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DNA Concentration-Dependent Dissociation of EcoRI: Direct Transfer
or Reaction during Hopping
Nina Y. Sidorova, Thomas Scott, and Donald C. Rau*
The Program in Physical Biology, Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of
Health, Bethesda, Maryland
ABSTRACT Direct transfer of proteins between DNA helices is a recognized important feature of the recognition site search
process. Direct transfer is characterized by a dissociation rate that depends on total DNA concentration. This is taken as
evidence for the formation of an intermediate DNA-protein-DNA ternary complex. We find that the dissociation rate of EcoRI-
DNA-specific complexes at 80 mM NaCl depends on the concentration of competitor oligonucleotide suggesting that direct
transfer contributes to EcoRI dissociation. This dependence on competitor DNA concentration is not seen at 180 mM salt.
A careful examination of the salt concentration dependence of the dissociation rate, however, shows that the predictions for
the formation of a ternary complex are not observed experimentally. The findings can be rationalized by considering that just
after dissociating from a DNA fragment the protein remains in close proximity to that fragment, can reassociate with it, and diffuse
back to the recognition site rather than bind to an oligonucleotide in solution, a hopping excursion. The probability that a protein
will bind to an oligonucleotide during a hop can be approximately calculated and shown to explain the data. A dependence of
the dissociation rate of a DNA-protein complex on competitor DNA concentration does not necessarily mean direct transfer.
INTRODUCTION
The association and dissociation kinetics of sequence-
specific DNA-binding proteins are surprisingly complicated
(1–9). It is generally thought that the sequence-specific
DNA-binding proteins that regulate gene activity locate their
target sequences by initially binding nonspecifically with
subsequent one-dimensional diffusion along the DNA inter-
spersed with short three-dimensional excursions due to tran-
sient dissociation of nonspecifically bound protein and by
direct transfer of protein from one DNA helix to another.
The dissociation of a protein bound to its specific recognition
site on a DNA fragment can likewise be parsed into several
steps. Typically, the slowest step in the whole process is
a transition from specific to nonspecific binding modes at
the recognition site. This step involves the incorporation
of a water layer between the DNA and protein interfaces
(10–17). The nonspecifically bound protein can then diffuse
in one-dimension or, equivalently, slide along the DNA.
There is a probability that the nonspecifically bound protein
will dissociate into solution before rebinding to the recogni-
tion site. The dissociated protein can either reassociate with
the original DNA or bind to another DNA in the adjoining
volume. Reassociation with the original DNA is termed
hopping or jumping depending on the distance traveled along
the DNA. The characteristic times of sliding and dissociation
of a nonspecifically bound protein are both much faster than
the initial specific-nonspecific binding mode transition.

Additionally, direct transfer of protein between DNA
helices (1,2,18–28) is now recognized as an important
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feature of the specific site search process and dissociation
for several proteins. Direct transfer is characterized by
a dependence of the dissociation rate on total DNA concen-
tration that is interpreted as the formation of an intermediate
DNA-protein-DNA ternary complex. The direct transfer
model is gaining popularity because protein-DNA dissocia-
tion rates are becoming more widely observed to depend on
competitor DNA concentrations. In general, direct transfer
requires that the protein can bind, either specifically or
nonspecifically, two DNA helices simultaneously. Because
DNA-protein complexes are very generally stabilized
by electrostatic interactions between DNA phosphate
charges and lysines or arginines of protein, the formation
of a ternary DNA-protein-DNA complex as a direct transfer
intermediate will very likely be coupled to a release of salt.
This is very different from simple dissociation of protein
from DNA that results in a net binding of salt. Higher
salt concentrations will favor simple dissociation over
the formation of a ternary complex and subsequent direct
transfer. This difference, however, has not been directly
investigated.

We report here that the dissociation rate of EcoRI at
80 mM NaCl depends on competitor oligonucleotide
concentration. The observed sensitivity of the rate to oligo-
nucleotide concentration would suggest contributions from
both simple dissociation and direct transfer. EcoRI has
only one specific DNA binding site, not two. EcoRI does
have a positively charged patch on the protein surface oppo-
site from the binding site, however, that may serve to bind
another DNA helix nonspecifically and promote dissocia-
tion. We have previously reported that the salt dependence
of the dissociation rate of EcoRI abruptly changes at
~40 mM NaCl and suggested that dissociation by direct
http://dx.doi.org/10.1016/j.bpj.2013.01.041
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transfer could be the cause (29). At 180 mM NaCl, no
dependence of the dissociation rate on oligonucleotide
concentration is observed, suggesting that only simple
dissociation seems to contribute. This is consistent with
the expected decrease in the direct transfer contribution
relative to simple dissociation as the salt concentration is
increased. When the salt concentration dependence of disso-
ciation is measured between 60 and 90 mM NaCl for two
oligonucleotide concentrations, however, very little differ-
ence is observed. The two oligonucleotide concentrations
should have had significantly different salt concentration
dependencies because of the very different relative contribu-
tions from simple dissociation and direct transfer.

To explain this anomalous behavior, we hypothesize that
the dependence of dissociation rate on oligonucleotide
concentration for both 80 and 180 mM NaCl is due to the
interplay of protein hopping kinetics with oligonucleotide
association times. After the initial dissociation of protein
from DNA, it is still in close proximity to the DNA. The
probability that the protein will simply rebind to the same
DNA is quite large. The protein can still be considered
bound to the DNA in a practical sense or microdissociated
as suggested by Graham et al (30). Mathematical expres-
sions are available for the probability distribution that
a protein that dissociates at time t¼ 0 will rebind to the orig-
inal DNA fragment at time t assuming no other DNA is
around. If competing DNA is present in the mixture,
however, it can bind the protein during this off-time. The re-
turn of the protein to the original DNA fragment does not
necessarily mean a return to the recognition site; the protein
can bind anywhere on the DNA and dissociate again before
reaching the recognition site. The probability for the return
to the recognition site will depend on how far the nonspecif-
ically bound protein can slide along the DNA before disso-
ciating again relative to the average distance the protein can
diffuse in solution parallel to the DNA during the hop. These
two distances can be used to define a characteristic time, tf,
which is a practical limit for considering a hop that can end
in a return to the recognition site. The probability that
a protein will be captured by an oligonucleotide during
a hopping excursion before rebinding to the original recog-
nition site can be then roughly estimated from tf, the oligo-
nucleotide concentration, the association rate constant, and
the hopping time distribution function. A distribution func-
tion determined by random walk simulations gives a reason-
ably good description of the oligonucleotide concentration
dependence observed for EcoRI at both 80 and 180 mM
NaCl. The difference in the oligonucleotide concentration
dependence of the dissociation rate for these two NaCl
concentrations results from the salt dependent difference
in the average sliding distance between dissociation
events. Because the protein is already dissociated from
DNA during a hop, there is no contribution to the salt sensi-
tivity from forming the intermediate DNA-EcoRI-DNA
ternary complex.
The results presented here suggest an alternate mecha-
nism to direct transfer for explaining a competitor DNA
concentration dependence of the dissociation rate of a
specific DNA-protein complex. Characterizing the salt
dependencies for simple dissociation and for competitor
DNA concentration-dependent contribution might be a reli-
able way to distinguish direct transfer from an indirect trans-
fer of a microdissociated protein.
MATERIALS AND METHODS

Materials

A DNA fragment containing a single EcoRI recognition sequence was iso-

lated from the plasmid derived from pNEB193 (New England Biolabs)

using standard techniques. The 360 bp fragment was purified from a PvuII

(New England Biolabs) digestion of the plasmid. The double-stranded

30 bp long oligonucleotides used as competitor DNA for the kinetic exper-

iments were:

Specific sequence oligo: ACGACGGCCAGTGAATTCGAGCTCG

GTACC.

Nonspecific sequence oligo: ACGACGGCCAGTCTTAAGGAGCTCG

GTACC.

These oligonucleotides only differ in the central six basepairs shown in

bold letters. The specific sequence oligonucleotide contains the EcoRI

cognate recognition site, GAATTC. The CTTAAG oligonucleotide contains

an inverted specific sequence or a nonspecific site with all six basepairs

wrong. Sequence differences from the recognition sequence in this central

six basepair region are underlined. The oligonucleotides shown above and

their complements were purchased from Invitrogen (Carlsbad, CA), and

dissolved in STE buffer (100 mM NaCl, 10 mM TrisCl (pH 7.5), 1 mM

EDTA). Complementary strands were mixed in 1:1 proportion, heated to

92�C, and annealed by slow cooling to 25�C. Small molecular mass impu-

rities were removed using P6 Bio-Spin columns at room temperature.

Double-stranded oligonucleotides were then additionally purified on a

Protein Pak Q anion exchange column (Waters, Milford, MA) using an

AKTA Purifier (GE Healthcare Life Sciences, Piscataway, NJ), ethanol

precipitated, and dissolved in TE buffer (10 mM TrisCl (pH 7.5), 1 mM

EDTA). The purity of the double-stranded oligonucleotides was confirmed

by polyacrylamide gel electrophoresis. The concentrations of the DNA

fragment and oligonucleotides were determined spectrophotometrically,

using an extinction coefficient of 0.013 (mM basepairs)�1 at 260 nm.

Absorption spectra were obtained with a Perkin Elmer (Foster City, CA)

Lambda 800 UV-Vis spectrophotometer.

DNA-binding experiments were performed with highly purified EcoRI

restriction endonuclease (kind gift of Dr. L. Jen-Jacobson). Titration of

the EcoRI sample with known concentration with specific DNA fragment

(1–10 nM concentration range) confirmed that stoichiometry of binding

was one EcoRI dimer per 360 bp fragment with a single EcoRI-specific

recognition sequence (data not shown). Active protein concentrations for

the individual binding experiments were determined by direct titration of

the EcoRI with the 360 bp DNA fragment under conditions of stoichio-

metric binding as described previously (10).

Betaine glycine and triethylene glycol were purchased from Fluka

Chemical ( now Sigma Aldrich, Bellefonte, PA) and used without further

purification. Osmolal concentrations of betaine glycine were determined

by direct measurement using a vapor pressure osmometer operating at

room temperature (Wescor, Logan, UT; model 5520XR).
Dissociation kinetics

The dissociation reaction mixture contained 20 mM Imidazole, pH 7.2,

1 mM EDTA, 2 mM dithiothreitol (DTT), and 100 mg/ml acetylated bovine
Biophysical Journal 104(6) 1296–1303



1298 Sidorova et al.
serum albumin (BSA) (Ambion). The NaCl concentration was varied

between 60 and 200 mM. For salt concentrations above 140 mM NaCl,

2.5 osmolal betaine glycine was added to slow the specific-nonspecific

binding mode transition that is the first step in dissociation. The DNA frag-

ment concentration was 2.5 nM and the EcoRI concentration was ~1.2 nM.

The enzyme was allowed to equilibrate with the DNA fragment for ~60 min

at 20�C. The dissociation reaction was initiated by adding oligonucleotide

to the reaction mixture to a final concentration ranging between 0.25 and

5 mM oligonucleotide. The total reaction volume was 30 ml. Reactions

were stopped at various times by adding 10 ml triethylene glycol. The

combination of decreased ionic strength, increased osmotic pressure, and

oligonucleotide excess is sufficient to prevent additional dissociation or

association reactions for many hours (31).
FIGURE 1 Dissociation kinetics of EcoRI are shown for two concentra-

tions of competitor-specific sequence oligonucleotide, 0.25 (C) and 5 mM

(:). Semilog plots of the normalized fraction DNA remaining as complex

with protein, fb(t)/fb(0), as dependent on time is shown. The reaction condi-

tions were 80 mM NaCl, 20 mM Imidazole (pH 7.2), 1 mM EDTA, 2 mM

DTT, 100 mg/ml BSA, and 20�C. The dissociation reactions were stopped

by adding triethylene glycol and the mixture analyzed by gel mobility shift
Gel mobility shift experiments

Our methodology for gel mobility shift assays has been described in detail

elsewhere (29,31). Briefly, reaction mixtures from the kinetic experiments

were loaded onto a 12% polyacrylamide gel in 1� TAE and electrophoresed

at 150 v for ~14 h. The gels were stained with SYBR Green I (Invitrogen)

and imaged with an FLA7000 (GE Life Sciences) laser scanner.
electrophoresis as described in the Materials and Methods. The slope of

each line is –kd, where kd is the dissociation rate constant.
Analysis

Intensities of free DNA and protein-DNA complex bands from the

FLA7000 images were analyzed using MultiGauge (Fujifilm Life Sciences)

and SigmaPlot 10 (Systat Software, San Jose, CA). The probability that

a protein will react with an oligonucleotide during a hopping excursion

(Eq. 3 in the Discussion section) was evaluated with Mathcad 14 (Para-

metric Technology Corporation, Needham, MA).
FIGURE 2 The dependence of the dissociation rate constant, kd, on

oligonucleotide concentration is shown for: 80 mMNaCl, pH 7.2, no osmo-

lyte (:, +), and for 180 mM NaCl, 2.5 osmolal betaine glycine, pH 7.2

(C). The specific sequence oligonucleotide was used in these experiments,

except for +, which had 0.5 mM specific sequence oligonucleotide and

4.5 mM nonspecific sequence oligonucleotide. The competitor DNA depen-

dence seen at 80 mM NaCl is absent at the higher salt concentration. All

samples contained 20 mM Imidazole, 1 mM EDTA, 2 mM DTT, and

100 mg/ ml BSA in addition to the NaCl and the osmolyte betaine glycine.
RESULTS

Dissociation kinetics can be measured by adding an excess
of oligonucleotide containing the specific site to a solution
of a longer DNA fragment also containing the specific
recognition site with EcoRI already bound. Protein that
dissociates from the DNA fragment is trapped by the added
competitor. A variant of the standard gel mobility shift
assay that we have developed (31) can be used to measure
the loss of protein-bound fragment with time. The ratio of
specific site concentrations of oligonucleotide and of
DNA fragment we use here is at least 100. Fig. 1 shows
semilog plots for the dissociation of EcoRI from a 360 bp
DNA fragment (~2.5 nM) containing a single recognition
site for two competitor specific site oligonucleotide concen-
trations, 0.25 and 5 mM in recognition sites, for 80 mM
NaCl, pH 7.2, 20�C. In both cases, the kinetics can be
well described by a single exponential with a dissociation
rate constant kd. The two dissociation rate constants for
the two oligonucleotide concentrations differ by a factor
of ~2.7.

Fig. 2 shows the dependence of the dissociation rate
constant on a specific sequence oligonucleotide concentra-
tion for 80 mM NaCl, pH 7.2 at 20�C (: and +). The
star point shows the dissociation rate constant for added
0.5 mM specific site oligonucleotide and 4.5 mM nonspecific
oligonucleotide. The kd value is the same as for the added
5 mM specific sequence oligonucleotide.
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The curve shows a dependence of the dissociation rate on
oligonucleotide concentration that is approximately linear
or kd ¼ kd

0 þ k0 [Oligo]. A significant dependence of the
dissociation rate on competitor DNA concentration, k0, has
typically been taken as evidence for a direct transfer mech-
anism of dissociation. The complex of DNA fragment and
protein binds a second DNA; this ternary complex then
dissociates into an oligonucleotide-protein complex and
free DNA fragment. The binding of oligonucleotide to the
complex is considered stabilized by protein-oligonucleotide
electrostatic interactions. The finite kd

0 indicates that simple
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FIGURE 3 The salt dependences of dissociation rates are shown for two

competitor oligonucleotide concentrations and two ranges of salt concen-

trations: 0.25 mM oligonucleotide (B) and 2.5 mM oligonucleotide (C)

over the salt concentration range 60–90 mM NaCl and 0.25 mM oligonucle-

otide (-) and 2.5 mM oligonucleotide (,) over the range 150–200 mM

NaCl with 2.5 osmolal betaine glycine. The log-log plots all have very

similar slopes, 5.8 5 0.2, giving the thermodynamic linkage of salt with

the activation energy of dissociation.
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dissociation also contributes to the overall off-rate. We
have previously measured dissociation rate constants by
measuring the transfer rate of protein initially bound to
a 360 bp DNA fragment to a 240 bp DNA fragment (29).
In this case, both DNA concentrations were low, 2–3 nM.
The kd

0 inferred here is within ~20% of the previously
measured dissociation rate constant for similar salt and pH
conditions.

Simplistically, the salt concentration dependence of
dissociation results from the breaking of DNA-protein
charge-charge interactions. The salt concentration depen-
dence of simple dissociation reflects the loss of DNA
fragment-protein electrostatic interactions. The salt concen-
tration dependence of direct transfer dissociation is the net
not only of the loss of DNA fragment-protein electrostatic
interactions, but also of the gain of charge-charge interac-
tions in forming the ternary oligonucleotides-complex.
With increasing salt concentration, the rate of dissociation
due to direct transfer will not increase as fast as the rate
of simple dissociation assuming that the rate of ternary
complex formation remains rate limiting and not the disso-
ciation of the ternary complex.

Fig. 2 shows also the dependence of dissociation rates on
oligonucleotide concentration for 180 mM NaCl, 2.5
osmolal glycine betaine, pH 7.2 (C).The dissociation rate
of nonspecifically bound EcoRI is ~150-fold faster at
180 mM NaCl than at 80 mM (29). The osmolyte glycine
betaine is added to significantly slow the transition between
specific and nonspecific binding modes (~200-fold) so that
the overall dissociation rate remains about constant (29).
Glycine betaine minimally affects the sliding rate along
DNA of the nonspecifically bound enzyme and the salt
dependence of dissociation (29,32,33). Within experimental
error (~5%), the dissociation rate is independent of the
oligonucleotide concentration at the higher salt concentra-
tion. This is consistent with the expected effect of salt
concentration on the relative rates of direct transfer and
simple dissociation.

Fig. 3 shows the salt concentration dependence of the
dissociation rate measured from 60 to 90 mM NaCl at
pH 7.5 and from 150 to 200 mM NaCl at pH 7.5 for 0.25
and 2.5 mM oligonucleotide. To within 5% error, no differ-
ence in the salt concentration dependence is observed for the
two oligonucleotide concentrations or for the two salt
concentration ranges, d(log(kd))/dlog([NaCl]) ¼ 5.8 5
0.2, a measure of the thermodynamic number of salt ions
coupled to dissociation. This is consistent with previous
measurements at pH 7.2 (29). This insensitivity of the salt
dependence to oligonucleotide concentration in the
80 mM NaCl range is not expected for separate contribu-
tions from direct transfer and simple dissociation. If the
salt dependence for both simple dissociation and direct
transfer rate constants are described by a simple linkage
relation, i.e., k ~ [NaCl]N, then an approximate difference
between N values for direct transfer and simple dissociation
can be determined from the ratio of rates at 80 and 180 mM
NaCl. At 80 mM NaCl and 2.5 mM oligonucleotide
(Fig. 2, :), the ratio k0 [Oligo]/kd

0 is ~1. At 180 mM
NaCl (Fig. 2, C), contribution from direct transfer at
2.5 mM oligonucleotide is only at most ~5% of the simple
dissociation rate. If we take N ¼ 6 for the salt dependence
for simple dissociation and N0 for direct transfer, then N0

can be calculated from (180/80)N
0
/(180/80)6 ¼ 0.05 (see

the Supporting Material). N0 would have to be ~2.5 to
account for a difference in the oligonucleotide concentration
dependence between 80 and 180 mM salt. This difference in
salt concentration sensitivity between the two mechanisms
would result in dlog(kd)/dlog([NaCl]) values that would
differ by 25% at least for 0.25 and 2.5 mM oligonucleotide
in the region around 80 mM NaCl (see the Supporting
Material, Fig. S1).
DISCUSSION

The dependence of the dissociation rate on competitor oligo-
nucleotide concentration at 80 mMNaCl seen in Fig. 2 could
reasonably be interpreted as a combination of simple and
direct transfer-mediated dissociation. The loss of the oligo-
nucleotide concentration dependence seen in Fig. 2 for
a much higher salt concentration (180 mM NaCl) could
also reasonably be rationalized considering the expected
difference in salt sensitivities between simple dissociation
and direct transfer assuming that the formation of the ternary
complex remains rate limiting. Simple dissociation is faster
at higher salt concentrations because DNA-protein charge-
charge contacts are lost and replaced by DNA-salt and
protein-salt interactions. It is generally assumed that the
ternary complex-oligonucleotide intermediate of direct
transfer would be stabilized electrostatically through
Biophysical Journal 104(6) 1296–1303
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DNA-protein charge-charge interactions. The ternary struc-
ture would be less apt to form at higher salt concentrations,
comparatively slowing dissociation by direct transfer. This
difference in the expected sensitivity to salt concentration
could account for the virtually negligible contribution from
direct transfer to dissociation observed in Fig. 2 for
180 mM NaCl. When the salt concentration dependence
of dissociation is measured around 80 mM NaCl for 0.25
and 2.5 mM competitor oligonucleotide that have quite
different apparent contributions from direct transfer to
dissociation, however, a much smaller than expected differ-
ence can be observed. What else can be occurring?

Dissociation of protein from a specific recognition
complex results from a complicated series of steps (2–
6,8). The protein bound to the recognition sequence is in
equilibrium between specific and nonspecific binding
modes. A protein in the nonspecific mode can begin to
diffuse of slide along the DNA. The transition between
specific and nonspecific binding modes is typically the
slowest step compared to subsequent ones. The protein
diffusing along the DNA can either rebind to the recognition
site or dissociate from the DNA into solution. Because DNA
is extended and stiff, even after the protein dissociates into
solution, it is likely to rebind nonspecifically to the same
DNA. This rebinding is termed hopping or jumping depend-
ing on the distance traversed. After rebinding, the protein
can either find the recognition sequence or dissociate into
solution again. If there was no other DNA in solution, the
protein would eventually find its way back to the original
recognition site in a finite volume through this sliding/disso-
ciation process. Although the protein is off the DNA, it can
react with competitor oligonucleotide. A dependence on
oligonucleotide concentration can then result from the
concentration-dependent probability that an oligonucleotide
will react with the protein during a hop or jump. If we define
kd,intrinsic as the rate constant for initiating a hop and R as the
probability that the protein will react with an oligonucleo-
tide after beginning a hopping excursion and before rebind-
ing and returning to the specific recognition site, kd is then
the product of kd,intrinsic and R. The rate constant kd,intrinsic
depends on salt and osmotic pressure, but not the oligonu-
cleotide concentration.

A rigorous calculation of the probability R that a protein
will bind to an oligonucleotide while in solution during the
time after the protein first dissociates from DNA and before
it subsequently rebinds to the initial recognition sequence is
beyond the scope of this work. We can, however, illustrate
the basic features using a simpler framework. Both analyt-
ical (34) and simulation-based expressions (35) are avail-
able for the probability that if a protein leaves a DNA
helix at time 0 it will rebind to the helix (at any location)
at time t. These first passage time distribution functions,
P(t), can be well approximated by a power law from nsec
to msec timescales. For the analytical solution, P(t) ~1/t1.3

through ~1 msec; whereas for the simulation-based expres-
Biophysical Journal 104(6) 1296–1303
sion, P(t) ~1/t1.5. The reason for the discrepancy is not
apparent. Neither approach takes into account an electro-
static attraction between protein and DNA. The simplest
form for the probability, Q(t), that a protein will react with
an oligonucleotide during a hop of duration time t is

QðtÞ ¼ 1� e�k2½Oligo�t; (1)

where k2 is the second order association rate constant
and [Oligo] is the concentration of oligonucleotide. The
total oligonucleotide concentration-dependent probability,
R([Oligo]), that a protein will react with an oligonucleotide
during all hopping times is simply the integral of P(t)*Q(t).
This framework is a crude approximation to the real situa-
tion for two reasons. A protein that rebinds to a DNA frag-
ment can dissociate into solution again before sliding or
diffusing along the DNA far enough to find the recognition
site. Both the analytical and simulation-based expressions
consider an infinite and straight DNA helix, not a finite
fragment.

We will consider a general power law for the first passage
time distribution, 1/tn. To normalize this function, we
choose a minimum time, t0, such that the analytical and
simulation-based functions are still in the power law regime
and that the probability of reacting with an oligonucleotide
is negligibly small. We also choose a maximum time, tf,
such that at longer times the probability that the protein
will return to the original recognition site is negligibly small
because of the finite DNA fragment length and sliding
distance. For the time range t> tf, the probability the protein
will react with an oligonucleotide is 1, i.e., Q(t) ¼ 1. The
probability of reaction is then,

Rð½Oligo�Þ¼
Ztf

t0

tn�1
0

ðn� 1Þtn
�
1� e�k2½Oligo�t�dt þ

ZN

tf

tn�1
0

ðn� 1Þtn dt;

(2)

or

Rð½Oligo�Þy
�
t0
tf

�n�1

e�k2½Oligo�tf

þ
Ztf

t0

k2½Oligo�
�
t0
t

�n�1

e�k2½Oligo�tdt:

(3)

For the purposes of illustration, we take k2 ¼ 1 nM�1sec�1.
The association rate constant for EcoRI has been estimated
at between 0.1 and 1 nM�1sec�1 (36–38) close to the diffu-
sion rate limit. For the oligonucleotide concentration range
5–0.25 mM, the characteristic time for the reaction with
oligonucleotide, 1/k2[Oligo], ranges from 200 msec to
4 msec. We take t0 as 10 nsec. Choosing tf is problematic;
it should take into account both the finite size of the DNA
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FIGURE 4 Comparisons of calculated probabilities to react with an

oligonucleotide during a hopping excursion with experimental dissociation

rates. (A) Scaled dissociation rate constants, kd([Oligo])/kd(5mM), for

80 mM NaCl (C) are compared to scaled estimated probabilities to react

with an oligonucleotide, R([Oligo])/R(5mM), calculated with Eq. 3 for

two first passage time distribution functions: 1/t1.3 (dashed line) and 1/t1.5

(solid line). The R([oligo]) probabilities and kd values are scaled to 5 mM

oligonucleotide to account for the proportionality between them. The other

parameters are, t0 ¼ 10 nsec, tf ¼ 500 msec, and k2 ¼ 1 (nM sec)-1. (B)

Scaled dissociation rate constants for 180 mM NaCl, 2.5 osmolal betaine

glycine (:) are compared to the scaled R([Oligo]) probabilities (dashed

line) calculated from Eq. 3 for P(t) ¼ 1/t1.5, t0 ¼ 10 nsec, tf ¼ 20 msec,

and k2 ¼ 1 (nM sec)�1. The tf parameter is significantly smaller than that

for 80 mM NaCl data in (A) because of the much smaller sliding distance

before dissociation. The 80 mM NaCl data (C) and fit (solid line) with

P(t) ¼ 1/t1.5 from (A) are shown for comparison.
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and how far the protein can slide along the DNA to account
for the probability of finding the recognition site again
after rebinding. For illustration purposes, we take as
a reasonable estimate of tf the time it takes for a dissociated
protein to diffuse an average distance L parallel to the
DNA that is about twice the average sliding distance or
the DNA length whichever is shorter or tf ~4pL2/D,
where D is the translational diffusion coefficient of
EcoRI, ~108 nm2/sec. For the 80 mM NaCl, pH 7.2 experi-
mental conditions shown in Fig. 2, we have previously esti-
mated that nonspecifically bound EcoRI can scan ~200 bp,
on average, before dissociating (32). The DNA fragment
length is 360 bp somewhat larger than this average sliding
length. For L ~200 bp, tf is then ~500 msec. This time is
within the relaxation time range for reaction with oligonu-
cleotide, 1/k2[Oligo], given above.

R([Oligo]) does not give absolute dissociation rates, but is
only proportional to the measured dissociation constant rate
through the dissociation rate of a nonspecifically bound
protein, kd,intrinsic. The transition between specific and
nonspecific binding modes is typically the slow step in
dissociation. Because we are not considering direct transfer,
this rate is independent of oligonucleotide concentration. To
account for the proportionality, Fig. 4 A shows a comparison
of R([Oligo])/R(5mM) calculated for P(t) ~1/t1.3 and 1/t1.5

with tf ¼ 500 msec with the experimental kd([Oligo])/
kd(5mM) data for 80 mM NaCl, pH 7.2. Both P(t) functions
show a dependence on oligonucleotide concentration. The
simulation-based probability function fits the data surpris-
ingly well given all the approximations. The analytical
expression for first passage times, however, predicts
a smaller dependence than is observed. The star point in
Fig. 2 indicates that nonspecific oligonucleotides can
increase the rate of dissociation as efficiently as specific
oligonucleotides. The dissociation rate of EcoRI from
a nonspecific oligonucleotide can be estimated from the
specific site dissociation rate, ~10�3/sec, and the ratio of
specific and nonspecific site binding constants, ~2 � 104.
This gives a characteristic dissociation time for a nonspecific
complex of ~50 msec. This is much longer than the time tf.
Binding to a nonspecific oligonucleotide will prevent re-
binding of EcoRI to the initial DNA fragment as effectively
as a specific oligonucleotide.

In 180 mM NaCl, 2.5 osmolal betaine, and at pH 7.2, we
previously estimated that EcoRI can only slide along DNA
~20 bp on average before dissociating (32). This would
reduce our estimate of tf to ~15 msec. This time is much
smaller than the oligonucleotide reaction times for the range
of concentrations examined. Fig. 4 B shows a comparison of
the dependence on oligonucleotide concentration for exper-
imental dissociation rates, kd([Oligo])/kd(5mM) measured in
180 mMNaCl, 2.5 osm betaine, and pH 7.2 with R([Oligo])/
R(5mM) calculated with P(t) ¼ 1/t1.5 and tf ¼ 15 msec along
with the 80 mM NaCl data and fit. Again the model can
account for the observed behavior.
It is possible that the absence of an oligonucleotide
concentration dependence for dissociation at 180 mM
NaCl and 2.5 osm betaine glycine is because the dissocia-
tion of the ternary complex rate limiting, not the formation
as would be the case at 80 mM NaCl. This would also
explain why the salt concentration dependence is the same
as at 80 mM NaCl. We can estimate the ratio of dissociation
constants at 5 mM oligonucleotide for 180 mM NaCl,
2.5 osm and for 80 mM NaCl from the salt (DNs ¼ 6)
and osmotic pressure (DNw ¼ �120) sensitivities we have
previously measured for dissociation (29) and from the
Biophysical Journal 104(6) 1296–1303
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probabilities of oligonucleotide reaction we calculate
here; R(5mM Oligo) is 0.0264 for 180 mM NaCl, 2.5 osm
betaine glycine and 0.0125 for 80 mM NaCl. The ratio of
expected dissociation rate constants is then (180/80)6 �
exp(�120*2.5/55.5) � (0.0264/0.0125) ¼ 1.2. The experi-
mental ratio from Fig. 2 is 1.1. It does not seem that the
rate-limiting step has changed from 80 mM NaCl to
180 mM NaCl, 2.5 osm betaine glycine.

Until the protein has been off the DNA fragment for
a long enough time, tf, that return to the initial recognition
site is very unlikely, the protein is still bound in a practical
sense to the DNA or only partially dissociated. Only at times
longer than tf is the protein functionally dissociated, i.e., the
probability to bind with the fragment or with an oligonucle-
otide is proportional to their concentration ratio. If tf is much
shorter than the characteristic times for the association reac-
tion with competitor DNA, then dissociation rates will not
vary with oligonucleotide concentration for large ratios of
oligonucleotide to fragment. If tf is on the same order or
longer than the characteristic times to react with competitor
DNA, however, the dissociation rates will depend on the
oligonucleotide concentration dependence as expected for
direct transfer. Because the protein is not in direct contact
with the DNA fragment, however, this transfer during
hopping will have the same salt concentration dependence
as expected for simple dissociation. The salt concentration
difference between 80 and 180 mM NaCl results from the
change in sliding distance between dissociation events. In
the range 60–90 mM salt (Fig. 3) the change in this sliding
length is too small to significantly affect the salt depen-
dence. Because the dissociation rate of a nonspecifically
bound enzyme, knsp, varies with the salt concentration
as ~ [NaCl]6 (29), the average sliding distance before disso-
ciation will vary as 1/Oknsp or as 1/[NaCl]3. Taking the
average sliding length at 80 mM NaCl, L, as ~200 bp,
then the calculated salt concentration dependence at
2.5 mM oligonucleotide is<5% different from simple disso-
ciation in the range 60–90 mM NaCl (Fig. S2).

We wish to emphasize again that the calculations pre-
sented here are only crude approximations to the physical
reality. They are able, however, to capture the important
features of the oligonucleotide concentration-dependent
dissociation of EcoRI and may explain the results for other
proteins. The electrostatic attraction between EcoRI and
DNA at close distances is not included in either the analytic
expression for first passage times or the simulation-based
form. This may significantly change the functional form.
The increased ionic strength at 180 mM NaCl will lessen
the electrostatic attraction between the protein and DNA
fragment compared to 80 mM. The protein may be able to
escape from the DNAvicinity into bulk solution more easily
further reducing tf.

The single molecule kinetic studies and interpretation of
the effect of DNA extension on the binding and cleavage of
another restriction nuclease, EcoRV, are closely related to
Biophysical Journal 104(6) 1296–1303
this work (39,40). The rate of cleavage by the enzyme was
found to decrease with DNA stretching. DNA extension
decreases the local concentration of DNA that has looped
into close proximity to a nonspecifically bound complex
such that a dissociated protein has less probability to bind
to a more distant DNA region rather than rebind to the
same local area.

NMR exchange spectroscopy has been used in several
instances to measure oligonucleotide concentration-depen-
dent dissociation rates (24–28). With this technique, the
oligonucleotide concentrations used are, of course, much
higher than used here with consequently much faster
oligonucleotide reaction rates. Additionally, the salt concen-
trations are typically <50 mM. Of course, direct transfer
may still occur, but additional experiments are necessary
to exclude transfer during a hopping excursion or partial
dissociation.

The data of Graham et al (30) were also closely related
to the work presented here. In this case the dissociation of
fluorescently labeled Fis protein from DNA is seen depen-
dent on the concentration of competing unlabeled Fis or
HU protein. The increase in the dissociation rate with a
protein competitor is reasonably linear and has finite inter-
cept. There is about a threefold increase in the apparent
dissociation rate with a 10-fold increase in competitor
protein concentration. Unlike the results here, competitor
protein can only partially displace labeled protein. Graham
et al (30) have suggested that competitor protein binding
interferes with rebinding of the loosely bound or microdis-
sociated protein, i.e., the return of a hopping protein.
CONCLUSIONS

We have shown that an observed dependence of the dissoci-
ation rate of a DNA-protein complex on competitor DNA
concentration does not necessarily mean direct transfer
through the formation of a ternary complex. The salt depen-
dence of any presumed direct transfer dissociation should be
closely examined to substantiate the claim. Dissociation is
commonly considered an all-or-none process. This is not
true for DNA-protein complexes. At early times after disso-
ciation of a protein-DNA complex, i.e., although still in
close proximity to the DNA, a protein can be considered
bound albeit loosely.
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