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Abstract

The question of how site-specific DNA-binding proteins like transcription factors find their binding sites on the
genome is one that has been explored for over 30 years. Currently, a two-step model which incorporates 3D diffusion
of the protein in the cytoplasm and 1D diffusion of the protein on the DNA is strongly supported by theoretical
arguments and experimental evidence. However, most theoretical studies of this model neglect the presence of other
DNA-binding proteins on the DNA. In this study, we attempt to modify the models of transcription factor search
to reflect the presence of other proteins and to explore the effect of protein “jamming” on binding site location.
We find that, while the presence of other DNA-binding proteins may slow the search of a transcription factor, they
may also increase the effective stability of the protein-DNA complex.

Controlling transcription

In multicellular organisms, transcriptional-level control
is essential for the differentiation of genetically identi-
cal cells into unique cell types. However, Jacob and
Monod first described the concept of transcriptional-level
regulation in prokaryotes [9]. Though most prokaryotes
are unicellular (see [15] for a review of “multicellular”
prokaryotes), they also rely heavily on transcriptional-
level control. Most prokaryotes have little control over
their environment and therefore use different transcrip-
tional programs to adapt to changing environmental con-
ditions. Since eukaryotes possess membrane-bound or-
ganelles, most notably the nucleus, which may add a num-
ber of complications to the analysis, this study will focus
on transcription in prokaryotes.

Transcriptional-level regulation is the most energy-
efficient form of regulation, and regulation of transcrip-
tion initiation is believed to be the most prevalent type
of regulation. Since many RNA polymerases are occu-
pied by transcribing mRNAs encoding proteins needed
for translation or are bound non-specifically to DNA,
RNA polymerase is in short supply in bacteria [8]. Reg-
ulating transcription initiation ensures that the limited
number of RNA polymerases are prudently distributed
among the genome’s promoters. Initiation can be con-
trolled using five different components of transcription:
promoter sequences, σ factors, small ligands, transcrip-
tion factors and chromosome condensation [2]. The mod-
ulation of transcription by transcription factors (TFs)
raises an interesting biophysical question — transcription
factors control the transcription of a few specific genes by
recognizing specific (cognate or operator) DNA sequences,
so how do transcription factors find their binding sites on
DNA?

Transcription factor binding:
Fast and specific

Experimental evidence has shown that TF target site lo-
cation is both fast and specific. Kinetic studies of Lac re-
pressor, one of the first TFs to be isolated [6], show that it
can find its site very quickly, with an association rate ka =
7 · 109 M−1 sec−1 [13]. Thermodynamic studies showed
that Lac repressor does not bind appreciably to non-
specific DNA even when a 300-fold excess is present [12].
One of the surprising aspects of these findings is that Lac
repressor finds its binding site much faster than expected
if it were searching for its site via a three-dimensional
random walk through the volume enclosing the bacte-
rial genome. The expected association rate in that case,
which can be estimated using the Debuye-Smoluchowski
equation [12, 19], is ka = O(108) M−1 sec−1, an order
of magnitude smaller than the observed ka. Subsequent
kinetic studies of the Cro repressor from phage λ gave
similar results [10].

This discrepancy did not escape the notice of several
scientists, who proposed a number of theories to recon-
cile the expected and observed association rates. On the
basis of several pieces of evidence, including studies that
showed TFs have an appreciable affinity for non-specific
DNA and a study of the effect of salt concentration on
association and dissociation rates of Lac repressor to its
operator site, Richter and Eigen [11] and Berg, Winter
and von Hippel [1] proposed a two-mode search model.
In this model, a TF executes a three-dimensional random
walk through the medium surrounding the DNA, which
is, in the case of prokaryotes, the cytoplasm, and occa-
sionally encounters DNA and non-specifically binds to it.
Once bound to DNA, the transcription factor “scans” the
DNA in a one-dimensional random walk until it finds its
binding site or dissociates from the DNA.

It has been recently noted that the association rates of
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most TFs are significantly lower than that of Lac repres-
sor; in fact, most are near the diffusion limit [7]. Never-
theless, the two-mode model is still relevant, since most
TFs will initially encounter non-specific sites of the DNA
molecule, and, considering that the specific sites are typ-
ically a very small portion of the entire DNA molecule,
the association rates are expected to be much lower than
the diffusion limit.

In the last year, three groups [4, 7, 17] have considered
this two-mode model more carefully. The results most
relevant to this study are:

1. The total search time, ts, it takes for a TF to find its
binding site can be written ts =

∑N
i=1(τ1d,i+τ3d,i) =

M/n̄[τ1d(n̄) + τ̄3d], where N is the number of search
rounds, τ1d and τ3d are the times for 1D and 3D
search rounds, M is the DNA strand length and n̄ is
the average number of bases scanned in a 1D search
round. [17]

2. ts is minimized when τ1d(n̄) = τ̄3d. [4, 17]

3. The optimal “scan” length, the number of basepairs
explored in one round of 1D diffusion is O(100) bps.
[7, 17]

In all of these studies, the authors consider the case of
“naked” DNA — DNA free of other proteins, a major
idealization, since it is well known that a DNA molecule
in vivo is covered with DNA-binding proteins. This study
will attempt to expand on the work of Slutsky and Mirny
by considering the effect of protein “jamming,” which oc-
curs when a TF encounters other bound proteins on the
DNA during its search, on ts.

The relevance of “jamming”

In eukaryotes, the method of packing long DNA strands
into cells with relatively small diameters is well stud-
ied. The fundamental step of this process is wrapping
DNA into nucleosomes with histone cores. Much less is
known about prokaryotic DNA packing, but studies sug-
gest there are a number of proteins (e.g. Fis, H-NS, HU
and IHF) that resemble histones in their DNA-binding
ability, low molecular weight, copy number and electro-
static charge [5]. These proteins control the packing state
of bacterial chromosomes, though they do not contribute
to the supercoiled loop structure of chromosome [3], and
have been implicated in the regulation of gene expression
[5]. Considering that just one of these proteins, H-NS, is
estimated to be present in > 20, 000 copies per cell [14],
the assumption that DNA is “naked” is questionable.

The effect of “jamming” on search
time

In this section, we follow the framework set forth previ-
ously [17]. As before, let M be the DNA length in base

Figure 1: ts as a function of l̄, where n̄ = 50.
When l̄ < n̄, ts simply goes as 1/l̄. When l̄ > n̄, the
proteins are far enough apart that they have a negligible
effect on the 1D scans, and ts is independent of l̄.

pairs and n̄ be the average number of sites “scanned” in
one round of 1D diffusion in the absence of bound pro-
teins. We assume that there are P proteins bound to the
DNA so that the average number of basepairs between
the proteins l̄ ≈ M/P , assuming each protein binds a
negligible length of DNA.

In this model, a TF executes a 3D random walk in
the cell volume, covering on average l3d ∼ 0.1µm in
τ̄3d ∼ l23d/D3d seconds, where D3d is the 3D diffusion
coefficient of the TF in the cytoplasm. When the TF
binds the DNA it executes a 1D random walk. We treat
the bound proteins as reflecting barriers. In the “naked”
DNA case, τ1d, the time of a round of 1D diffusion, is
n̄2π/(16D1d), where D1d is the 1D diffusion coefficient
of the TF. As shown in Appendix B of [17], τ1d ∝ eβEns ,
where Ens is the non-specific energy of TF-DNA binding.
(This implies n̄ ∝ eβEns/2; a fact that is important to keep
in mind.) Therefore, τ1d is principally dependent on the
non-specific binding energy and should be unchanged by
the addition of bound proteins to the DNA. The only ef-
fect that bound proteins will have is limiting the number
of bases that may be scanned in a round of 1D diffusion.
If l̄ < n̄, the TF can only explore l̄ bases instead of n̄
bases, which will increase the number of search rounds.

Therefore, in the case of coated DNA, we obtain the
following expression for ts, the search time:

ts =
M

min{n̄, l̄}
[τ1d(n̄) + τ̄3d] (1)

The rate of TF association can be expressed as:

kon =
1

ts[TF]
(2)

Using the following parameter values: M = 106 bps,
D3d = 107nm2/sec, D1d = 105nm2/sec, [TF] = 10−9 M,



3

Figure 2: kon as a function of l̄, where n̄ = 50. kon

increases linearly with l̄ until l̄ = n̄; after this point, kon

is independent of l̄.

Figure 3: ts as a function of n̄, where l̄ = 50.
When n̄ < l̄, the function behaves as it does in the ab-
sence of bound proteins — it is large for both small and
large n̄. When n̄ > l̄, there is quadratic increase in ts as
a function of n̄.

Figure 4: koff as a function of l̄, where n̄ = 50.
For a given n̄, when l̄ < n̄, koff is smaller when proteins
are bound than in the absence of protein. The proteins
force the TF to repeatedly visit the cognate site.

we obtain Figures 1–3. The results are quite intuitive.
When n̄ < l̄, ts behaves as it does on “naked” DNA.
For small n̄ it goes as ∼ 1/n̄, and for large n̄, it goes
as ∼ n̄. It is only when l̄ < n̄ that we see the effect of
the bound proteins, which effectively cap the search speed
and kon for a given n̄, by making M/l̄ rounds of searching
necessary, regardless of the length of the 1D search. In
this case, ts is minimized by setting n̄ to l̄, which prevents
unnecessary repetition in the 1D search.

The above observations leads us directly into the dis-
cussion of koff . In the “naked” DNA case,

koff ∝ 1
n̄e−β(Usite)

where Usite is the energy of the TF-cognate site bind-
ing event. This expression reflects the two steps neces-
sary for a TF to dissociate from the DNA: first, it must
move from the specific site to a non-specific site with a
rate proportional to 1/e−β(Usite); then, it must dissoci-
ate from the non-specific site with a rate proportional to
n̄/eβ(Ens) ∝ 1/n̄.

In the case of DNA with bound proteins, the expression
must be modified slightly.

koff ∝ min(n̄, l̄)
n̄2e−β(Usite)

(3)

So, as before, when l̄ > n̄, the expression is independent
of l̄, and when n̄ > l̄, koff will be smaller than in would in
the case of “naked” DNA. In a 1D scan between proteins
that surround the target site, the TF will visit the protein
n̄2/l̄ times, instead of n̄ times, which will decrease koff .
(See Figure 4).
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Figure 5: ts as a function of l̄, where n̄ = 100.
The numerical results agree with the analytical predic-
tion: when l̄ < n̄, ts ∝ 1/l̄. When l̄ > n̄, ts ∝ c.

Search simulations on coated DNA

The above estimates assume that using average values for
n and l is an acceptable approximation, since the number
of rounds of 3D and 1D searching will be large. This ap-
proximation is valid in most cases, as asserted previously
[17], but may not be appropriate when n ≈ l. Presum-
ably, the curves of ts and kon versus l̄ should be smooth
in their transition from the case where l̄ < n̄ to the case
where l̄ > n̄. To obtain these smooth curves, it may be
more appropriate to attack this problem using simulation.

Using the same parameters as before, a strand of DNA
with one binding site and P randomly distributed pro-
teins is created. Both the cognate site and the bound
protein sites are assumed to be 10 bps. Each round of 3D
diffusion is assumed to take τ̄3d seconds, and at the end
of the 3D search, the TF associates with the DNA at a
random point. Then a 1D random walk is executed with
n̄ = 100 steps, where the bound proteins are treated as
reflecting barriers. The simulation was used to determine
the dependence of ts on l̄.

The results of the numerical simulation agree closely
with the theoretical predictions. Unfortunately, due to
the inherent variability of the system, it is diffucult to
determine the exact nature of transition from the l̄-
dependent to the l̄-independent regime. In the simula-
tion, the variation in ts comes from two sources, the vari-
ance in the distance between proteins l and the variance
in the sliding lengths n. Both processes can be roughly
described as negative binomial processes, with the pa-
rameters being either the probability of finding a bound
protein on the DNA (p ∼ P/M) or the probability of
dissociating from the DNA (p ∼ 1/n̄2). However, these
processes do not reflect the biological reality well. Vari-
ability in l may be quite small in vivo if it is the case
that prokaryotes, like eukaryotes, use some sort of reg-

ular packing for their DNA, which would suggest that
bound proteins would be found at fairly regular intervals.
Variability in n is determined by the energy landscape of
TF-DNA non-specific binding (the σ parameter described
in [17]), which is as yet, poorly characterized.

In this simulation, the effects of the 3D conformation of
the DNA on the search are excluded. This exclusion af-
fects the spot at which the TF associates with the DNA
after a round of a 3D diffusion. In the simulation, the
reassociation site is picked randomly, independent of the
dissociation site, and time this takes is exactly τ̄3d. In a
real search, these are surely correlated [19], and the time
of each round may vary considerably if the density of the
DNA is heterogeneous. Without knowing the exact con-
formation of the DNA, however, it is impossible to predict
the effect of correlations in the rounds of 3D diffusion.

Conclusions

This study has uncovered two effects of protein “jam-
ming” on transcription factor binding site location:

1. If the density of bound proteins is large enough,
bound proteins may interfere with TF sliding and
therefore increase TF search times.

2. If the density of bound proteins is large enough,
bound proteins may decrease koff and increase the
stability of the protein-DNA complex.

The first effect is fairly intuitive and has been anticipated
by others previously [18], though it does not seem to have
been quantitated . The second effect is slightly subtle, but
is quickly understood when one pictures a TF, destined
to remain bound to the DNA for an amount of time de-
termined by Ens, bouncing between two proteins. When
these proteins are close enough together, it will cause the
TF to visit any site between the proteins more frequently
than it would in the absence of the proteins.

This study corresponds well to in vitro studies of the
effect of DNA length on association and dissociation rates
using Cro repressor [10]. Kim et al. performed a number
of studies where the length of the DNA strand containing
the TF cognate site is varied and the effect on kon and
koff measured. Presumably, protein jamming may have a
similar effect to shortening the length of the DNA strand
— both DNA ends and bound proteins act as reflecting
barriers. They found that both kon and koff increase
with increasing DNA length and eventually plateau when
the length ≈ 500 bps, which is qualitatively similar to the
results displayed in figures 2 and 4.

One could imagine a number of refinements may be
made to this model. First, the parameter values used
in the calculations, particularly the diffusion coefficients,
are approximate and seem to result in search times that
are too slow. Attempts may be made to find more ac-
curate parameter values. Second, we assume that bound
proteins always act as reflecting boundaries, but there



REFERENCES 5

is no experimental evidence supporting this assumption.
One could imagine a number of single molecule studies,
similar to those used to confirm the presence of 1D slid-
ing [16], to test this assumption. DNA sequences with
two binding sites, e.g. two Lac sites, at the ends of the
strand could be engineered. The DNA could be mixed
with an excess of Lac to produce a strand whose ends are
fairly stable protein-DNA complexes. The DNA strand
could be fixed to a solid surface, and a flow of another
TF could be applied perpendicular to the DNA strand.
Single molecule tracking could be used to visualize the
path of the TF to determine if the fixed Lac molecules
act as reflecting boundaries or absorbing boundaries (say,
if the Lac molecules promote dissociation of the TF from
the DNA). There is also a possibility that the TFs are
interacting “moving boundaries,” like other TFs in the
process of “scanning” the DNA or RNA polymerases that
are actively transcribing. The result of these collisions is
unknown.

The two results of the study also pose an interesting
optimization problem. When a cell wants to up-regulate
or down-regulate a gene via transcriptional-level control,
there may be two quantities it wishes to optimize, the
speed of the signal or the stability of the protein-DNA
complex, which helps determine the longevity of the sig-
nal. Given that some parameters in this problem, namely
M , the genome length; τ̄3d, which depends largely on the
DNA conformation; and the distance between bound pro-
teins l̄, which is probably fairly constant during the non-
mitotic phases of the cell cycle, are fixed, most of the
control comes from varying n̄. Setting n̄ > l̄ will slow
the search but increase the signal duration, and setting
l̄ > n̄ will have the opposite effect. Since n̄ is determined
by Ens, which has been observed to vary considerably
from TF to TF, it would be interesting to compare non-
specific binding energies to TF function. Perhaps there
is evidence that Ens is optimized in some cases to relay a
signal rapidly and in other cases to relay a signal for an
extended period of time.

It is evident that protein “jamming” may have signif-
icant effects on TF-DNA binding. But it is also evident
that further experiments that explore the nature and fre-
quency of jamming are needed in order to fully appreciate
its significance.
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