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What are the forces that shape the structure of prokaryotic ge-
nomes: the order of genes, their proximity, and their orientation?
Coregulation and coordinated horizontal gene transfer are be-
lieved to promote the proximity of functionally related genes and
the formation of operons. However, forces that influence the
structure of the genome beyond the level of a single operon remain
unknown. Here, we show that the biophysical mechanism by
which regulatory proteins search for their sites on DNA can impose
constraints on genome structure. Using simulations, we demon-
strate that rapid and reliable gene regulation requires that the
transcription factor (TF) gene be close to the site on DNA the TF has
to bind, thus promoting the colocalization of TF genes and their
targets on the genome. We use parameters that have been mea-
sured in recent experiments to estimate the relevant length and
times scales of this process and demonstrate that the search for a
cognate site may be prohibitively slow if a TF has a low copy
number and is not colocalized. We also analyze TFs and their sites
in a number of bacterial genomes, confirm that they are colocalized
significantly more often than expected, and show that this obser-
vation cannot be attributed to the pressure for coregulation or
formation of selfish gene clusters, thus supporting the role of the
biophysical constraint in shaping the structure of prokaryotic
genomes. Our results demonstrate how spatial organization can
influence timing and noise in gene expression.
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The colocalization of prokaryotic transcription factor (TF)
genes and their binding sites is known from the pioneering

work of Jacob and Monod (1) on the lactose operon and has been
shown to be widespread (2–4) and essential for the formation of
regulatory motifs (5). Some have hypothesized that TF-binding
site colocalization is advantageous, in part, because it could
expedite a TF’s search for its site (2, 5–7) (the rapid search
hypothesis). In prokaryotes, this speed-up by colocalization is
possible because transcription and translation are coupled spa-
tially and temporally. Therefore, TFs are synthesized near their
genes and can rapidly bind colocalized sites (Fig. 1A). The arrival
time of a TF to its site ultimately controls the timing of gene
regulation, whereas fluctuations in the arrival time can lead to
bursts of gene activity and noise in gene regulation. The rapid
search hypothesis suggests that colocalization is favorable be-
cause expediting TF arrival makes regulation faster and more
reliable.

Both experimentally (see ref. 8 for an overview) and theoret-
ically (9–13), many have studied the broader question: how can
a TF find its cognate site on DNA among �107 decoy sites in a
fraction of a minute while moving in the crowded environment
of the cell and hampered by other DNA-bound proteins? The
general model of the process includes 3D spatial diffusion of the
TF through the cell volume and 1D sliding of a TF along DNA.
According to this model, the search process consists of multiple
rounds of search, alternating between 1D sliding and 3D spatial
diffusion, leading to the expression for the mean search time, ts,
obtained (in different forms) by several groups (9–13):

ts �
M
s

��1D � �3D� , [1]

where M is the total length of DNA in the cell, s is the sliding
length, i.e., the mean number of base pairs scanned in a single
round of sliding, and �1D and �3D are the mean durations of a
single round of 1D sliding and 3D diffusion, respectively. How-
ever, it is not intuitively clear why colocalization would cause a
speed-up, because in Eq. 1, as in traditional reaction rate theory,
the search (reaction) time is distance-independent. The distance
(and time) independence of the reaction rate is characteristic of
3D systems, whereas reactions in 2D and 1D systems are
distance-dependent (14).

Here, we systematically investigate the rapid search hypothesis
and assess it against the alternative but complementary views
that colocalization is due to coregulation or self-regulation or to
enable horizontal transfer of functionally coupled genes (the
selfish gene cluster hypothesis) (15, 16). We approach the prob-
lem by taking the following three steps: we (i) estimate the TF
search time in bacteria and determine the degree of acceleration
provided by TF-binding site colocalization, (ii) estimate the
extent of colocalization in bacterial genomes, and (iii) consider
and rule out alternative explanations of colocalization. We
demonstrate that the requirement for rapid search imposes a
significant constraint on the evolution of gene order, an inter-
esting case where a biophysical mechanism influences genome
organization.

Results
How Much Acceleration Can Be Achieved by Colocalization? To
connect the search time calculations to DNA conformation, we
note that Eq. 1 implicitly assumes that each round of sliding is
independent: the rounds of 3D diffusion between the slide
completely randomize the position of the TF. To relax this
assumption, we considered two types of 3D motion: small
hops and large-scale jumps (Fig. 1B). Hops are rapid reasso-
ciations of a TF to the same region of DNA. Elegant bio-
chemical experiments have demonstrated hopping of DNA-
binding proteins on DNA (17). We found that hops results
from the geometry of the problem: Once a TF dissociates from
DNA, it is much more likely to associate again to the same
region of DNA than to other remote strands. We also dem-
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onstrated that hops are short and can be accounted for by
replacing the sliding length s by an effective sliding length se �
s��nhops, where nhops is the mean number of hops a TF makes
before a jump (Fig. 1C). Using simulations of spatial diffusion
through a realistic geometry and density of nonspecific DNA,
we estimated nhops �5–6 (46).

Using simulations, we calculated search time as a function of
the initial distance between a TF and its site (L). Here, we
observe two types of searches. When released from the ribo-
some, a TF can bind DNA near the 3� end of its gene and start
sliding and hopping along DNA. If the cognate site is reached
this way, the average search time is fast (�0.3 sec; Fig. 2C).
Alternatively, if a TF dissociates from DNA and jumps before
binding its site, then it must sample the whole genome to find its

site, and the search is slow (�150 min; Fig. 2C). The choice
between these scenarios is controlled by a single length scale, the
effective sliding length se � s��nhops � 660 bp, with a range
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Fig. 1. We propose the rapid search hypothesis as an explanation for
colocalization of transcription factor genes and their targets and model the
search process with hops, jumps, and slides. (A) The rapid search hypothesis. In
prokaryotes, transcription and translation are coupled; therefore, transcrip-
tion factors (TFs) are released from the ribosome near their encoding gene,
enabling a TF to rapidly search the DNA nearby. The rapid search hypothesis
suggests that TF genes and their binding sites may be colocalized on the
chromosome because this enables newly synthesized TFs to rapidly find their
binding sites. (B) Model of the transcription factor search process. We define
three types of movements for TFs: slides, rounds of 1D diffusion along the
DNA; hops, short rounds of 3D diffusion where the TF dissociates from the
DNA and rebinds at a site very nearby; and jumps, longer rounds of 3D
diffusion where the TF dissociates from the DNA and binds a site that may be
quite far away. Mathematically, the dissociation and association sites of hops
are correlated, whereas those of jumps are uncorrelated. We then model the
search process as alternating rounds of 3D and 1D diffusion; the TF ends the
slide with either a hop or a jump. (C) We find the hops are so short that they
can be accounted for by rescaling the sliding length, s, the number of base
pairs scanned in a slide by the number of hops per jump, nhops, to get se, the
number of base pairs scanned in between jumps: se � s��nhops.
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Fig. 2. Simulations of the transcription factor search process show that its
length depends on starting point. (A) Search time for a group of 10 TFs versus L.
Here, we simulated a group of 10 TFs searching for a binding site and plot the
mean search time, ts, of the first TF to reach the site versus initial distance L. Here,
se � 660 bp, and 500 runs were simulated for each L. (B) The probability of fast
runs.Here, theprobabilityofafast run,aruninwhichtheTFstartsnear itsbinding
site and finds it by hopping and sliding but without jumping, is plotted versus the
initial distances between the TF and its site, L. The main plot shows L in base pairs,
and the value of se � s��nhops � 660 bp. (Inset) L in units of se and the different
symbols correspondtodifferentvaluesof s (bluetriangles, s�270;greensquares,
s � 50; yellow circles, s � 100; red diamonds, s � 500). Each data point is the mean
of 1,000 trials. The overlap in Inset shows that the behavior is parameter-
independent when L is expressed in units of se, confirming that se is the only
relevant parameter in this simulation. (C) Distribution of run times for fast and
slow runs. The distribution of search times, ts is plotted for fast and slow runs,
where fast runs are defined as above and slow runs are searched where the TF
uses hopping, sliding, and jumping to find its binding site. The box has lines at the
lower, median, and upper quartile values. The whiskers extend from the box to
1.5 times the interquartile range, the difference between the lower and upper
quartiles. Data points beyond the whiskers are noted as circles. Each plot includes
the data from 30,000 runs. This plot clearly shows that (i) fast runs are much faster
than slow runs (fast runs have a median of 0.2 s, whereas slow runs have a median
of 100 min) and (ii ) fast runs are much less variable than slow runs.
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