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Abstract
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We have determined the change in the number of proteins bound non-specifically to DNA as a
function of applied force using force–extension measurements on tethered DNA. Using magnetic
tweezers, single molecules of λ DNA were repeatedly stretched and relaxed in the absence and
presence of 170 nM λ repressor protein (CI). CI binds to six specific sites of λ DNA with
nanomolar affinity and also binds non-specifically with micromolar affinity. The force versus
extension data were analyzed using a recently developed theoretical framework for quantitative
determination of protein binding to the DNA. The results indicate that the non-specific binding of
CI changes the force–extension relation significantly in comparison to that of naked DNA. The
DNA tether used in our experiment would have about 640 bound repressors, if it was completely
saturated with bound proteins. We find that as the pulling force on DNA is reduced from 4.81 to
0.13 pN, approximately 138 proteins bind to DNA, which is about 22% of the length of the
tethered DNA. Our results show that 0.13 pN is not low enough to cause saturation of DNA by
repressor and 4.81 pN is also not high enough to eliminate all the repressors bound to DNA. This
demonstrates that the force–extension relation provides an effective approach for estimating the
number of proteins bound non-specifically to a DNA molecule.

1. Introduction
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Protein binding to DNA plays a fundamental role in many cellular and viral functions,
including gene expression, physical chromosome organization, chromosome replication, and
genetic recombination [1–3]. Therefore, quantitative approaches with which to elucidate the
physics of protein–DNA binding could provide for a deeper understanding of cellular
function. Many transcriptional regulators are known to bind to DNA both specifically and
non-specifically, thus non-specific binding may play a biological role. Experiments have
shown that the rate of binding the target site increases when non-specific binding increases.
This was shown by extending the DNA chain around the specific target as well as by
decreasing the salt concentration (for a review see [4]). In transcription, this effect of nonspecific binding on target binding could manifest itself, for example, in the control of
transcriptional noise and in the facilitation of cooperative interactions. Furthermore, nonspecific binding of proteins to DNA is a ubiquitous phenomenon in genomes. Notable
examples are those of histones in eukaryotes, which display weakly sequence-dependent
affinity [5, 6], and of nucleoid-associated proteins in prokaryotes [7, 8]. In some cases, the
equilibrium constants for non-specific binding have been measured [9] and non-specific
binding has been found to occur with a relatively high probability compared to specific
binding [10]. While specific DNA binding is easily characterized with a variety of
established biochemical techniques, such as gel electrophoresis, which use short DNA
sequences, non-specific binding is more difficult to characterize.
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Another example of biological phenomenon which could be heavily influenced by nonspecific binding is that of protein-mediated DNA loop formation. This is a paradigmatic
mechanism for transcriptional regulation where proteins bound to distant specific sites
interact creating a loop in the intervening DNA. DNA looping may stimulate or repress
transcription according to the specific genetic system. Novel experimental techniques based
on single molecule microscopy have provided much new insight into the long-range,
regulatory interactions involved in protein-mediated transcriptional looping. See, for
example [11–16]. The role of non-specific binding in this regulatory looping has not,
however, been investigated. While it is easy to imagine that, depending on the length of the
separation between the specific sites that give rise to DNA looping, non-specific binding
may help shorten such distances considerably (if it is accompanied by DNA bending). Nonspecific binding may therefore increase the probability of the specific interaction, and prove
instrumental for the regulatory looping to take place. DNA bending by non-specific protein
binding has indeed been reported before, for example in [17–22], using single molecule
manipulation techniques. However, characterization of the level of a protein non-specific
binding to DNA has been difficult mostly because of the lack of a model that would allow
quantitative determination of the number of bound proteins from the experimental data.
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Recently, Zhang and Marko [23] proposed a thermodynamic approach, which may be used
to estimate the number of non-specifically bound proteins from extension versus force
measurements. In this paper, we determine the change in the number of λ repressor proteins
bound to a 16 kbp-long fragment of λ DNA by applying the Zhang–Marko approach [23] to
our experimental data. The λ repressor, also known as CI protein, binds both specifically and
non-specifically to DNA. Specific cooperative binding mediates a 2.3 kbp loop in λ DNA
between the oL region (containing specific binding sites oL1, oL2 and oL3) and the oR
region (containing specific binding sites oR1, oR2 and oR3) [14]. CI-mediated DNA
looping provides stability to the quiescent (lysogenic) state of the λ bacteriophage after
infection of its host, E. coli and, simultaneously, guarantees efficient switch to virulence
(lysis) when triggered by environmental conditions [24, 25]. Non-specific binding may
facilitate loop formation by shortening the effective loop length and may also provide
further loop stabilization by enhancing the long-range interaction. Non-specific binding has
a substantial free energy of 4.1 kcal mol−1 [26], which suggests that most, if not all, of the
CI protein available in the cell is DNA bound and supports the hypothesis of the biological
relevance of non-specific binding.
Here, significant CI non-specific binding is confirmed by force versus DNA extension
curves obtained with magnetic tweezers. The change in amount of non-specifically bound
protein is then estimated using the Zhang–Marko approach [23].
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The outline of the paper is as follows. In section 2, sample preparation and experimental
technique are described. The experimental force versus extension results are described in
section 3. The theoretical framework utilized and the calculation of the change in the
number of bound proteins from our experimental data are discussed in section 4. Finally, in
section 5 we comment on the significance of our results

2. Materials and methods
The CI protein was kindly provided by the Adhya group at NIH/NCI. The λ DNA tethers
used were produced using plasmid pKLJ12wt, provided by the Yang group [27]. The
plasmid, which is approximately 16 kbp-long, was digested with SacI and SacII restriction
enzymes to give a linear 15546 base pair DNA fragment. Approximately 2 kbp biotin- and
digoxigenin-labeled fragments were created using polymerase chain reaction (PCR) and, cut
with SacI or SacII to generate complementary ends for attaching to the main DNA fragment
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by ligation [28]. Single molecules of this DNA were attached at one end to the
antidigoxigenin-coated glass surface of a flow-chamber and at the other end to a 2.8 μm
streptavidin-coated, super-paramagnetic bead (Invitrogen, Carlsbad, CA, USA) (see figure
1).
They were observed in a buffer containing: 10 mM TrisHCl pH 7.4, 200 mM KCl, 5%
DMSO, 0.1 mM EDTA, 0.2 mM DTT and 0.1 mg ml−1 casein.
Magnetic tweezers (MT) were used to stretch the DNA tethers. MT most commonly consist
of a pair of magnets placed on a mount above the microscope stage that can be both
translated along or rotated around the optical axis of the microscope. The magnetic field
attracts a DNA-tethered super-paramagnetic bead, and stretches the DNA tether (see figure
1). Therefore, the distance of the magnets above the stage of the microscope from the
sample can control the tension on the DNA tethers, which in our setup was limited to 10 pN
maximum. Individual λ DNA molecules were stretched according to [29], both in the
absence and in the presence of 170 nM CI. After their contour length was determined at high
forces (10 pN), molecules were relaxed and stretched several times and their extension was
recorded as a function of force during each relaxation and stretching cycle. This was done
by moving the magnet through 18–20 different positions which corresponded to forces in the
range from 10 to 0.02 pN approximately.
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At each position, data were acquired at a rate of 20 frames s−1 before moving to the next
magnet position. The extension, l = 〈z〉, of the molecule of the DNA was monitored with an
error of about 10 nm with 1 s averaging using three-dimensional, video-rate tracking of the
bead [30]. The horizontal motion of the bead 〈Δx2〉 allowed the determination of the tension
in the molecule via the equipartition theorem: F = kBT l/〈Δx2〉 with 10% accuracy.
Mechanical drift in the data was eliminated using differential tracking of a second bead
stuck on the surface. Data were analyzed as described in [31].

3. Results
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Figure 2 shows the extension versus force curves for a representative DNA tether which was
subjected to 10 cycles of stretching and relaxation, first in the absence of protein and, then,
in the presence of 170 nM CI. The data clearly show that more force is needed to stretch the
DNA molecule in the presence of protein. Note that the 2.3 kbp-long, DNA loop between
the specific binding sites in the oL and oR regions mediated by CI is never detected, because
the tension suppresses Brownian fluctuations large enough to bring such distant sites in the
reciprocal vicinity. The difference between the control data (circles) and the overall protein
data (diamonds) at a given force (magnet position) also appears to increase as the force
decreases. This may indicate that at lower forces, it is easier for more proteins to bind nonspecifically, as one would expect from work indicating that tension drives off proteins from
the molecule [29].

4. Calculation of the change in the number of bound proteins
The change in the number of non-specifically bound CI proteins (all bound proteins except
the six specifically bound) in these data was estimated using a theory proposed by Zhang
and Marko [23]. The Zhang–Marko approach is based on writing a microscopic energy
function describing the equilibrium thermodynamics of a finite-length DNA molecule
interacting with protein, in the form:
(1)
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Here τ is the external constant torque, coupled to the DNA linking number expressed as an
angle, and the constant force f is coupled to one space component of the end-to-end
extension X. The finite sum is over all binding positions i with binding affinities Ki, where ni
denotes binding position-occupation number and protein concentration c is related to the
chemical potential μ. The last term Eint is the internal energy due to conformational
fluctuations of the DNA molecule and bound proteins. Writing the exact differential of the
energy as a function of its proper thermodynamic variables f, μ, and τ, Zhang and Marko
derive three Maxwell relations. One of the relations,

(2)

relates the average end-to-end extension 〈X〉 to the average number of bound proteins 〈N〉.
This relation implies that, if one measures extension as a function of force and protein
concentration, the change, ΔN = 〈N〉f,μ,τ − 〈N〉f0,μ, τ, in number of bound proteins as a
function of the pulling force, f, can be calculated by carrying out the integration,

(3)
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where f0 is a reference value of the force. We used our experimentally measured, force–
extension data for λ DNA to evaluate the integral numerically employing two different
methods. In the first method, we used a Riemann sum approach calculating the integral by
summing the areas under the data points. In the second method, we first fitted the data to a
convenient functional form and then evaluated the integral analytically.
The force–extension data, shown in figure 2, were obtained by plotting the average change
in the extension of the molecule obtained in the absence of CI and in the presence of 170 nM
CI, as a function of force. For the numerical integration, we estimated the derivative (∂〈X〉/
∂μ)f, τ in equation (3) from the shift in extension between the two sets of measurements (one
in the absence of protein and the other at 170 nM protein concentration) at different forces.
To do so, we first recognize that μ = kBT ln(c) and substitute it in equation (3) to express the
integrand in terms of the experimentally known quantity c:
(4)
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We, then approximate the derivative ∂〈X〉/∂c at c = 170 nM as ΔX/Δc with Δc = 170 nM.
Figure 3 shows the shift in extension, ΔX, along with its error, as a function of force.
Based on the calculations described above, table 1 shows the estimated reduction ΔN at c =
170 nM as the calibrated force increases from f = 0.13 pN to f0 = 4.81 pN. We report the
results based on two integration methods, one using the Riemann sum approximation and
the other using analytic curve-fitting on the data. For each method, in addition to integrating
along the average data points, we integrated along the upper and lower bounds of the error
bars. This was done to show the impact of the error on the estimated change in the number
of bound proteins. The second method used to calculate the change in the number of bound
proteins was to fit the shift versus force data to a continuous function and then integrate it
analytically over the desired range of forces. We fitted the data to the functional form a/(1 +
bx), because of its analytic simplicity and the fact that the data appear to have the functional
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form of the usual Langmuir adsorption curve. As shown in figure 3, we obtained excellent
least squares fit to the data, as well as the upper and lower bound values of the data with one
standard deviation of error. The values of the parameters a and b for all three cases are also
reported in table 1. Finally, in figure 4, we also show the increase of the non-specific
binding as the force is reduced from 4.81 to 0.13 pN.
Based on the fact that the length L of the DNA tether is about 16 kbp, and assuming that a
non-specifically bound protein occupies a length d of about 25 bp, a tether that is completely
saturated with protein would have about 640 bound repressors. We observe from figure 4
that, at 170 nM CI, as the pulling force on DNA is reduced from 4.81 to 0.13 pN, an
additional 22% of the length of the tethered DNA becomes bound by CI proteins.
Furthermore, we observe that the nonzero slope of the curve at 0.13 pN in figure 4 suggests
that this force is not low enough to cause saturation of DNA by repressors. Likewise, the
non-zero slope at 4.81 pN suggests that this force is not high enough to minimize the
number of repressors bound to DNA.

5. Conclusion
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In this work, the difference between force versus DNA extension curves obtained in the
absence and presence of protein were analyzed using a recent implementation of the
Maxwell relations [23] in order to quantify the number of DNA bound proteins. Although
this is a proof of principle report, with measurements performed using only one protein
concentration, it clearly shows the applicability of the Zhang and Marko approach [23] and
the biophysical significance of this kind of experiment and analysis. A more detailed study
is in progress using different protein concentrations which will allow determination of the
protein binding affinity of the absolute number of proteins bound. Indeed, a detailed and
quantitative characterization of non-specific protein binding to DNA is essential to the
understanding of this extremely important physiochemical phenomenon, which is involved
in many (in time, we may find all) DNA transactions and may be a significant part of most
regulatory mechanisms based on long-range protein–protein interactions on the genomic
scaffold.
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Figure 1.

Schematic diagram of the magnetic tweezer setup and the expected force–extension curve.
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Figure 2.
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Extension X/L versus force data obtained by stretching a single molecule of DNA in the
presence of 170 nM CI using MT. The data points represent averages at each force (magnet
position). The symbols are as follows: black circles represent the control data (absence of
CI); green diamonds represent the data in the presence of 170 nM CI; red open diamonds
represent half of the data in the presence of protein while the molecule was being stretched;
blue crosses represent half of the data in the presence of protein while the molecule was
being relaxed. The error bars represent one standard deviation in the DNA extension.
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Figure 3.

Shift in DNA extension ΔX versus force. The error bars are the sum of the standard
deviations of the extension measurements at each concentration, divided by the square root
of the number of measurements, which is 10. The continuous curves are the best least
squares fit to the data using the analytic function of the form a/(1 + bx). The solid line shows
the best fit to the experimental data (circles), the dotted curve shows the best fit to the upper
bound of the data (× symbols), and the dashed curve is the best fit to the lower bound of the
data (+ symbols).
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Figure 4.

The change ΔN/(L/d) in protein occupancy for DNA at 170 nM CI as the force reduces from
4.81 to 0.13 pN. Here, L is the length of the DNA molecule and d is the length of a single
binding site. The blue dots represent the change as estimated using the average data points
and are shown along with their error bars defined by upper and lower bound values.
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The reduction in the number of bound proteins calculated from (3) as the force increases from f = 0.13 pN to f0
= 4.81 pN. The calculated values using the Riemann sum approach, and an analytical integration of a function
of the form a/(1 + bx), are given for the average data points, as well as the upper bound and the lower bound
values. The values of a and b from the best least squares fit are also shown.
Data points

a

b

Average

592.6

Lower bound

515.8

Upper bound

667.0

Analytic

Riemann sum

2.345

138

136

3.103

98

76

1.864

184

196
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