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Intrinsically disordered tails are common in DNA-binding proteins
and can affect their search efficiency on nonspecific DNA by
promoting the brachiation dynamics of intersegment transfer. Dur-
ing brachiation, the protein jumps between distant DNA regions
via an intermediate state in which the tail and globular moieties
are bound to different DNA segments. While the disordered tail
must be long and positively charged to facilitate DNA search, the
effect of its residue sequence on brachiation is unknown. We ex-
plored this issue using the NK-2 and Antp homeodomain transcrip-
tion factors. We designed 566 NK-2 tail-variants and 55 Antp tail-
variants having different net charges and positive charge distribu-
tions and studied their dynamics and DNA search efficiencies using
coarse-grained molecular dynamics simulations. More interseg-
ment transfers occurwhen the tail is moderately positively charged
and the positive charges are clustered together in themiddle of the
tail or towards its N terminus. The presence of a negatively charged
residue does not significantly affect protein brachiation, although
it is likely that the presence of many negatively charged residues
will complicate the DNA search mechanism. A bioinformatic analy-
sis of 1,384 wild-type homeodomains illustrates that the charge
composition and distribution in their N-tail sequences are consis-
tent with an optimal charge pattern to promote intersegment
transfer. Our study thus indicates that the residue sequence of
the disordered tails of DNA-binding proteins has unique character-
istics that were evolutionarily selected to achieve optimized func-
tion and suggests that the sequence-structure-function paradigm
known for structured proteins is valid for intrinsically disordered
proteins as well.

intrinsically disordered proteins ∣ protein-DNA interaction ∣ sliding ∣
intersegment transfer ∣ Monkey-bar mechanism

It is generally recognized that protein segments or even whole
proteins can fulfill key functions in the cell without having a well

defined tertiary structure (1–3). These intrinsically disordered re-
gions are abundant in eukaryotic organisms and are associated
mostly with regulatory functions (1–9). The amino acid sequence
of intrinsically disordered proteins differs from that of globular
proteins as the former are rich in charged residues, deficient
in hydrophobic residues, and show a low degree of complexity
(10, 11). Yet, disordered proteins are not without structure
(12–14) and recent studies have shown that they can adopt
collapsed structures in which their degree of compaction is modu-
lated by their net charge (15–17). The sequence-structure-func-
tion relationship is essential in structured proteins and may also
be important with respect to intrinsically disordered proteins,
about which much less is known. To obtain an understanding
of this relationship in intrinsically disordered proteins, it is neces-
sary to investigate the sequence determinants and evolutionary
conservation of their structure and function.

We have previously shown that DNA-binding proteins tend to
have disordered tails: about 70% of DNA-binding proteins have a
disordered tail while only about 50% of non-DNA-binding pro-
teins have such a tail (18). While, traditionally, many studies have

focused on the folded region of DNA-binding proteins to evalu-
ate affinity and selectivity to DNA, it is becoming clearer that
the disorder tail modulates several key aspects of protein-DNA
interactions (19). Binding homeodomain protein N-tails, which
are highly charged and disordered in solution, in the minor
groove induces the tail to fold, although it may also remain flex-
ible or partly disordered in the complex (20). Several indepen-
dent pieces of evidence point to the fact that the disordered
N-tails of homeodomains contribute to specific DNA sequence
selectivity (20–24). However, only a few hypotheses concerning
the mechanism by which the N-tails modulate target selection
have been presented (19, 24–26). It was recently shown that
the disordered tails stabilize the homeodomain in the presence
of DNA but destabilize the homeodomain in its absence (26, 27).
The N-tail of homeodomains also facilitates the formation of spe-
cific interactions at the DNA-binding site and thereby increases
kinetic specificity (27).

The disordered tail of DNA-binding proteins can be viewed as
another subdomain that interacts with the DNA nonspecifically
(Fig. 1). We have shown, in agreement with kinetic NMR studies
(28–30), that the N-tails of homeodomain proteins can signifi-
cantly facilitate DNA search (18). The attraction of the positively
charged N-tail to the DNA may increase the affinity of the pro-
tein to the DNA and therefore increase the proportion of the
search undertaken by means of one-dimensional sliding along
the DNA. While a greater sliding propensity may improve search
efficiency, one may note that the N-tail can also reduce the diffu-
sion coefficient. Furthermore, the tail can facilitate intersegment
transfer, which is known to accelerate the search for a specific
target site on DNA (31–34).

The intersegment transfer of tailed DNA-binding proteins
between different DNA regions is achieved by the division of
the protein into two moieties (29): a structured moiety and a dis-
ordered tail. This construction supports the “monkey-bar” or
“brachiation” mechanism whereby the protein jumps between
two DNA molecules through an intermediate in which the recog-
nition helix of the protein is adsorbed to one DNA fragment
while the disordered N-tail is adsorbed to the other, using a mo-
tion that resembles that of a child brachiating along monkey-bars
(18). Alternatively, the transfer may be described as following the
fly-casting mechanism (35–38), in which the disordered tail
reaches DNA regions beyond the near vicinity of the location
of the structured moiety of the protein. In multidomain transcrip-
tion factors, the disordered linker that connects the two folded
domains plays a similar role in facilitating brachiation dynamics
(34, 39).
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For a disordered tail to promote intersegment transfer events,
it must possess certain characteristics. The HoxD9, Antennapedia
(Antp), and NK-2 Drosophila homeodomains search DNA quite
differently although they have very similar structured regions.
The existence of an N-tail in these homeodomains modulates
the properties of the DNA search. These tails are of different
lengths (9, 10, and 17 residues respectively) and have different
net charges (þ2, þ4, and þ5, respectively). One could conclude
that the efficiency of the monkey-bar dynamics will correlate with
the length of the tail and with its positive net charge. However, it
is clear that the linkage between the sequence of the tail and
search efficiency is more complex than that. For example, most
of the charged residues of these three N-tails are clustered to-
gether and one may conjecture that this clustering serves to form
an effective concentrated charge unit that is essential for jumping
(18). Previous works by Karlin et al., analyzed patterns in protein
sequences and showed that charged residues have a statistically
significant tendency to group together, either in an alternating
sign sequence or as a short consecutive sequence of same-sign
residues (40, 41).

In this computational study, we explore the dynamics of
hundreds of specifically-designed N-tails of the NK-2 and Antp
homeodomains (566- and 55-tail variants, respectively) on DNA
to decipher the interplay between the sequence characteristics of
disordered tails and the nature of their interactions with nonspe-
cific DNA. In particular, we ask how the net charge of the tail and
the organization of the charges along the tail affect search effi-
ciency. Finally, we ask whether the biophysical criteria that are
found essential to promoting intersegment transfer are also found
in a statistical analysis of natural DNA-binding proteins.

Results and Discussion
The Effect of the Net Charge of the Disordered Tail on DNA Search.
Disordered regions in proteins, and particularly the disordered
tails of DNA-binding proteins, are rich with positively charged
residues (10, 11). The low complexity of the sequence of disor-
dered proteins is reflected not only in their sequence composition
(i.e., abundance of some residues) but also in the pattern and
periodicity of sequence repetitiveness (11, 42). For example,
about 40% of the N-tails of wild-type NK-2 and Antp homeodo-
mains comprise positively charged residues (these tails include six
and four positively charged residues and zero and one negatively
charged residues, respectively). Furthermore, the charges are
clustered: all six positively charged residues in the tail of NK-2

are consecutively linked to form a highly charged segment and,
for Antp, three of the four positively charged residues in its tail
form a charged segment (Table S1). These positive charges are
essential to enabling the DNA-binding proteins to interact with
DNA. However, the effects of the number of consecutive charges
per segment and the positions of the charges along the tail on
DNA search are unknown.

To address these issues, we designed 153 and 55 variants of the
N-tails of the NK-2 and Antp homeodomains, respectively. These
variants differ in terms of the length of the positively charged seg-
ment (segments of 1–17 or 1–10 positive charges for NK-2 and
Antp, respectively) and the position of the segments along the
tail (see Fig. 2). The effect of the length and position of the
charged segment on the nonspecific interactions of the homeo-
domain with DNA was studied by simulating the dynamics of
each variant on two parallel 100 bp DNA molecules (separated
by 60 Å) at a wide range of salt concentrations using a simple
computational model (18, 39, 43), in which protein-DNA inter-
actions were represented solely by electrostatic forces. We found
that the salt concentration for an optimally efficient search was
0.07M for most NK-2 variants and 0.08M for most Antp variants.

The fractions of sliding, hopping, and three-dimensional
search performed by the 153 NK-2 homeodomain variants
with different consecutive positive residue segment lengths and
locations on the N-tail are shown in Fig. 2 A–C. The colors of
the scatter plots represent the percentage of the corresponding
search mode used. Short positively charged segments highly po-
pulate the three-dimensional search mode, irrespective of their
position along the N-tail, while tails that are highly charged make
more use of the hopping mode when searching DNA. The sliding
search mode is greatly occupied by variants with moderately
charged segments (with 5–9 charges) located closer to the N ter-
minus of their tails.

The strong dependence of the usage of hopping and sliding
search modes on the effective charge of the N-tail implies that
the one-dimensional diffusion coefficient, D1, is also affected
by the tail charges. The value of D1 for 153 NK-2 variants when
they linearly diffuse on a single 100 bp DNA molecule at a salt
concentration of 0.01 M (by either sliding or hopping dynamics)
increases with decreasing effective charge (Fig. S1) because the
number of hopping events increases at the expense of sliding at
this salt concentration, with hopping being faster than helically
sliding along the DNA backbone (43). Indeed, many tail variants
that perform more hopping than sliding, have larger D1 values.
Yet, we found that the rate of linear diffusion is slower for tails
with a charged segment of moderate length than for long charged
segments, presumably due to cross-talk between the tail and the
globular part of the homeodomain that affects its interaction with
the major groove and therefore the linear diffusion. Overall, not
only the net charge of the tail but also the position of the charges
along the tail can affect the protein motion on DNA.

A highly positive charge density on the tail may accelerate
intersegment transfer, because it can act as an additional strong
DNA recognition motif. Alternatively, the highly positive seg-
ment may increase the affinity of the protein for the DNA and
thus inhibit intersegment transfer, as was shown by thermody-
namic analysis (19, 27). Fig. 2D shows the number of interseg-
ment transfers performed by the 153 variants of NK-2. A short
charged segment is insufficient to promote transfer from one
DNAmolecule to another because of its weak attraction to DNA.
A tail with a highly charged segment has a very high affinity for
nonspecific interactions with DNA, which does not support jump-
ing. Tails that consist of a moderately charged segment located
closer to the N-terminal have a moderate affinity to the DNA
that allows them to interact with the DNA but also to explore
alternative DNA regions and, indeed, the largest number of
intersegment transfer events is achieved for variants with a mod-
erately long charged segment located closer to the N-terminal

Tail facilitates 
brachiation 
dynamics via the 
“monkey-bar” 
mechanism

Tail enhances 
affinity to DNA and 
sliding dynamics

Fig. 1. A schematic illustration of the effect of the disordered tail on DNA
search. The disordered tail (red) of a globular protein (blue) can be viewed as
another subdomain that interacts with DNA nonspecifically. The disordered
tail can promote sliding dynamics and enhance affinity to the DNA when it
interacts with an adjacent segment of DNA. Alternatively, the tail can facil-
itate brachiation dynamics of intersegment transfer (also called monkey-bar
mechanism) in which the protein jumps between distant DNA regions via an
intermediate in which the tail and the folded moieties are transiently bound
to different DNA segments.
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(NK-2: Fig 2D; Antp: Fig. S2). Although wild-type disordered
N-tails can be more complicated than the 153 modeled tails,
we note that the disordered N-tails of wild-type NK-2 and Antp
homeodomains have a charge pattern that resembles the designed
variants that perform the largest numbers of intersegment trans-
fers. For example, the tail of wild-type NK-2 includes an aspartic
acid at position #3 and wild-type Antp has a glycine residue
(which splits the segment of four positively charged residues into
segments comprising three and one residue). Yet, the wild-type
tails incorporate a segment of moderate length that supports
enhanced intersegment transfer.

Direct transfer from one DNA fragment to another signifi-
cantly improves the efficiency of target search by a DNA-binding
protein (18, 31). Here, we investigated the efficiency of DNA
search by 153 variants of NK-2. The search efficiency is estimated
by the number of DNA positions probed during the simulations
by the homeodomain using sliding (for more details see ref. 43).
Optimal search efficiency is achieved in the presence of a mod-
erate effective charge located closer to the N terminus of the
variant tail (Fig. S3). This high search efficiency is linked to
the high number of intersegment transfer events seen for these
NK-2 variants, yet the correlation between search efficiency
and number of jumps is not linear (Fig. S3). Variants with a
relatively short charged segment in their tail (group I) search
DNA more efficiently than other variants although they do not
participate in many intersegment transfer events. Variants with a
more highly charged segment (group II) tend to search DNAwith
lower efficiency, although they make greater use of the brachia-
tion mechanism and perform more intersegment transfer events
(Fig. S3). Group I variants, which have shorter charged segments
than those in group II, have a limited ability to perform interseg-
ment transfer because the tail (which is required for brachiation)
has a weak affinity to the DNA, but they can still search efficiently
because of their efficient linear diffusion on a single DNA mo-
lecule. This observation illustrates that the charged section of the
tail is an important component of the search process that can
modulate the quality of the search via several mechanisms.

The Effect of Charge Distribution Along the Disordered Tail on DNA
Search.We found that the disordered N-tail effectively influences
brachiation between different DNA regions if the cluster of

charges is of medium length (i.e., 4–7 charges) and located closer
to the N terminus. Yet, it is unclear how segmentation of the
cluster of positive charges into smaller groups will affect the
capability of the homeodomain to brachiate and consequently
to search the DNA efficiently. To address these questions, we de-
signed variants of the disordered tail of the NK-2 homeodomain
in which six positively charged residues were distributed in
various patterns along the tail. There are ten possible ways to seg-
ment the six charges (seeMethods and Fig. 3) and each segmenta-
tion pattern can be further varied by introducing spacings of
various lengths between the segments. Among all the possibili-
ties, we sampled 253 variants and examined how degree of seg-
mentation and spacing affect the number of intersegment transfer
events performed.

Fig. 3 shows the number of intersegment transfer events
performed by the 253 variants of NK-2 having tails composed
of six positively charged residues. When the six positive charges
are more clustered (i.e., less segmented, higher values of Cindx)
and their average position is closer to the middle or the N termi-
nus of the tail, then the protein jumps more frequently (Fig. 3A).
This result implies that, as the length of the spaces formed by
intervening neutral residues becomes shorter and the total num-
ber of spaces decreases (i.e., lower values of Sindx), the number of
intersegment transfers increases (Fig. 3B and Fig. S4).

To examine how the presence of negatively charged residues
affects the capability of the homeodomain to jump from one
DNA molecule to another, we introduced a negatively charged
bead to the tail at position 3, which is occupied by a Glu in the
wild-type tail of the NK-2 homeodomain. 160 additional variants
with the six positive charges placed in different segmentation and
spacing arrangements in the presence of the negative charge were
designed. These variants exhibit similar jumping behavior to that
observed for the variants without the negative charge (Fig. 3 C
and D), but the geometric options for positioning the positive
charges are constrained by the presence of the negative charge.
Accordingly, more jumping is seen when the positive charges are
more clustered, i.e., when there are fewer and/or shorter spaces
between the positive charges. It is interesting to note that wild-
type NK-2, which is encircled in the scatter plots of Fig. 3, per-
forms the largest number of intersegment transfers, suggesting
that the positioning of the charged residues in the natural tail

Fig. 2. The effect of the length and location of positively
charged segments in the disordered N-tail on the properties
of DNA search by the homeodomain. The influence of the ef-
fective charge, Neff

p , and the average position, hri, of the
charged segment of the tail on the interplay between: (A) slid-
ing, (B) hopping, and (C) three-dimensional diffusion search
modes for 153 variants of the NK-2 homeodomain on two par-
allel DNAmolecules separated by 60 Å at a salt concentration of
0.07 M. The length of the positive segment was varied from
1–17 residues and it was positioned at all possible positions
along the 17 positions of the tail (lower hri values mean that
the charged residues are centered closer to the N terminus).
Each dot in the figures corresponds to a different tail variant
and the color corresponds to percentage use of the relevant
searching mode. Note that sliding, hopping, and three-dimen-
sional diffusion sum to 100%. (D) The number of intersegment
transfer events (i.e., jumps) performed by the 153 variants of
the NK-2 homeodomain between two DNA fragments sepa-
rated by 60 Å. The gray circle indicates the Neff

p and hri values
of the N-tail of wild-type NK-2 suggesting that its sequence was
evolved to promote monkey-bar mechanism.
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of DNA-binding proteins supports efficient DNA scanning by the
brachiation/monkey-bar mechanism.

Our result that the effective charge of the N-tails significantly
affects their sliding propensity and the ability of the N-tail to pro-
mote jumping via the monkey-bar mechanism expands upon the
findings of recent studies by Marsh and Forman-Kay (15) and
Mao et al. (16). These studies have shown, for 32 and 21 intrin-
sically disordered proteins, respectively, that their net charge gov-
erns their degree of compaction and structure. Fine analysis of
sequence features was not practical in these two experimental stu-
dies because of the limited protein set used. While these studies
indicate that the compaction of intrinsically disordered proteins
depends linearly on the net charge of their tails, we show that the
function carried out by these proteins (i.e., the ability of the N-tail
to jump between DNA molecules) does not constantly increase
with increasing net charge and one may look for a net charge at
which the function is optimized. Furthermore, our study suggests
that, in addition to the net charge, the organization of the charges
and their distribution along the tail can modulate DNA search
quite significantly. Accordingly, not only the number of positive
charges, but also their positioning, degree of segmentation, and
the number and lengths of the spaces between them may appre-
ciably affect the functioning of the tail.

Bioinformatics of the Charge Segmentation in the Disordered Tail of
DNA-Binding Proteins. Our observation that the features of the
N-tails of wild-type NK-2 and Antp homeodomains are correlated
with high numbers of intersegment transfer events may suggest
that tails of DNA-binding proteins are selected to have a charge
pattern consistent with efficient DNA search. To explore this
aspect more thoroughly, we analyzed the sequence of the disor-
dered N-tails of 1,384 homeodomain transcription factors. The
net charge of the N-tails is positive and their positive charges
are more densely arranged than their negative charges and than
the positive charges in the globular parts of the homeodomains
(Fig. 4A and B). The maximal segment length for positive charges
in the N-tail is 0–6 residues, while for negative charges the
maximum length is 0–2 residues. In the globular part of the home-
odomains, the difference between the distributions of negatively

and positively charged segments is much smaller (Fig. 4 C andD).
The spacing between the charged clusters is smaller in the tail
than in the globular regions of the homeodomain (Fig. S5).

Conclusions
We have previously shown that DNA-binding proteins tend to
have disordered tails that, functioning as another subdomain,
engage in nonspecific interactions with DNA as a result of their
often positive charge. The disordered tail can both increase the
affinity of the globular region to the DNA and facilitate interseg-
ment transfer from one DNAmolecule to another as it supports a
brachiating motion by the protein. A larger number of jumps will
result in a more efficient DNA search. The ability of the disor-

Fig. 3. The effect of charge segmentation and spacing on
DNA search. Quantitative characteristics of intersegment
transfer by NK-2 variants between two DNAmolecules sepa-
rated by 60 Å at a salt concentration of 0.07 M. All N-tail
variants include six positive charges that are divided into dif-
ferent charge segments and positioned at different loca-
tions along the tail. There are (A and B) 253 variants that
include only the six positive charges and (C and D) another
160 variants that include a fixed negative charge at the third
residue position. The graphical representation illustrates the
construct of the variants with and without the negative
charge. All the variants are classified based on their indexes
of charge segmentation (C indx), spacing (Sindx), and the aver-
age position of the charges along the tail (hri). The color in
all represents the number of intersegment transfer events.
Some segmentation patterns of the charges are illustrated in
B. For example, the pattern ðþ1Þ × 6 corresponds to tails
with six charged segments (distributed along the tail with
various spacing patterns) each of a single positively charged
residue and the pattern (þ6) corresponds to a single charged
segment of six consecutive residues (which is positioned in
different locations along the tail). Note that some variants
may have the same C indx and hri values but different Sindx
values (or the same C indx, and Sindx values, but different
hri values). These variants will overlap and in these cases
the variants with the highest number of intersegment trans-
fer events are shown. The gray circles indicate the C indx, hri,
and Sindx of the N-tail of wild-type NK-2.
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dered tail to promote jumping depends on its length and net
charge (18). Yet, it is clear that the details of the sequence of
the tail dictate its nature and its interactions with DNA.

In this article, we report an extensive computational study
aimed at dissecting the linkage between the sequence features
of the tail and the efficiency of the DNA search by proteins.
We designed 566 variants of the 17-residue tail of the NK-2 home-
odomain and 55 variants of the 10-residue Antp tail. The variants
differed in terms of the number of positive residues in the tail,
their position along the tail, the segmentation of the charges,
as well as number and length of the spaces between them formed
by the presence of intervening neutral and negative residues. We
studied the dynamics of each variant as it interacted nonspecifi-
cally with two parallel 100 bp DNA molecules (i.e., where the in-
teractions were guided by electrostatic forces only). We find that
higher numbers of intersegment transfers is achieved when the tail
is significantly but moderately charged (i.e., 6–10 charged residues
for the tails of NK-2) andwhen the charges are concentrated in the
middle of the tail or closer to its N terminus. Increased clustering
of charges, i.e., the absence of large or numerous spaces between
charged residues, enhances the monkey-bar mechanism.

The natural tails of DNA-binding proteins may also include
negatively charged residues, although the net charge is positive.
We therefore designed a set of tails in which the positive charges
were arranged in various positions while the third position was
occupied by a negative residue, as in the N-tail of the wild-type
NK-2 homeodomain. These variants behave in a similar manner
to those that lack the negative charge, although the presence of
the negative charge means that a higher effective positive charge
is needed to achieve an enhanced jumping mechanism. Clearly,
the sequence in wild-type DNA-binding protein tails can be more
complex and include more negative charges whose positioning
along the tails may affect interaction with the DNA. It is possible
that, in such cases, the organization of the positive charges will be
different to that reported based on our simple designed tails.

Interestingly, we found that the charge pattern of the N-tail of
wild-type NK-2 andAntp homeodomains is consistent with a large
number of intersegment transfer events. It is therefore tempting
to suggest that natural tails are evolutionarily selected to achieve
efficient DNA search. To more thoroughly explore the evolution-
ary selection of the disordered tail of DNA-binding proteins, we
analyzed the charge pattern of the N-tail of 1,384 homeodomains.
We found that the N-tails are highly positively charged, their po-
sitive charges are highly clustered, and the spacing between the
charge clusters is much smaller than between clusters of positive
charges in the structured regions of the homeodomains. Overall,
our results strengthen recent reports (9, 10) that the sequences of
intrinsically disordered regions have unique characteristics that
govern their structure and function and suggest that the tails
of DNA-binding proteins have been evolutionarily selected to
have the charge pattern for optimal DNA search.

Methods
Simulation Model. The molecular and dynamic natures of DNA search by var-
iants of the NK-2 and Antp homeodomains were studied using a reduced
model (18, 43) that allows sampling of long time scale processes such as
sliding, hopping, three-dimensional diffusion, and intersegment transfer
(44–46). We modeled the DNA as having three beads per nucleotide, repre-
senting phosphate, sugar, and base. Each bead was located at the geometric
center of the group it represents and a negative point charge was assigned to
beads representing the DNA phosphate groups.

In the simulations, a 100 bp B-DNA molecule was used to study protein
diffusion on a single double-stranded DNA molecule, and two parallel
100 bp B-DNA molecules were used to investigate intersegment transfer dy-
namics. The protein and the DNA were placed in a box with dimensions
300 × 300 × 700 Å, with the DNA being placed at the center of the box along
its Z-axis. The two DNAmolecules were separated by 60 Å because the largest
number of jumps by homeodomains was observed at this distance (18). The
DNA remained in place and rigid throughout the simulations.

The protein was represented by a single bead for each residue located
at the Cα of that residue. Beads representing charged amino acids (Lys,
Arg, Asp, and Glu) were charged in the model. Unlike the DNA, the protein
remained flexible during the simulations and could undergo folding and
unfolding events. We simulated the protein with a native topology-based
model corresponding to a perfectly funneled energy landscape (47), where
native protein interactions were attractive and all other interactions were
repulsive (48). In addition to the native interactions, electrostatic interactions
between all charged residues of the protein and the phosphate bead of
the DNA were included and were modeled by the Debye-Huckel potential,
which accounts for the ionic strength of a solute immersed in aqueous solu-
tion (43). The dynamics of each protein was studied at salt concentrations in
the range of 0.01–0.12 M using a dielectric constant of 80 and a temperature
at which the protein is completely folded. This study indicated that the
salt concentration for optimal search efficiency is 0.07 M for NK-2 and
0.08 M for Antp homeodomains (similar optimal salt concentrations were
obtained for the variants of these proteins in which only the tails were mu-
tated). We emphasize that the information from the crystal structure was
used only to model the protein, while the interface between the protein
and DNA was modeled solely by electrostatic and repulsive interactions. Ac-
cordingly, our model does not include any bias toward the specific binding
mode. More details of the simulation can be found in refs. 18, 39, 43, 49.

Using this model, we studied the interaction and structure of several
DNA-binding proteins with nonspecific DNA (18, 39, 43). The nonspecific in-
teractions between the protein and DNA were quantified by classifying each
snapshot as performing one-dimensional diffusion (either sliding or hopping)
or three-dimensional diffusion. Trajectories were analyzed to quantify the
percentage of protein sliding and hopping, structural features during sliding,
the number of intersegment transfer events, and the linear diffusion coeffi-
cient (D1) as described in ref. 43.

The Designed Variants of Homeodomain Proteins. Hundreds of variants of the
NK-2 and Antp homeodomains (the PDB IDs of the wild-type proteins are
1NK2 and 1AHD, respectively) were designed. These variants differed from
each other only in terms of the charge properties of their N-tails and were
created with the aim of deciphering how the sequence details of the tail can
modulate DNA search by the homeodomains. The variants were designed to
address twomajor questions. The first question is how the number of charges
on the tail (i.e., the net charge) and their positioning along the tail affect
the number of times the homeodomain jumps from one DNA molecule to
another. To answer this question, we designed 153 variants of the 17-residue
NK-2 tail in which a single cluster composed of 1–17 consecutive positive
charges was located at various positions along the tail. For the Antp home-
odomain, whose tail comprises 10 residues, 55 variants with different conse-
cutive positive residue cluster lengths and locations on the N-tail were
designed as well. The second property of the sequence of the tail that
may affect jumping is the distribution of the charges along the tail. To ad-
dress the relationship between the degree of segmentation of the charges
and DNA search, another 160 NK-2 variants were designed. All of these
variants included six positive charges segmented in various patterns and
separated by different numbers of spaces of different lengths.

Because the N-tail of the wild-type NK-2 homeodomain includes a
negatively charged residue at position 3, we designed a third set with 253
variants of the N-tail of NK-2. In these variants, six positive charges were ar-
rayed in different patterns along the tail by varying the number of charges
per charged segment and the number and length of the spaces between
segments. In all cases, a negative charge was placed at the third position of
the tail. This set of variants is similar to the second set of 160 variants with the
exception that one fixed negative charge is placed at the third position.

Quantitative Characterization of Intersegment Transfer Events for Tail Variants.
The tail variants were classified according to the following parameters, which
aimed to capture the sequence complexity of the distribution of the charges
along the disordered tail.

1. The effective positive charge, Neff
P , calculated as Np∕L, where Np is the

total number of charged residues in the N-tail and L is the length of
the tail in amino acids

2. The average position of the charges on the tail, hri, calculated as
Σri∕Np × L, where ri is the position of charged residue i along the
tail. Values of hri range from 0–1, where a value of zero indicates that the
positive charges are located at the N-terminal, whereas a value of 1
indicates that they are located at the C-terminal.

3. The positive charge segmentation index, Cindx, calculated as ΣN2
i ∕N

2
p,

where Ni is the number of positive charges in segment i. Ten different
segmentation patterns of the six charges of the N-tail of NK-2 can be
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made. Values of C indx that are close to unity indicate less segmentation
and values close to 0 indicate extensive segmentation. The following are
the ten possible segmentation patterns and their corresponding C indx va-
lues: ([þ1 × 6], C indx ¼ 0.17), ([þ2 × 2, þ1 × 2], C indx ¼ 0.28), ([þ2 × 3],
C indx ¼ 0.33),([þ3, þ1 × 3], C indx ¼ 0.33), ([þ3, þ2, þ1], Cindx ¼ 0.39),
([þ3 × 2], C indx ¼ 0.5), ([þ4, þ1 × 2], C indx ¼ 0.5), ([þ4, þ2], C indx ¼ 0.55),
([þ5, þ1], C indx ¼ 0.72), ([þ6], C indx ¼ 1.0). There are many other alterna-
tive formulas to quantify the degree of charge segmentation. We have
selected the current formula because it is simple and its values more
equally span from 0–1.

4. The spacing index, Sinsx, describes the spacing of the positively charged
segments. Sindx ¼ Seff × ΣS2i ∕S

2, where Seff is the normalized number of
spaces within the tail (i.e., Seff ¼ S∕L, where S is the total number of spaces
in the tail) and Si is the number of spaces in segment i. A residue is
considered to function as a “space” between positive charges if it is ne-
gatively charged or neutral. For variants with a single cluster of positive
charges (i.e., no spaces) Sindx is set to zero, while an Sindx value of close to
zero indicates the presence of many short spaces between the positive
charges a value approaching unity indicates the presence of a few long
spaces. Note that Sindx gets lower values either by small number of spaces
(low Seff) or by high degree of segmentation (there are many spaces but
each space Si is small).

Statistical Analysis of Tail Properties in DNA-Binding Proteins. Sequences of
homeodomain proteins were downloaded from the NHGRI site http://
genome.nhgri.nih.gov/homeodomain/ (50). Determination of protein tails
was performed using IUPred (51). A protein was considered to have a disor-
dered tail if an unstructured segment of at least five amino acids was pre-
dicted at either its N terminus or its C terminus (if the protein was
predicted to have unstructured segments at both ends, two tails were
counted separately). The globular region of a homeodomain was defined
by excluding the disordered tail from the whole protein sequence. The
charge on the tail was calculated by assigning one positive charge (þ1) to
each Lys or Arg in the tail and one negative charge (−1) to each Glu or
Asp. Histograms of effective charge, maximal charged segments, sequence
lengths, effective spaces, and charge position were obtained from the
analyzed data.
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