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Abstract

The rate of dissociation of a DNA-protein complex is often considered to be a property of that
complex, without dependence on other nearby molecules in solution. We study the kinetics of
dissociation of the abundant E. coli nucleoid protein Fis from DNA, using a single-molecule
mechanics assay. The rate of Fis dissociation from DNA is strongly dependent on the solution
concentration of DNA. The off-rate (koff) of Fis from DNA shows an initially linear dependence
on solution DNA concentration, characterized by an exchange rate of key ~ 9x1074 s™1 (ng/ul)~1
for 100 mM univalent salt buffer, with a very small off-rate at zero DNA concentration. The off-
rate saturates at approximately Koff max ~ 8x1073 571 for DNA concentrations above ~ 20 ng/pl.
This exchange reaction depends mainly on DNA concentration with little dependence on the
length of the DNA molecules in solution or on binding affinity, but does increase with increasing
salt concentration. We also show data for the yeast HMGB protein NHP6A showing a similar
DNA-concentration-dependent dissociation effect, with faster rates suggesting generally weaker
DNA binding by NHP6A relative to Fis. Our results are well-described by a model with an
intermediate partially-dissociated state where the protein is susceptible to being captured by a
second DNA segment, in the manner of “direct transfer” reactions studied for other DNA-binding
proteins. This type of dissociation pathway may be important to protein-DNA binding kinetics in
vivo where DNA concentrations are large.
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Introduction

Once a DNA-binding protein has bound to a location along a double-helix DNA, the rate of
its dissociation, k¢, is often considered to be independent of other macromolecules in
solution. One usually considers kqt to be a property of the protein-DNA complex, with units
of a pure rate (s71). Balancing this off-rate against a diffusion-limited on-rate described by a
binary reaction constant kg (with units of M~ s71) gives the familiar hyperbolic binding
isotherm (Ppoung = €/ [C + Kq]), with a concentration-independent dissociation constant Kg =
Koff / Kon, describing the bulk protein concentration c at which the binding site is 50%
occupied by the protein. This type of model is often used to analyze data for protein-DNA
interactions, and implicitly assumes that there are distinct bound and unbound states,
without a significant kinetic role of other incompletely bound states present along the kinetic
unbinding pathway.

However, given that even small DNA-binding proteins are macromolecules that bind nucleic
acids via an array of noncovalent bonds, it is plausible that dissociation of a protein from
DNA may involve intermediate, incompletely bound states, and that during the time that
those intermediates are present, additional macromolecules may be able to affect rebinding
or dissociation, effectively competing with the partially bound protein for its binding site 1.
Many DNA-binding proteins are dimeric in structure, and release of a monomer from a half-
site provides a reasonable mechanism to generate a partially bound intermediate?: 3,
Whatever the detailed mechanism, any “facilitated dissociation™ effect of this type is likely
to be important for dynamics of protein binding in vivo, where there are high concentrations
of proteins competing for DNA binding sites 1 2: 3,

This effect is often not considered for DNA-binding proteins, but in fact a number of
experiments have recently observed dissociation rates of proteins from DNA that depend on
the solution concentration of protein. Double-stranded-DNA (dsDNA)-binding proteins
which have displayed protein-solution-dependent dissociation rates include Fis, a small (23
kD) dimeric DNA-bending nucleoid protein from E. coli 1; the monomeric yeast chromatin
protein NHP6A 1; the bacterial copper-dependent transcription factor CueR 4; and T7 DNA
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polymerase . Similar effects have been observed for the single-stranded DNA (ssDNA)-
binding proteins E. coli SSB &, in interactions between histones and the transcription factor
LexA 7, and for human RPA 8. In addition, a recent paper has observed similar behavior for
dissociation of a ssDNA oligonucleotide from a complementary ssDNA strand . While
many of these observations have used single-molecule methods that allow direct observation
of molecule binding kinetics, stop-flow kinetic measurements have seen similar effects for
SSB-ssDNA interactions®.

For Fis, a fluorescent protein single-DNA-based assay determined a nearly linear
dependence of off-rate on solution Fis concentration for Fis concentrations up 50 nM 1, with
Koff & Koff,0 + Kex C, Where Kogr o~ 1 x 1073 s71 and kex &~ 6 x 10* M1 s71. The small value
of key relative to a diffusion-limited reaction rate (typically ~10° M1 5711 10y syggested
that dissociation occurred via a relatively rarely appearing intermediate state. Theoretical
work based on this general idea has provided a quantitative rationalization of this effect,
based on the hypothesis that when an incompletely dissociated state appears, molecules in
solution can block rebinding of the protein, facilitating its eventual dissociation 2: 3.

The Fis homodimer has two helix-turn-helix motifs which bind successive major grooves of
DNA along a 21 bp binding window. Both DNA minor groove compression and bending
of the helix axis are required to form a Fis-DNA complex. For dimeric proteins like Fis,
binding and unbinding may occur by successive interactions with half-binding-sites, and a
partially bound intermediate state (or states) may be susceptible to competition with other
molecules in solution. We stress that the general mechanism of appearance of an
intermediate that may have rebinding kinetics influenced by nearby molecules in solution
does not require a dimeric structure of either binding partner.

This mechanism for protein-stimulated dissociation of protein from DNA parallels the more
familiar phenomenon of “intersegment transfer” of proteins from one DNA location to
another, via formation of a DNA-protein-DNA intermediate 1% 12, Double-helix to double-
helix “direct transfer” processes have been observed for a variety of DNA-binding ligands
and proteins, including ethidium bromide 13: 14, bacterial transcription factors CAP and Lac
repressor 12 16 restriction enzymes 17, eukaryote transcription factors 18: 19: 20 HMGB
proteins 21, and histones 22 23, Direct transfer kinetics also have been observed for transfer
of proteins between ssDNA segments, notably for RecA 24 and SSB 25 26: 27 Acceleration
of more complex DNA-to-DNA protein transfer reactions by increased DNA segment
concentration has also been observed, for example chromatin-remodeling-factor-aided
displacement of core histones 28, Direct transfer thus has been observed for a wide range of
DNA-binding ligands and proteins, indicating the ability for proteins to move directly from
DNA segment to DNA segment to be rather common.

Here we report results of a quantitative study of DNA-stimulated dissociation and DNA to
DNA direct transfer of Fis, which has had its protein-stimulated dissociation studied in
detaill. We use a magnetic tweezers approach to detect protein unbinding through changes
in the mechanical properties of the protein-DNA complex (Fig. 1A). The amount of DNA
compaction was used to measure the amount of Fis bound 2°, an approach that has been
exploited in prior experiments23 30: 31,3233 ‘e find that DNA segments in solution
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drastically accelerate the dissociation of Fis from DNA, presumably via direct transfer of the
protein to the competitor molecules. While the off-rate initially increases linearly with
solution DNA concentration, it then saturates above a certain DNA segment concentration.
We find that the reaction is mainly dependent on the net concentration of DNA base pairs in
solution, rather than on the length of the DNAS or on their sequence (i.e., on their affinity for
Fis). We also show that a similar DNA-segment-facilitated dissociation effect occurs for the
yeast chromatin-associated protein NHP6A. Notably, NHP6A binds DNA via a single-HMG
box, indicating that this effect for double-helix-binding proteins does not require two DNA-
binding domains.

Dependence of DNA compaction on Fis concentration

We first carried out equilibrium binding experiments to measure the amount of compaction
of the 10 kb tethered DNA as a function of Fis concentration in 100 mM KGlu buffer. In a
series of experiments at Fis concentrations from 0 to 200 nM, we measured the extension of
DNA at a series of forces from approximately 0.1 pN to 10 pN (Fig. 1B), ascertaining that
each measurement was in mechanical-chemical equilibrium by comparison of measurements
taken over a few-minute interval. As we increased the Fis concentration up from zero, we
observed a gradual compaction (reduction of extension) of the molecule until 20 nM Fis was
reached. This is the expected effect for a DNA-bending protein such as Fis; the added bends
introduced by the protein binding to the double helix lead to an effective shortening of its
persistence length, and therefore a compaction of it against applied force 34 35 36: 37 |n this
regime, the degree of compaction can be taken as a proxy for protein binding, since the
compaction is monotonically increasing with solution protein concentration and therefore
binding. The gradual increase of compaction with protein concentration in the 0 to 20 nM
Fis concentration range is indicative of non-cooperative binding behavior in this
concentration range, in accord with observation of gradual and non-cooperative binding in
EMSA experiments 38,

For larger concentrations of Fis (Fig. 1B, 50 to 200 nM), the compaction effect was
observed to be reduced, as has been observed for other DNA-bending proteins 23: 32; 38; 39,
This compaction-reversal effect is possibly due to gradually more ordered binding of protein
along the double helix, with bends phased inside a protein-coated stiff filament 23: 38: 39, |n
this study, all experiments are done in the low-concentration regime (at or below 20 nM), to
allow us to consider DNA compaction to be monotonic as a function of amount of bound
protein. The data of Fig. 1B agree with data from similar prior measurements36: 38,

The data for 20 nM Fis indicates that the amount of compaction (length reduction in
microns) in protein solution, relative to buffer alone is larger at lower forces. We decided to
focus on a force level of 0.3 pN, where there is a extension change of the 10 kb DNA from
about 2.3 to 1.4 pm as Fis concentration is raised from 0 to 20 nM, but also where there are
not strong and slow random-coil fluctuations of the molecule that make extension
measurements problematic. This force is also sufficient to suppress contacts between
different points along the DNA molecule via thermally excited loop formation, reducing the
likelihood of direct transfer reactions along the micromanipulated DNA.
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Fis spontaneously dissociates to macromolecule-free buffer extremely slowly

We carried out experiments to measure the compaction by Fis before and after replacement
of Fis solution with buffer alone. In a series of 5 trials we measured the extension of 10 kb
DNA tethers in protein-free 100 mM KGlu buffer; we then replaced the buffer with 20 nM
Fis in 100 mM KGlu solution and measured extension again, and we then finally replaced
the protein solution with protein-free 100 mM KGIlu buffer and measured extension a third
time (Fig. 2A). The result was that the naked DNA in KGlu buffer had an extension of ~2.3
um before protein was added, an extension of /1.7 um after protein was added, and then
maintained the ~1.7 um extension after the protein solution was removed. Kinetics of
extension for a typical trial are shown in Fig. 2B; there is a very slow return of the extension
towards the naked DNA level (heavy dashed black line), with less than a 20% return to the
naked DNA level over 1200 s. Thus, in macromolecule-free solution, Fis is highly stable on
DNA, dissociating only very slowly, in accord with prior studies®: 11: 40,

Fis dissociation from DNA is stimulated by DNA segments in solution

Having established the stability of Fis-DNA complexes after introduction of protein-free
solution, we carried out similar experiments where a further solution exchange step was
added, to introduce DNA segments into solution. Following washing away of the protein-
containing solution by protein-free solution, we then brought herring sperm DNA (HS-
DNA) segments (average size 750 bp) in 100 mM KGlu buffer into the flow cell. Following
this third step, we observed a DNA-concentration-dependent recovery of the 10 kb DNA
tether extension back towards its naked DNA length. Fig. 3A—C shows Kinetic results for
experiments with 2, 20 and 100 ng/ul HS-DNA in solution, which show a gradual increase
in the rate with increasing DNA fragment concentration.

Each time course was fit to an exponential decay, giving an apparent Fis off-rate (Ko). We
averaged the resulting rates obtained from a series of these experiments at DNA
concentrations of 0, 2, 5, 10, 20, 50 and 100 ng/ul (for which N=3, 4, 3, 3,9, 5and 5,
respectively), obtaining the exchange rate vs. concentration data shown in Fig. 3D. The off-
rate at zero concentration is approximately 3x10™4 s™1 and increases to near 8x1073 s71 as
DNA fragment concentration is increased to 20 ng/ul. For higher DNA fragment
concentrations, the off-rate is essentially constant, indicating that the facilitation of
dissociation of protein is saturated.

To verify that the majority of the Fis protein was in fact dissociating, rather than simply
having its DNA-bending and compaction function interfered with by the DNA fragments,
we carried out a small number of similar single-DNA experiments, but where Fis occupation
was directly measured using fluorescence intensity, using a transverse magnetic tweezers
setup 1. After finding a tethered 48.5 kb A-DNA using bright-field imaging, 200 nM GFP-
Fis in 100 mM KGlu experiment buffer was introduced into the flow chamber, and then
washed out with protein-free experiment buffer. Then, HS-DNA fragments (0, 5 or 50 ng/pl)
were introduced into the flow chamber, after which fluorescence images were acquired
every 40 seconds. The results are shown in Supplementary Fig. 1. Little fluorescence decay
is observed for 0 ng/ul DNA (Fig. S1, blue squares) over a 15 minute period, compared to
robust decays observed in experiments with 5 and 50 ng/ul HS-DNA (Fig. S1, green
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diamonds, red circles). The rates for the decays (0.0033 +/— 0.00081 s~1 for 5 ng/ul HS-
DNA and 0.0062 +/- 0.0018 s~ for 50 ng/pl) are comparable to those obtained in the
vertical magnetic tweezers experiment (compare with Fig. 3D). These experiments verify
that the extension changes observed with the vertical magnetic tweezers correspond to
dissociation of Fis from DNA.

Dissociation rates show little dependence on DNA fragment length and sequence

Returning to vertical magnetic tweezers experiments, we next examined how much the
length of the DNA segments and their sequence affected the facilitated dissociation effect.
Therefore we carried out similar experiments, but using shorter 27 bp dsDNA molecules.
We chose to use molecules of sequence which had been previously characterized as to Fis
binding affinity; in decreasing order of Fis binding affinity, these molecules are called F1
(previously measured Kg=0.2 nM), F28 (K4=30 nM) and F29 (K4=400 nM) 41. Dissociation
rates were measured in experiments where initially 20 nM Fis was bound to DNA in 100
mM KGlu buffer, then where the protein solution was washed away using 100 mM KGlu
protein-free buffer, and then where 10 ng/ul 27 bp F1, F28 and F29 DNAs were added.
Results comparing these different DNAs are shown in Fig. 4A, along with the data for 10
ng/ul HS-DNA (average length 750 bp). Fis dissociation rates were nearly the same for all
these molecules at the same mass concentration (10 ng/ul), indicating that the main factor
controlling the facilitated dissociation effect is overall base-pair concentration rather than
length or sequence of DNA fragment.

We carried out a series of experiments with the 27 bp F1 dsDNA at varied concentrations to
check whether the mass concentration dependence of facilitated dissociation driven by that
molecule matched that obtained with HS-DNA. We first measured the rate of dissociation of
Fis (bound at 20 nM concentration) driven by 0.3 ng/ul (21 nM) of 27 bp F1, which
corresponds to the same molar (molecular) concentration as 10 ng/ul HS-DNA. The result
was a much slower dissociation rate than seen for experiments at 10 ng/ul (Fig. 4A,
rightmost data point), again in accord with overall base-pair concentration controlling the
dissociation rate. In a series of such experiments using 27 bp F1 DNA we obtained
dissociation rates that nearly matched those from HS-DNA, when plotted as a function of
mass concentration (Fig. 4B). This verified that the major factor controlling DNA-facilitated
dissociation was the overall mass, i.e., base-pair concentration.

Given that the size of a Fis binding site is approximately 21 base pairs, we were curious if
even shorter DNAs would lead to a weaker facilitated dissociation effect. Fig. 4C shows the
results for a series of experiments using DNA lengths (~750 bp HS-DNA, 27 bp F1 DNA,
21 bp DNA and 15 bp DNA) all at the same mass concentration of 20 ng/ul. Although the
rate of dissociation does go down with DNA length, the effect of length is weak, with 15 bp
dsDNA driving dissociation at about 75% of the rate observed for HS-DNA.

We also were curious whether double helix structure was required for the facilitated
dissociation effect, so we carried out experiments using 27 base single-stranded DNA at a
concentration of 10 ng/ul. The result was that little dissociation occurred, and at a very slow
rate (Fig. 4C, 5th bar). Similarly, heparin (a highly negatively charged sulfated
glycosaminoglycan) at 10 ng/ul causes only a small amount of slow dissociation (Fig. 4C,
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6th bar). These experiments indicate that the facilitated dissociation effect requires DNA
double helix structure, and not just the DNA backbone or a heavily negatively charged
molecule.

Dissociation rates are faster at higher salt concentration

We next studied how overall KGlu concentration affected the facilitated dissociation rates,
given the appreciable salt-dependent electrostatic contribution to many protein-DNA
interactions 42, including those of Fis 38, In a series of experiments using varied KGlu
concentration (50 mM through 300 mM, see Fig. 5A) we checked that after binding Fis at 20
nM protein concentration, the protein remained on the 10 kb DNA tethers following
replacement of the protein solution with protein-free buffer. The results are shown in Fig.
5A, and indicate that there is little change in 10 kb DNA extension and therefore in amount
of bound Fis resulting from replacing the protein solution with protein-free buffer, for KGlu
concentrations of up to 200 mM. Use of 300 mM KGlu (rightmost bars of Fig. 5A) led to a
small change in extension due to the replacement of protein solution with protein-free
buffer, indicating that most of the protein remained on the DNA even for that case (compare
with leftmost bars of Fig. 5A for naked DNA in 100 mM KGlu). A kinetic trace is shown in
Fig. 5B, indicating a stable level of DNA compaction and therefore Fis occupation, in an
experiment where binding of 20 nM Fis in 200 mM KGlu was followed by incubation with
200 mM KGlu buffer.

Results for the rate of DNA-segment-facilitated dissociation of Fis from pNG1175 DNA,
following binding at 20 nM Fis concentration and a wash with protein-free buffer, and then
addition of 10 ng/ul HS-DNA in the same buffer, are shown in Fig. 5C. The rate increased
quickly with salt concentration, increasing from about 1x1073 s™1 to about 2x1072 571 as
KGlu concentration was changed from 50 to 300 mM. When plotted on logarithmic axes,
the data fit well to a straight line of slope 1.9+0.3 suggesting a power law dependence of
dissociation rate oc [KGIu]1-9. Increased salt concentration accelerates the overall rate of
DNA-segment-facilitated dissociation of Fis from DNA.

We also carried out measurements of off-rate of Fis from DNA as a function of HS-DNA
concentration at a fixed salt concentration of 200 mM KGlu. Fig. S2 shows these results
(gray triangles) compared to the 100 mM KGlu results of Fig. 3D (black squares). The rates
are uniformly faster at the higher salt concentration, with a faster initial exchange rate
constant, and a larger final saturation off-rate of 1.2x10~1 s1 reached for HS-DNA
concentrations above 10 ng/ul.

The yeast HMG box protein NHP6A shows DNA-segment-facilitated dissociation effects
similar to those of Fis

We wanted to determine whether similar effects could be seen for another DNA-binding
protein, and given that prior experiments had seen slow dissociation of NHP6A to 100 mM
KGlu buffer 43 we carried out experiments examining the rate at which HS-DNA segments
removed that protein from DNA. Fig. 6A shows the extension of pNG1175 DNA under 0.3
pN tension with NHP6A bound at 33 nM concentration in 100 mM KGlu buffer, after
washing of the protein solution with protein-free buffer (2800 to 3800 s, solid line). The
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protein is stably bound to DNA and shows essentially no dissociation (solid black line,
relative to dashed line showing length of naked DNA at the same tension). When 1 ng/ul
HS-DNA segments were added, a gradual dissociation occurred (Fig. 6B). Averages of a
series of experiments of this type yielded the average rates shown in Fig. 6C; 1 ng/ul HS-
DNA leads to much faster dissociation of NHP6A than occurs in protein-free buffer.
Although NHPG6A is stably bound in the absence of dsDNA segments in solution, it is more
susceptible to facilitated dissociation by DNA than is Fis, reflecting its overall weaker
affinity for DNA.

A model of facilitated dissociation via two intermediate states describes facilitated
dissociation and its saturation

In our experiments we measure the time course of release of initially bound proteins, and we
find that solution-phase DNA segments facilitate dissociation of the initially bound
molecules. The experiments with Fis show a dissociation rate which initially increases with
concentration, and which then saturates at a maximum dissociation rate. This saturation
effect was not previously seen for protein-facilitated dissociation of Fis 1 but is readily
apparent for DNA-facilitated dissociation (Fig. 3D). This behavior is readily produced by a
simple model of dissociation where an initially well-DNA-bound protein (Fig. 7, state 0) can
be thermally excited into an “activated”, partially bound state (state 1). In the activated state,
the protein can bind to a second DNA segment (state 2) to form a ternary complex; the rate
of binding of this second segment is proportional to the bulk DNA segment concentration c.
From the ternary complex (state 2) either DNA segment can be released, leading either to
release of the second segment (return to state 1), or complete release of the original DNA
segment (state 3).

This type of reaction scheme has previously been used to describe transfer of RecA between
ssDNAs (see Fig. 10 of Ref. 24), and to quantitatively analyze DNA-to-DNA transfer
reactions involving ethidium bromide 14 and bacterial transcription factors 1°. A feature of
the present experiment is that we work under conditions of large excess of competitor DNA
segments relative to tethered DNAs. A small amount of DNA (< 0.1 ng) is tethered in the
flow cell, compared to the >200 ng of DNA brought in as a competitor into the ~100 ul flow
cell volume at the low end of the competitor concentrations we have used (at higher DNA
concentrations the excess is even greater). It is therefore reasonable to neglect the reaction
from state 3 back to state 2; this is suppressed by a factor of more than 500 by the excess of
competitor over tethered DNAs. Neglecting the rate from state 3 to 2 is further justified by
our observation that we see complete recovery of the DNA extension to its “naked” value in
even the lowest-DNA-concentration reactions (e.g., Fig. 3A). The fact that the final protein-
transfer step is irreversible allows us to use an exact first-passage-time analysis with a
simple result, instead of the more traditional and complex chemical reaction relaxation rate
analysis 44 needed when the initial complex and competitor are at comparable
concentrations.

We make three additional justified assumptions that simplify the analysis. First, we consider
the rates kp1 and ky3 to be equal given that they correspond to nearly symmetric DNA-
release transitions (relaxing this assumption does not change the predictions of the model
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but only modifies the interpretation of the fit parameters). Second, while in principle a
transition directly from state 1 to fully dissociated protein can be added, because we see
essentially no release of Fis without DNA segments in solution (Fig. 2B, Fig. 6A) we omit
this process here (again this effect may be included if needed). We emphasize that the
second-segment binding transition from 1 to 2 is the only point at which the bulk DNA
concentration enters into the model, with ki, having units of (time concentration)™1. The
other constants Kqg, kio, ko1 and kog are all intramolecular rates with units of (time)™1,
corresponding to concentration-independent processes. Third, we suppose that the initially
bound protein initially is in state O, which is equivalent to assuming kp; << Ky, i.€., that state
1 is rarely populated.

For our experiment, it is convenient to compute the average time for an initially bound
protein to dissociate as a function of bulk DNA segment concentration c, since this is just
the inverse of the rates of Fig. 3D obtained from the fitting of the time courses to
exponential decays. For the model of Fig. 7, assuming that the final dissociation reaction is
irreversible, this amounts to computation of the mean first passage time from state 0O to state
3. This can be computed exactly using methods similar to those in Ref. 4°:

tot=A+B/c (1)

where A and B are functions of the rates

A=1/ko1+1/kaz  B=2(ko1+ki0)/ (ko k12) (2
The derivation of these formulae is included in the Supplementary Materials.

The reciprocal of (1) provides the rate for the exponential dissociation time course, i.e., Kyt
=c/ (Ac+ B). For small concentration (c < B/ A), the rate is ¢/ B, and initially rises
linearly with concentration. The “exchange rate constant” 1, or prefactor of concentration, is
kex =1/ B =[ko1 / (kortkig)] (K12 / 2). This can be understood as just the probability of
occupation of state 1 in quasi-equilibrium with state 0 [Kg1/(kg1+kq0)] times the rate at which
binding of the second DNA segment takes place (the factor of 2 arises from the symmetry
between the rates of the two exit routes from state 2). In this low-concentration regime, the
rate-limiting step is the binding of the second DNA segment (the transition from 1 to 2 with
rate ki €). A key point of this model is that despite the appearance of concentration
dependence in only one microscopic on-rate (the transition from 1 to 2), there appears an
emergent concentration dependence in the net off-rate (the transition from 0 to 3 considered
as one process, and the transition observed experimentally).

For large concentration (c > B/ A), the rate saturates at a value of Kyfr max = 1/ A, which
corresponds to the inverse of the total time to pass through the two transitions from 0 to 1
and from 2 to 3, since the concentration in the second-segment binding step from 1 to 2 is no
longer rate-limiting. It should be noted that in this high-concentration regime, the apparent
off-rate is nearly constant, despite the fact that incoming segments of DNA are responsible
for the dissociation. The rate (reciprocal of Eq. 1) can be expressed in terms of Kyt max and

Kex @S Koff = Kex C/ (1 + Kex €/ Koff,max)-
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We fit the reciprocal of (1) to the rates of Fig. 3D to obtain the constants A = 118+10 s and
B=1160%80 ng's/pl (solid curve in Fig. 3D shows this fit). The initial linear rate therefore
fits to key = 1/ B = 8.6 x 1074 (ng/ul)~1 s~1, and the rate reached at high concentration is
Koff max =1/ A=8.5x 103 s7L,
Discussion

Fis and NHP6A show DNA-segment-facilitated dissociation

In prior work we have shown that Fis and other proteins display off-rates from DNA that
depend on solution concentration of other proteins that are competing to bind the same
dsDNA 1. In this paper we have studied similar “facilitated dissociation” effects driven by
solution phase DNA segments; the presence of DNA segments accelerates the release of pre-
bound Fis from a DNA molecule in the manner of “direct transfer” reactions studied for
other proteins exchanging between nucleic acid

molecules 10; 12; 13; 14; 15; 16; 17; 18; 19; 20; 21; 22; 23; 24; 25; 26; 27; 28 \\/e have done most of our
experiments using the DNA-compacting effect of Fis as a readout of binding (Fig. 1), but we
have verified the effect using fluorescence detection of GFP-Fis fusion proteins (Fig. S1).

We have found that Fis dissociation starts out being strongly stimulated by DNA fragments,
increasing from a very slow rate at zero DNA concentration (Fig. 2) to a rate of
approximately 8x1073 s71 as solution concentration of DNA is increased from zero to ~50
ng/ul. However, for larger DNA concentrations, the release rate remains roughly constant
(Fig. 3). This effect is largely independent of DNA length and sequence (Fig. 4), but is
controlled by the net mass concentration (base-pair concentration). We have also observed
the Fis release rate to be salt-dependent (Fig. 5), the rate increasing as a power law of KGlu
concentration (exponent ~ 2), an effect in accord with the general tendency for increased
salt concentration to weaken electrostatic interaction of proteins and nucleic acids 42 46,

We have also demonstrated similar DNA-segment-facilitated dissociation for the HMG-box
yeast transcription factor NHP6A. This result establishes solution-DNA-concentration-off-
rate-dependence for a protein known to exhibit protein-facilitated dissociation 1 but which
binds through a different type of protein fold (a single HMG box in the case of NHP6A
versus a pair of helix-turn-helix domains for Fis), and which binds via only one DNA-
binding domain.

We have also discussed a model for this effect with two intermediate states which account
for the possibility that the initially bound protein can transiently access a partially bound
state, to which a second DNA segment can bind. This type of model has been used before to
describe “direct transfer” reactions of proteins between nucleic acid molecules 14 15: 24,
Here we use an analysis that takes advantage of the limit of large excess of competitor DNA
to initial protein-DNA complex typical of single-molecule experiments. This first-passage
kinetic analysis leads to rather simple analytical formulae for fitting kinetic data. The result
produces the initial linear dependence of off-rate on solution concentration, and also the
saturation effect at high DNA concentration (Fig. 3).
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This model provides an interpretation of the initial linear rate of increase of apparent off-rate
with concentration, Key, in terms of the probability of the appearance of a partially unbound
state [ko1/(Ko1tkio)] times the rate at which an incoming molecule binds to the complex
leading to a complete dissociation (ki / 2). For dSDNA fragments from 27 bp to ~750 bp in
length we find that that the exchange rate is determined by total base-pair concentration (or
equivalently, mass concentration), with initial linear behavior ko ~ key C, With key = 9 %
1074 (ng/pl)~1 s71, This can be converted to a rate in terms of Fis binding site concentration
(21 bp, ~ 13,000 g/mol), as keyx ~ 1 x 104 M~1 571, comparable to the rate seen for Fis/GFP-
Fis protein-protein exchange of 6 x 10* M~1 5711, The similarity of these rates for protein-
and DNA-facilitated dissociation of Fis from DNA is suggestive of a similar underlying
mechanism, i.e., similar probabilities of the partially unbound state which gives a competing
molecule access to the initially bound complex.

Given that the diffusion-limited binding reaction ratel® ~10° M~1 s71 is an upper limit for
kio, the exchange rate constant of ke, ~ 1 x 10* M1 s71 suggests that the prefactor kqs/
(ko1+kqp) describing the probability of the partially bound precursor state (1) in Fig. 7 is at
most ~107°. In turn this suggests that the partially bound state (1) is rather rarely occupied,
and has a free energy on the order of In(10°) kgT = 11.5 kgT. This value is consistent with
the idea that state (1) has had Fis-DNA interactions appreciably disrupted and also validates
our assumption that initially the protein may be considered to be in state O (i.e., that ky; <
kig). We note that evidence exists that Fis is capable of binding duplex DNA at a density of
one dimer per 11 bp (rather than the usual 21 bp) 38, providing further justification for
consideration of a partially bound transient state in our exchange reactions.

The model also provides a straightforward explanation of the saturation of the rate of release
of protein observed experimentally (limiting rate at high concentration in Fig. 3D); if the
concentration is sufficiently high, the rate-limiting process for dissociation ceases to be
diffusion-limited transport of the competitor to the complex, but is instead controlled by the
concentration-independent rates for intermediate state formation (ky;) and ternary complex
disassembly (ko3); the saturation exchange rate is essentially the smaller of these two rates.
We observe a saturation of ku at roughly 8x1073 s71 for Fis bound to DNA in 100 mM
KGlu solution which is therefore either the rate kg of appearance of state 1 of Fig. 7, or
alternately the rate kp3 at which the protein dissociates from the ternary complex of state 2.
Further experiments may be able to discern which of these two rates is in fact the rate
limiting one, i.e., comparable to Kyff max-

The appearance of a concentration-dependent off-rate is a consequence of the formation of a
ternary complex between three molecules 1: 2 3: 4; 6: 8. 18:19:20; 27 \we note that strictly
speaking, it is not necessary to maintain a truly chemically bonded complex; merely the fact
that a dissociated molecule will stay near its original substrate for a short time (a
“microdissociation”) should be able to generate the same effectl: 9 17, Of course this
“microdissociation” mechanism still relies on the spatial localization of a molecule near its
binding substrate and in some sense is still a “ternary complex” mechanism.
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Comparison of results with observations of facilitated dissociation of other DNA-binding

proteins

We compare our result for Fis exchange between DNA segments, characterized by ke, ~ 104
M~1 571 (per 21 bp Fis binding site, or from our 27 bp measurements), with results from
other experiments. As noted above, our own experiments with Fis/GFP-Fis exchange 1, as
well as experiments of Gibb et al. 8 on exchange of RPA by Rad51 and RPA on ssDNA
segments, found comparable values of ke ~ 10* M~1 571, Higher rates in protein-facilitated
dissociation experiments have also been observed; experiments with CueR exchange on
dsDNA 4 have found key =~ 108 M~1 571, while older experiments of Schneider et al 2° on
exchange of SSB on ssDNA also observed ke =~ 107 M~1 571, This range of rates suggests a
probability of occurrence of a transition state from 1071 to 107> (the factor by which these
rates are below the diffusion-limited ratel0 of ~10° M~1s71),

In experiments with EcoRI removed from DNA by DNA segments, Sidorova et al.1’
observed a much slower kgy ~ 1 x 102 M~1 571, with a similar exchange rate being recently
observed for ssDNA-ssSDNA exchange in a dsSDNA oligomer®. These groups attribute the
exchange reaction they observed to binding-site-occlusion during complete dissociation of
the initially bound pair of molecules. The slower kgy is consistent with this conclusion; both
of these experiments observe an appreciable change in off-rate only over micromolar
changes in the competing species concentration, much higher than the nanomolar
concentrations needed for appreciable change in off-rate we have observed for removal of
Fis from dsDNA by other protein molecules® or by short dSDNA segments. It is plausible
that the lower the value of kg, the more completely dissociated is the originally bound
protein in the transition state for the exchange reaction.

Experiments on E. coli Lac-repressor protein observed roughly similar transfer kinetics to
those observed here, with an initial linear dependence on DNA concentration with key =~ 30
M~1 bp~1 571 (Fig. 5 of Ref. 15), which corresponds to ke ~ 103 M~ s71 per Lac-repressor
binding site. Saturation of the transfer reaction off-rate was observed to be Koff max ~ 1073
s71 (Fig. 5 of Ref. 19) in the same range of saturation off-rate as observed for Fis.

We also note experiments on RecA transferred between ssDNA molecules with a bimodal
exchange rate characterized by “fast” and “slow” rates of key ~ 104 M~1 s™1 and 102 M~1
s1 (Fig. 2 of Ref. 24). These experiments were carried out at a relatively low salt
concentration (10 mM NaCl and 5 mM MgCl,), where electrostatic interactions are
enhanced, and where dissociation can be expected to be slow. In accord with this, increasing
salt concentration was observed to accelerate the exchange rates (Fig. 4 of Ref. 24). Those
experiments also observed saturation of off-rate at high nucleic acid competitor of Koff max ~
2x1072 571 (Fig. 8 of Ref. 24), faster but comparable to the 8x1073 s~1 saturation exchange
rate observed in this paper for Fis. In summary, the DNA-facilitated dissociation behavior
that we have observed for Fis using our single-molecule assay is quantitatively rather similar
to that observed for a range of DNA-binding proteins in bulk assays.

The existence of exchange reactions of the type discussed in this paper have strong
implications for quantitative analysis of kinetics of protein-DNA interactions, and for
consideration of the dynamics of chromosomally-bound proteins in vivol. For in vitro
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characterization of off-rates of a molecule from a substrate, one must consider the role of
molecules in solution which may affect off-rates through competition for the binding
substrate, and one must be careful about comparing “off-rates” obtained from experiments
done at different solution concentrations of competing molecules. Given the high
concentrations of macromolecules in vivo, the rates at which chromosomal proteins are
removed from DNA are likely strongly affected by competition with macromolecules in the
surrounding environment.

Materials and Methods

Protein Preparation

DNA

Wild-type Fis protein was over-expressed using the bacteriophage T7 promoter and purified
from RJ3387 (BL21 (DE3J) fis::kan-767 endA8: :tet) using a Bioscale S20 (Bio-Rad) FPLC
column followed by chromatography through Superdex 75 (GE Healthcare) as

described 38: 40, Recombinant NHP6A was purified from Escherichia coli essentially as
described 47, except that an additional FPLC mono S chromatography step was included.
GFP-Fis protein (a derivative of Fis with a GFP protein fused to its N-terminal end) was
prepared as described 1 and used in a small number of experiments.

Most of the single-DNA magnetic tweezers experiments (vertical experiments, see below)
were carried out using end-labeled and linearized 9702 bp plasmid pNG1175 43, which is a
slightly modified version of the 9691 bp cloning vector pFOS-1 (New England Biolabs).
pNG1175 was purified and then linearized by cutting at unique Spel and Apal restriction
sites. This linear molecule was ligated to ~900 bp PCR products carrying either biotinylated
or digoxigenin-labeled nucleotides, with Spel and Apal-compatible ends, respectively. The
resulting constructs were 11.4 kb long (referred to in what follows as 10 kb DNA tethers).

Sheared herring sperm DNA (Promega, Madison WI, referred to below as HS-DNA) was
used as a solution-phase competitor. Agarose gel electrophoresis showed these fragments to
be from 100 to 3000 bp in length with an approximate average size of 750 bp.

Additional experiments were carried out with three 27 bp dsDNA oligomers as solution-
phase competitors (IDT, Coralville 1A):

F1 (5-AAATTTGTTTGAATTTTGAGCAAATTT)
F28 (5-AAATTTGTTTGAGCGTTGAGCAAATTT)
F29 (5-AAATTTGTTTGGGCGCTGAGCAAATTT)
These molecules have had their Fis-binding affinities and Fis co-crystal structures analyzed

in detail 1141,

A small number of experiments were carried out with 48.5 kb A-DNA (Promega, Madison
WI1), end functionalized with biotinylated and digoxigenin-labeled sSDNAs using a
transverse magnetic tweezers system as described 1.
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Experiments were carried out using 50, 100, 150, 200 or 300 mM potassium glutamate
(KGlu), 20 mM HEPES aqueous solution, adjusted to a final pH of 7.5. The 100 mM KGlu
buffer is that used in Ref. 1. DNAs were tethered to magnetic particles in phosphate-buffered
saline (PBS, Gibco).

Vertical magnetic tweezers experiments

Vertical magnetic tweezers experiments (the majority of single-DNA experiments of this
paper) were performed in flow cells of ~50 pl volume that were assembled before each
experiment. The upper face of the flow cell was a #1 cover glass covalently functionalized
with anti-digoxigenin (Roche Diagnostics, Indianapolis IN) as described?3. Before an
experiment, a flow cell was filled and incubated with 0.25% w/v bovine casein (Sigma
Aldrich, St. Louis MO) in phosphate-buffered saline (PBS) solution to passivate the
surfaces. Linearized and end-labeled pNG1175 DNA was incubated with 2.7 um diameter
streptavidin-functionalized paramagnetic beads (M-270 Dynabeads, Invitrogen, Grand
Island NY) in PBS, allowing the biotinylated ends of the DNA to bind the beads. Then, the
beads were introduced into the flow cell, allowing their digoxigenin-functionalized ends to
bind the anti-dig-functionalized flow cell surface.

The flow cell was then placed on a magnetic tweezers setup, consisting of a 100X 1.35 NA
(Olympus) microscope objective on a piezoelectric positioner (Piezojena), near permanent
magnets that are positioned using a stepper-motor-driven translator23. The force applied to
the paramagnetic beads was adjusted by moving the magnets to different positions from the
flow cell. A fraction of the paramagnetic particles adsorb permanently to the cover slip,
providing a reference point for determination of the position of the glass surface. Vertical
positions of beads were measured using a focusing algorithm, and also by a separate
algorithm that uses the degree of focus of the beads to determine their distance from the
glass, both implemented by Labview (National Instruments, Austin TX) programs. Forces
were calibrated using a fluctuation method as described?3. The known force-extension
relation for single DNAs 48 was used to verify that a given bead was attached by a single
molecule. It was checked that the DNA molecules under study were non-supercoilable (or
“nicked”), by determining that magnet rotations did not change the extension of the DNA.

Once it was determined that the tether was a single DNA, a typical experiment started with
force set to 1 pN, followed by exchange of the tethering buffer (PBS) with the experiment
buffer (KGIu-HEPES buffer containing no protein or DNA segments; volume of buffer
exchanged ~400 pl). The initial length of the tethered DNA at various forces was measured
in buffer. Then, protein in KGlu buffer was introduced into the flow cell, and the length of
the tethered DNA was measured again. In a number of “static” experiments, a series of
force-extension measurements were made in protein-KGlu solution to measure the elasticity
of DNA in equilibrium with solution at a given concentration.

In “kinetic” experiments, the protein solution was next replaced with protein-free KGlu
buffer and the length of the tethered DNA was again measured. Then, a given concentration
of linear DNA segments in KGlu buffer were introduced into the flow cell, and the force
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was reduced to 0.3 pN to provide maximum accuracy for detection of extension change as
protein dissociated. Length measurements during the dissociation period were carried out at
a rate of approximately 40 s~1. Magnetic tweezers raw data were analyzed off-line using
Origin 7 (Originlab, Northampton MA).

Transverse Magnetic Tweezers Experiments

A small number of experiments were carried out using a transverse magnetic tweezers
system as described!, and 48.5 kb A-DNA end-functionalized with biotin and digoxigenin.
In short, .-DNA molecules were tethered to the inside of a glass capillary, the interior of
which was coated with anti-digoxigenin (Roche). The interior of the capillary was then
imaged using an inverted contact objective (100X, 1.4 NA, Nikon) using either bright-field
or fluorescence imaging. Streptavidin-coated magnetic particles (2.8 um Dynabead,
Invitrogen) were attached to the other end of the DNA molecules to allow them to be
manipulated using permanent magnets on a translator to the side of the capillary.

Experiments were carried out by first incubating the anti-digoxigenin-coated capillary with
DNA in 20 mM HEPES buffer (100 mM KGlu) to allow them to bind to the interior glass
surface then introducing the magnetic particles and incubating to allow the DNA to bind the
particles. Once an appropriate tether was identified, a solution of 200 nM GFP-Fis protein
was introduced and allowed to incubate for ~5 min. The protein solution was then washed
out with experiment buffer and fluorescence imaging was carried out to visualize the GFP-
Fis bound to the DNA. Finally, DNA fragments were added and a series of images were
acquired to follow the removal of the GFP-Fis from the A-DNA, in a manner similar to that
used in 1. Data were analyzed using Igor Pro 6 (Wavemetrics, Portland, OR) softwarel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increasing concentrations of Fis gradually compact DNA
End-to-end extension as a function of force for 10 kb DNA in solution with Fis. 20 nM Fis

solution shows the greatest change in length relative to naked DNA at 0.3 pN in comparison
with other concentrations (10 nM, 20 nM 50 nM, 100 nM, and 200 nM). When the
concentration of protein was greater than 20 nM, the length of the DNA began to return
towards that of naked DNA. Results of N=3 independent measurements were averaged to
obtain each data point; all bars represent standard errors.
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Fig. 2. Fis compacts DNA held at 0.3 pN and is stably bound after protein solution is removed
(A) Bars show length of DNA before addition of protein solution (left), after replacement of

buffer by 20 nM Fis (middle) and following replacement of protein solution with buffer
(right). When Fis is added, the extension is reduced by about 30%; there is little or no return
of the length to the naked DNA length following introduction of protein-free buffer. N=5 for
each data point. (B) Kinetics of a typical run showing very slow change in extension of
DNA at 0.3 pN following replacement of protein solution with buffer at t=4100 s. Note that
for times shortly before t=4100 s the force was larger (1 pN) to keep the magnetic bead from
being pushed to the surface by the buffer replacement.
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Fig. 3. DNA segments in solution accelerate dissociation of Fis from a 10 kb DNA
Following binding of 20 nM Fis and washing out of the Fis solution, DNA segments in

buffer were introduced, leading to a return of DNA extension to its naked DNA length. Time
courses for extension at (A) 2 ng/ul, (B) 20 ng/ul and (C) 100 ng/ul herring sperm DNA
(HS-DNA\) are shown; in addition we carried out experiments using 5, 10 and 50 ng/ul
DNA. Protein-free buffer washes were administered before the addition of competitor DNA
so that no excess protein was present in the flow cell. (D) Off rate ky¢ inferred from rates of
relaxation of DNA length as a function of HS-DNA concentration. When no competitor
DNA was added, the rate was undetectably small, but increased as DNA concentration was
increased, up to roughly 20 ng/pl. However, once the DNA concentration exceeded 20 ng/ul
the rate of release of protein leveled off.
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Fig. 4. Rate of DNA-facilitated protein dissociation depends mainly on base pair concentration
and not on length and sequence of solvated molecules

(A) In a series of experiments as in Fig. 3, competitor DNA in buffer was introduced,
following binding of 20 nM Fis to 10 kb DNA and washing away of protein solution by
buffer, and the rate of removal of protein from DNA was measured. Data points (each N=3)
from left to right show results for herring sperm DNA segments (10 ng/ul, N=3), high-Fis-
binding-affinity 27 bp F1 DNA (10 ng/ul, N=3), medium-affinity 27 bp F28 DNA (10 ng/ul,
N=3), and low-affinity 27 bp F29 DNA (10 ng/ul, N=3), and a low concentration of F1
DNA (0.021 ng/ul, N=3) which corresponds to roughly same molecular (molar)
concentration in base pairs as the ~750 bp HS-DNA fragments. The 10 ng/ul experiments all
show about the same facilitated dissociation rate, regardless of DNA length or sequence (Fis
binding affinity). (B) Concentration dependence of dissociation of Fis from DNA on DNA
fragment concentration, comparing results for HS-DNA (black squares; for 10, 20 and 50
ng/pl, N=3, 9 and 5) to 27 bp F1 DNA (gray triangles, N=3 for each concentration). The F1
DNA shows a similar rate versus concentration behavior to the HS-DNA segments,
indicating that the main factor controlling the facilitated dissociation is base pair
concentration rather than molar concentration of duplex fragments or sequence. (C)
Competitor DNA length dependence of dissociation. As length of DNA is reduced from ~
750 bp (HS-DNA) to 27 bp F1 DNA, 21 bp DNA and to 15 bp DNA, all at 10 ng/pl, there is
a mild reduction in the rate of release of Fis from DNA. Use of either 10 ng/ml 27 bp
ssDNA or heparin shows a much slower dissociation rate, indicating a requirement of
dsDNA.
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Fig. 5. Solution salt concentration dependence of facilitated dissociation of Fis from 10 kb DNA
driven by DNA segments

Experiments of the type shown in Fig. 3 were carried out using different solution salt (KGlu)
concentrations of 50 (N=4), 100, 150, 200 and 300 mM. Initially Fis at 20 nM concentration
was bound to DNA in buffer of a given salt concentration, then the same buffer was used to
wash the protein solution away, and finally DNA segments were introduced in the same
buffer. (A) Comparisons of extensions of DNA at 0.3 pN force before and after the buffer
wash following protein binding indicate that little or no Fis is lost by spontaneous
dissociation over the time period of the wash (4 min), with the most recovery of length
occurring in the 300 mM KGlu case (N=3). (B) Kinetics of DNA length for a 200 mM KGlu
experiment following wash at t=2400 s, showing little or no extension recovery. (C) Results
for the rate of extension recovery (release of protein from the 10 kb DNA by 10 ng/ul HS-
DNA solution following binding at 20 nM Fis) as a function of KGlu concentration (for 50,
100, 150, 200 and 300 mM KGlu, N=4,3,3,7 and 3). The rate of release of Fis increases with
KGIlu concentration, following a power law (straight line on log-log graph) Rate
[KG|U]1.910.3_

J Mol Biol. Author manuscript; available in PMC 2016 September 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giuntoli et al. Page 24

—_ 31 = 2.5-
A = B g
I <
= 24 = 2.0
o L)
N 14 2 1.5
g )
= E
X 0 v y . w 1.0+— v v .
L 2800 3200 3600 4000 4500 5000 5500
Time (s) Time (s)
C _ 0.012 -
L 0.008 - I
=
o
=< 0.004 -
0 No cor;Ipetitor 1ng/pl HS-DNA

DNA

Fig. 6. The yeast HMG-box protein NHP6A shows DNA-fragment-facilitated dissociation similar
to that exhibited by Fis

In experiments similar to those with Fis, 33 nM NHP6A was bound to 10 kb DNA in 100
mM KGlu buffer; the protein solution was then replaced with protein-free buffer. (A)
Extension versus time following the wash (t=2800 s) with protein-free buffer (gray data and
solid line) shows no return of extension towards the naked-DNA value (dashed line). (B)
When 1 ng/ul of HS-DNA was added, DNA extension returned toward the naked DNA
level, indicating release of protein from the DNA. (C) Rate of NHP6A dissociation
facilitated by 1 ng/pl HS- DNA (right bar) is much faster than dissociation of NHP6A to
protein-free solution (left bar).
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Fig. 7. Kinetic scheme for exchange of a protein between dsDNA segments
A fully bound protein (state 0) can be partially released (state 1); in this state it may interact

with a second DNA segment (state 2), which binds at a concentration (c) dependent rate.
Then, the protein may dissociate from either dSDNA segment; if it dissociates from the
original segment, it will transfer to the second dsDNA. The final transition is considered to
be irreversible since it corresponds to the protein-dsSDNA complex escaping and mixing with
the bulk solution.
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