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New and Notable
Protein-Assisted DNA Looping:
A Delicate Balance among
Interactions, Mechanics, and
Entropy
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1Department of Chemistry and Center for
Theoretical Biological Physics, Rice
University, Houston, Texas
DNA looping is a unique process
demonstrated when two distant sites
on the biopolymer molecule bind. It
is frequently observed in living sys-
tems where DNA looping is critically
important for many cellular processes,
including gene expression and regu-
lation, DNA replication and recombi-
nation, DNA repair, chromosome
segregation, and many others (1,2). In
nature, the formation of cyclic DNA
or DNA with loops is usually assisted
by various types of protein molecules.
A simultaneous binding of a single
protein molecule to two different
binding sites on DNA creates a loop.
Protein-DNA interactions help to sta-
bilize these loops. Many experimental
and theoretical studies have been
devoted to understanding the mecha-
nisms of DNA looping and cycliza-
tion (2–4). Although thermodynamic
driving forces of the process are
now well established, the dynamic pic-
ture of loop formation is much less
clear (2–7).

Contemporary theoretical views of
DNA looping concentrate on the effect
of elastic properties of DNA and on
the role of assisting proteins in the ki-
netics of the process (3,5–7). The cen-
tral quantity of many investigations is a
Jacobson-Stockmayer factor, or J-fac-
tor, which comes from fundamental
theoretical studies of polycondensation
chemical reactions (8). The J-factor is
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usually associated with the concentra-
tion of free ends, and in experiments
it is measured as a ratio of binding
and unbinding rates (4,6). Because
this ratio is given as the exponential
of the free-energy difference between
the looped and unlooped states, the
J-factor also effectively describes the
equilibrium constant for a looping or
cyclization chemical reaction. Thus,
for large J-factors the probability of
creating loops is high, while for small
values of the J-factor the DNA mole-
cule prefers to be free with uncon-
strained sites. Because the J-factor is
viewed as a concentration of free
DNA ends, it is usually assumed that
only the looping or association reac-
tion is affected by changes in the
J-factor. However, recent experiments
clearly show that dissociation rates
are also coupled to the J-factor (9).
This suggests that there are additional
factors that influence the dynamics of
the loop formation in DNA. The article
by Mulligan et al. (9) in this issue of
the Biophysical Journal presents a
new theoretical model that success-
fully explains many dynamic features
of DNA looping.

The theoretical approach of Mulli-
gan et al. (9) explicitly takes into ac-
count protein-DNA interactions, DNA
mechanics, and conformational en-
tropy in order to develop a compre-
hensive dynamic description of the
process. The main advantage of the
model is that it is simple enough to
provide analytical calculations while
capturing the most relevant physical-
chemical features of the system. It
explicitly calculates the free-energy
landscape of DNA looping by consid-
ering DNA as a semiflexible polymer,
with short-range protein-DNA interac-
tions at the binding sites that also resist
bending and twisting. This theoretical
model estimates the J-factor and con-
nects the free-energy profiles with ki-
netics of polymer looping. Mulligan
et al. (9) found that for short DNA
chains the loop formation kinetics is a
rate-limited one, limited by high ener-
getic costs of bending and twisting;
whereas increasing the range of pro-
tein-DNA interactions accelerates the
association of two DNA sites into the
loop. The elastic properties of DNA
and protein-DNA interactions become
less important for longer DNA chains.

But the most important achievement
of Mulligan et al. (9) is the observation
that mean lifetimes in both looped and
unlooped states depend on the J-factor.
This theoretical model challenges
today’s theoretical views (10) that the
dissociation rate (or the looped life-
time) should not be affected by the
J-factor. This fundamentally important
result also provides new details in
the microscopic description of the
looping processes. Previous theoretical
methods (10) implicitly assume that
the position along the reaction coordi-
nate, and the free-energy height of
the transition state in the loop dissoci-
ation reaction, are not affected by the
free-energy changes in the looped and
unlooped states, i.e., that they are inde-
pendent of J-factor. However, explicit
calculations of Mulligan et al. (9)
clearly show that the position and the
amplitude of the kinetic barrier, as
well as free energies for the looped
and unlooped states, depend on the
range of protein-DNA interactions
and on the elastic properties of DNA.
This leads to theoretical predictions
on the strong correlations with the
J-factor, which agree with experi-
mental observations.

Although the theoretical model of
Mulligan et al. (9) provides a signifi-
cant advance in our understanding of
fundamental processes during DNA
looping and cyclization, it is important
to note that many questions remain un-
answered and many details are still not
explained. This approach neglects the
sequence specificity of DNA chains,
which might be important for more-
realistic descriptions of bending and
twisting. Furthermore, the coupling
of bending and twisting degrees of
freedom is not considered. The model
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also does not account for the effects of
polymer relaxation, and as a result the
behavior of long DNA chains is not
correctly captured by this method.
Another important dynamic process
not discussed in this theoretical model
is how the protein-bound DNA site
finds another specific site to create a
loop. It is known that protein search
for specific sites on DNA is a complex
process that involves intermediate
bindings to other nonspecific sites on
DNA with consequent sliding along
the DNA (11,12). This might strongly
affect the dynamics of DNA looping.
Despite these issues, the work of Mul-
ligan et al. (9) is a large step forward in
our understanding of DNA looping
processes, which clarifies many dy-
namic features of the process. This is
also an example of outstanding theo-
retical work that successfully applies
Biophysical Journal 109(3) 459–460
fundamental concepts in Physics and
Chemistry for analyzing complex bio-
logical phenomena.
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