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ABSTRACT DNA looping plays a key role in many fundamental biological processes, including gene regulation, recombina-

tion, and chromosomal organization. The looping of DNA is often mediated by proteins whose structural features and physical

interactions can alter the length scale at which the looping occurs. Looping and unlooping processes are controlled by thermo-

dynamic contributions associated with mechanical deformation of the DNA strand and entropy arising from thermal fluctuations

of the conformation. To determine how these confounding effects influence DNA looping and unlooping kinetics, we present a

theoretical model that incorporates the role of the protein interactions, DNA mechanics, and conformational entropy. We show

that for shorter DNA strands the interaction distance affects the transition state, resulting in a complex relationship between the

looped and unlooped state lifetimes and the physical properties of the looped DNA. We explore the range of behaviors that arise

with varying interaction distance and DNA length. These results demonstrate how DNA deformation and entropy dictate the

scaling of the looping and unlooping kinetics versus the J-factor, establishing the connection between kinetic and equilibrium

behaviors. Our results show how the twist-and-bend elasticity of the DNA chain modulates the kinetics and how the influence

of the interaction distance fades away at intermediate to longer chain lengths, in agreement with previous scaling predictions.

INTRODUCTION

Genetic information is maintained and inherited by succes-

sive generations within deoxyribonucleic acid (DNA). It is

not simply a repository of information through the basepair

sequence. Rather, the physical properties of DNA play a key

role in regulating gene expression and ultimately many key

cellular and organismal processes. One of the main ways the

physics of the DNA molecule enters is through looping,

which allows different genomic regions to act in concert.

Examples of such DNA looping processes include mating-

type switching in yeast (1), genetic recombination (2),

spreading of histone marks in eukaryotes (3), and supercoil-

ing of the bacterial genome (4). In these cases, the elastic

properties of the DNA molecule itself affect both the

thermodynamic probability to form a loop and the kinetic

lifetimes of looped configurations.

The dynamics of loop formation for general polymers has

been well studied, and most theoretical work focuses on un-

derstanding the looping time (5–8) or the average time to

form a loop. Much work has been done to understand how

the elastic properties of semiflexible polymers like DNA

(9) affect the looping kinetics (5,10,11). Experimental

studies of DNA looping have looked at the cyclization

rate for two ends of a chain to ligate (12–14), and from

this work the Jacobson-Stockmeyer factor, or J-factor, is

first applied to DNA looping (12,15). This approach cap-

tures the effect of the polymer chain on the equilibrium

looping probability as the ratio of the rate constants for

looping and unlooping. Further experimental work expands

the study of DNA looping dynamics to cases where proteins,

such as Lac repressor (16–18) and Fok1 (19), mediate the

looping. Several theoretical studies examine the role of

the protein on the kinetics (20–22). Our work builds upon

the polymer physics of DNA looping and extends this to

include a simple physical model for the protein that can

be used to study both the looped and unlooped lifetimes.

In a previous article, we examined experiments of both the

looped and unlooped lifetimes via tethered particle motion

(TPM) (23). The DNA loop is mediated by the Lac repressor

protein, which stabilizes the looped conformation by binding

to two locations (called ‘‘operators’’) on theDNA.We show a

dependence of the looped lifetime on the polymer energetics

that is not predicted from the existing physical models of

DNA looping. We explain these findings by recognizing

that the loop formation process is not the same as two DNA

ends fluctuating into close spatial proximity, as in cyclization

experiments. The Lac repressor protein, which stabilizes

the loop, has a larger range of distances for loop formation

than a linearDNAchain. This interaction range has important

effects on the transition state of the looping reaction and

consequently the kinetics of looping and unlooping.

In this work, we use our theoretical model for DNA loop-

ing to address the kinetic behavior that results from the
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