle between DNA molecules
transforms from parallel to perpendicular orientation, the assembly
of jump locations narrows towards the junction between DNA
fragments (around bp 50).

Figure 3. The effect of the rotation angle between the two DNA
molecules on the number of monkey-bar brachiations. The influ-
ence of distance and angle between two DNA molecules, at salt
concentration of 0.07 m, on the jumps search mode for NK-2 (A)
and Antp (B) proteins. The color corresponds to the number of
jumps during simulation. The distance, d, and angle, w, are altered
in the simulations by 10 � and 108 in the range of 40–70 � and 0–
3608, respectively. C) Graphical representation of the NK-2 tail (red)
and globular part (blue) on two DNA molecules. In the two snap-
shots, the two DNA molecules are separated by 60 � and the inter-
angles are 0 and 908.
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0.08 m, and least efficiently at 0.05 m, even for parallel
DNA orientations (Figure 5B). NK-2 has a tail with
charge properties that are optimal for an efficient
search,[67] which enables a high number of jumps, even at
a low salt concentration of 0.05 m.

To examine the search process on a DNA molecule
with biologically relevant geometry, we studied the dy-
namics of the Antp protein on two double-stranded DNA
molecules, each consisting of 72 bps and derived from nu-
cleosomal DNA (PDB ID 1ZBB). The DNA segments
were separated by 64 � at the edges and by 34 � at the
“junction” (Figure 5C). The population of the jump
search mode during the simulation at a salt concentration
of 0.07 m is comparable to the number of jumps achieved
by Antp when searching parallel DNA molecules separat-
ed by 60 � at a salt concentration of 0.06 m.

Conclusions

In this minireview, we discussed how the molecular char-
acteristics of DNA-binding proteins and DNA may con-
trol the usage of the monkey-bar mechanism in searching
DNA. We illustrated how the molecular details of the
proteins, such as their internal flexibility or electrostatic
affinity to DNA, could affect this jumping mechanism. In
particular, the asymmetry within the protein is central for

efficient intersegment transfer through the monkey-bar
mechanism. We showed that proteins composed of sever-
al domains with different flexibility and DNA affinity
were advantageous for fast search. It will be intriguing to
investigate in the future how the degree of asymmetry is
linked to the function carried out by each protein or by
the need to rapidly locate the target site. We also dis-
cussed that the molecular properties of the DNA might
also affect the usage of the monkey-bar dynamics. We il-
lustrated how the relative orientation (interdistance and
-angle) might control the jumping propensity, but it was
still to be quantified how the DNA dynamics and flexibil-
ity would change the monkey-bar mechanism. This mini-
review illustrated, through several examples, that, while
facilitated diffusion was common to many DNA search
processes, the molecular properties of the proteins and
DNA might regulate its details, presumably in a way that
is linked to the function carried out by each protein�
DNA recognition interaction.
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