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We show that minuscule entropic forces, on the order of 100 fN, can prevent the formation of DNA

loops—a ubiquitous means of regulating the expression of genes. We observe a tenfold decrease in the rate

of LacI-mediated DNA loop formation when a tension of 200 fN is applied to the substrate DNA, biasing

the thermal fluctuations that drive loop formation and breakdown events. Conversely, once looped, the

DNA-protein complex is insensitive to applied force. Our measurements are in excellent agreement with a

simple polymer model of loop formation in DNA, and show that an antiparallel topology is the preferred

LacI-DNA loop conformation for a generic loop-forming construct.

DOI: 10.1103/PhysRevLett.104.048301 PACS numbers: 82.37.Rs, 36.20.Ey, 82.37.Np, 87.80.Cc

Since the ground-breaking work of Jacob and Monod on
gene regulations, the lac operon has become a canonical
example of how prokaryotic cells regulate the expression
of genes in response to changes in environmental condi-
tions [1]. The lac operon is responsible for the efficient
metabolism of lactose in Escherichia coli bacteria ensuring
that enzymes capable of digesting lactose are produced
only when needed. The lac repressor-mediated DNA loop,
which is formed when tetrameric lac repressor protein
binds to two lac operator sites simultaneously, is an im-
portant part of this gene regulatory network and is crucial
for the repression of lac genes [2]. Long range genetic
regulation by DNA looping, however, is not unique to the
lac operon, but appears in a variety of contexts within
prokaryotes, such as the ara or gal operons, and is ubiq-
uitous within eukaryotes [3]. While the biochemistry of
these processes is generally well understood, the mechan-
ics of the assembly and breakdown of protein-mediated
DNA loops has only recently garnered much attention [4].
In this Letter, we investigate the role that tension in the
substrate DNA plays in the formation and breakdown of
protein-mediated DNA loops, and conclude that loop for-
mation is acutely sensitive to entropic forces on the
hundred-femtonewton scale.

Protein-mediated DNA loop formation is driven by ther-
mal fluctuations in the DNAwhich bring distant operators
close enough for loop closure by a protein. However, it is
quite surprising that the magnitude of these fluctuations,
which one can estimate as kBT=lp � 80 fN where lp ¼
50 nm is the persistence length, is much smaller than the
typical piconewton forces that arise in the intracellular
environment, from molecular motors or DNA-cytoskeletal
attachments, for example. This observation has led to
predictions that forces as small as a few hundred femto-
newtons are sufficient to reduce the loop formation rate by
more than 2 orders of magnitude [5–7]. Given that the
cellular environment is thought to regularly subject
DNA-protein complexes to large static or fluctuating

forces, the cell must either use mechanical pathways to
regulate genetic function, or compensate for the effects of
tension to ensure the stable control of gene expression.
To experimentally study the effects of tension on the

kinetics of DNA looping, we used optical tweezers in
conjunction with tethered-particle motion (TPM) measure-
ments to investigate the formation and breakdown of LacI-
mediated DNA loops under a constant stretching force. We
report three main results: First, the rate of loop formation is
extremely sensitive to applied tension resulting in a tenfold
decrease in loop formation when increasing the tension
from 60 to 183 fN. Second, the lifetime of the looped state
appears to be completely unaffected by forces as large as
183 fN. Third, our measurements strongly suggest that the
antiparallel conformation is the dominant topology of a
generic LacI-mediated DNA loop [8]. We mechanically
attenuate the thermal fluctuations that drive loop formation
and breakdown, and measure the associated changes to the
looping and unlooping rates, by employing a variety of
optical tweezers that differ from the more conventional
tweezers setup. Constant-force axial optical tweezers
stretch the molecule away from the surface and trap the
attached microsphere slightly below the laser focus in an
approximately linear region of the optical potential. This
provides effectively a constant force in the axial direction
that does not change when the protein binds to or disso-
ciates from the DNA [see Fig. 1(a)]. Details of this setup
are described in Ref. [9]. Because of this novel optical
tweezers setup, we have been able to measure the forma-
tion and breakdown rates of LacI-mediated loops as a
function of applied tensile force in the femtonewton range.
The DNA samples used in this study were prepared in a

similar way to that of other TPM experiments [9]. We
surface-tethered a 1316-bp ds-DNA molecule with two
symmetric lac operators spaced 305 bp apart and then
attached an 800 nm polystyrene microsphere to the other
end, which was trapped within the linear regime of the
optical potential. The total tension in the DNA was care-
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fully calibrated to account for the applied optical force [9]
and volume exclusion effects arising from entropic inter-
actions between the microsphere and the coverslip [10].
The looping and unlooping lifetimes were measured under
four different forces: 60 (�5), 78 (�6), 121 (�9), and 183
ð�15Þ fN in the presence of 100 pM of LacI protein. In
each measurement, the surface-tethered ds-DNA molecule
was stretched by a constant force while the CCD camera
captured defocused images of the tethered microsphere at a
frame rate of 100 fps. The looped and unlooped states of
the DNA molecule, which correspond to different axial
positions of the microsphere, can be measured by analyz-
ing the resulting images, as shown in Fig. 1(b). By directly
observing changes in the axial position of the microsphere,
the temporal resolution for detecting loop formation and
breakdown events in our experiment is as low as 300 ms, an
order of magnitude better than conventional TPM.
However, as we decrease the applied tension, it becomes
increasingly difficult to resolve changes in the size of the
microsphere, and at zero optical force, we must resort to
conventional TPM. Moreover, even in the absence of an
optical force, a residual entropic force from excluded
volume effects remains. For this reason, we were not able
to obtain a direct measure of the force free loop formation
and breakdown rates.

The data was analyzed by first extracting the elapsed
times between loop formation and breakdown events from

time traces like the one in Fig. 1(b). Then, for each force
condition, the lifetime of each state was determined from a
fit to the cumulative probability distribution, as shown in
Fig. 2. The resulting distribution displayed by the looped
state is well fit by a single exponential function

Pðt; �Þ ¼ 1� e�t=�; (1)

with time constant �. However, the data of the unlooped
state is poorly fit to a single exponential function, but is
well fit to a biexponential function

P2ðt; �1; �2Þ ¼ cPðt; �1Þ þ ð1� cÞPðt; �2Þ; (2)

with time constants �1 and �2, and dimensionless fitting
parameter c. Results of the fits are shown in Table I.
One of the most striking features of the data in Fig. 2 is

that the dissociation time constant of DNA loops is un-
affected by increasing the force from 60 to 183 fN. This
result is in contrast to the force dependence of the time
necessary to form a loop, which increases significantly
with only a modest increase in applied tension. To interpret
these observations quantitatively, we begin by applying a
kinetic model for the underlying processes of protein bind-
ing, unbinding, loop formation, and breakdown, as illus-
trated in Fig. 1(a). This is the simplest model of the kinetics
that is both consistent with our data and what is currently
known about LacI-mediated looping.
If we collect all time intervals that start at a loop for-

mation event (L) and end at a loop breakdown event (S1),

FIG. 2 (color online). Cumulative probability distributions of
the observed durations that the DNA molecule remains in the
looped and unlooped state under increasing force conditions (left
to right). The data of (a) the looped state and (b) the unlooped
state are fit to the single exponential function and a biexponential
function, respectively.

FIG. 1. (a) Tethered DNA is trapped in the linear region of an
optical potential (dashed line indicates laser focus). The figure
also represents a kinetic model of DNA looping. (b) Raw ex-
perimental recording of LacI-mediated DNA looping. The
looped or unlooped threshold is chosen at the minimum between
the two state distributions displayed in a histogram of the binned
data.
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then, within this ensemble, simple first-order kinetics are
given by the process

L!kU S1; (3)

where L is the looped state, S1 is the state of the DNAwith
only one operator bound to a protein, and kU is the un-
looping rate. Therefore, the time-dependent probability of
unlooping is

S1ðtÞ ¼ 1� e�kUt; (4)

which corresponds to the fit function [Eq. (1)] for the
lifetimes of the looped state. The kinetics of loop forma-
tion, however, are more complicated because there are
different unlooped substates that cannot be distinguished
within our experiment. We start by collecting all time
intervals that begin at an unlooping event and end with
the formation of a loop. The kinetics may be represented as

S2 ⇋
kþ
k�

S1!kL L; (5)

where S1 is the state of one vacant and one occupied
operator and may directly convert to the looped state L at
a rate kL, or remain unlooped and convert to state S2 at a
rate k�. State S2, however, is an alternate configuration
with both or neither operator occupied by a protein, which
is not able to directly form a loop, but may convert to state
S1 at a rate kþ. With the initial condition S1ð0Þ ¼ 1, the
first-order kinetics above may be solved for the time-
dependent probability of forming a loop

LðtÞ¼1� 1

2�
½ð��kLþ�Þe�t=�1 �ð��kL��Þe�t=�2�;

(6)

where � ¼ kþ þ k�, � ¼ ½ð�þ kLÞ2 � 4kþkL�1=2, and
the time constants are defined as �1 ¼ 2=ð�þ kL � �Þ

and �2 ¼ 2=ð�þ kL þ �Þ. Equation (6) is again a biexpo-
nential distribution and corresponds to the fit function of
Eq. (2). Therefore, we can unambiguously extract the four
rate constants in our kinetic model. The results are shown
in Table II and plotted in Fig. 3. Our main observation is
that, within the uncertainties of our measurements, kþ, k�,
and kU are independent of force whereas kL is acutely force
sensitive on the hundred-femtonewton scale. This is con-
sistent with the conventional expectation that the rate of
conversion between the unlooped states S1 and S2 does not
vary significantly as a function of the stretching force on
this scale. The insensitivity to applied force of the unloop-
ing rate kU can be explained by considering the binding
energy of the LacI protein to the DNA, whose disassocia-
tion from the lac binding site is necessary to break a loop.
With a binding energy of 10�19 J [11] and an operator
region that spans �20 bp, the minimum force needed to
remove the protein from the operator is �10 pN, which is
several orders of magnitude greater than the tension we
applied. It is clear then why the looped state is relatively
insensitive to mechanical tension. On the other hand, the
sensitivity of the looping rate to such small forces is quite
striking and potentially rich in implications. Since the
characteristic force that results from thermal fluctuations
of ds-DNA is approximately 80 fN, and since DNA looping
is a result of thermal fluctuations, femtonewton forces can
clearly impact the loop formation process.
Quantitatively useful models of loop formation must

explicitly consider the orientation of the operators along
the DNA in the looped state, as the exact geometry of the
loop matters significantly. Such theories were developed
by Blumberg et al. [6] and, independently, by Yan et al. [7].
In this Letter, we use the model developed by Blumberg
et al. so begin by finding the difference in the force
dependent contributions to the free energy between a
looped and a stretched length of DNA: �F ¼ FLðf; �Þ �
FSðfÞ. The kink angle � is defined as the angle between the
tangent vectors of the DNA at the operator sites of the
protein-DNA complex. A relation for the excess contribu-
tion to the free energy as a function of kink angle, imposed
on the DNA by the loop, is given by:

FL ¼ 4f1=2½1� cosð�=4Þ�
1þ 12f�3=2½1� cosð�=4Þ�=½1þ cosð�� �Þ� ;

(7)

where the free energy is in units of kBT and the force f is in

TABLE II. Rates extracted from kinetic rate equations.

Force (fN) 60� 5 78� 6 121� 9 183� 15

Kinetic Rates ð10�3=sÞ kU 48:1� 0:6 44:5� 0:4 41:5� 0:6 40� 1
kL 262� 7 196� 6 79� 1 32� 1
k� 61� 9 48� 5 21� 2 25� 4
kþ 40� 10 24� 5 14� 2 21� 3

TABLE I. Fits to the cumulative probability distributions.

Force (fN) 60� 5 78� 6 121� 9 183� 15

Looped

�ðsÞ 20:8� 0:3 22:5� 0:2 24:1� 0:3 24:8� 0:7
Unlooped

�1ðsÞ 3:0� 0:2 4:0� 0:42 9:7� 0:4 14:5� 1
�2ðsÞ 31� 8 54� 10 91� 10 101� 6
c 0:77� 0:03 0:77� 0:02 0:74� 0:02 0:38� 0:03

PRL 104, 048301 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

29 JANUARY 2010

048301-3



units of the characteristic force for thermal fluctuations,
fc ¼ kBT=lp � 80 fN.

An analytic relation for the free energy of a stretched
segment of DNA is given by the difference between the
potential energy of a wormlike chain and the work done by
tension:

FS ¼ � llx
2

4

�
1

ð1� xÞ2 þ 2

�
; (8)

where ll is the loop length of the DNA and x is the relative
extension of the DNA in units of lp. We can now calculate

the characteristic time necessary to form a loop under an
applied force using the principle of detailed balance

�f
�0

¼ e��F; (9)

where �0 is the characteristic time at zero force.
X-ray studies of the co-crystals of LacI protein bound to

short operator fragments have revealed the structure of the
DNA protein complex [12]. These results impose con-
straints upon, but do not fully determine the topology of
the DNA loop. The preferred direction in which the DNA
enters and leaves the looped complex remains unsettled,
but the corresponding topologies are either antiparallel
conformations, with a kink angle of approximately 150�,
or parallel conformations, with a kink angle of 30�.

To fit the data, we calculate �f ¼ 1=kL from Eq. (9) as a

function of force using the wormlike chain model to pro-
vide the relative extension x in Eq. (8). Since we cannot
directly measure the force free lifetime �0, we use this as a
single adjustable parameter to fit the curves. The value for
�0 is given by a least squares fit to the data. We then
generate a curve for both the antiparallel and parallel
conformations and see, from Fig. 3, that the antiparallel
topology is more force-sensitive than its parallel counter-

part. Our data suggest that the antiparallel conformation is
the dominant topology of a generic LacI-mediated DNA
loop. In conclusion, our results establish that very small
forces, on the order of a hundred femtonewtons, can con-
trol the assembly of the regulatory protein-DNA complex
necessary for expression of the lac gene. On the other hand,
once formed, the looped complexes are quite stable and
cannot easily be disrupted by tension in the substrate DNA,
giving the system much-needed robustness. Thus, it ap-
pears more than likely that mechanical pathways can con-
trol transcription through the application of tiny forces that
are generated by other intracellular processes. We hope
that the development of force measurement techniques
inside living cells will lead to the identification of such
pathways. We also conclude that such regulatory forces
would likely act on the assembly process of these com-
plexes, but not their breakdown.
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FIG. 3. Measured values for k� (4), kþ (e), kL (j), and kU
(�) (see Table II). The looping rate kL is fit by the theoretical
predictions for the antiparallel (solid line) and parallel (dashed
line) topologies illustrated in the insert.

PRL 104, 048301 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

29 JANUARY 2010

048301-4


