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Abstract

Many specific sequence DNA binding proteins locate their target sequence by first binding to DNA
nonspecifically, then linearly diffusing or hopping along DNA until either the protein dissociates
from the DNA or it finds the recognition sequence. We have devised a method for measuring 1-
dimensional diffusion along DNA based on the ratio of the dissociation rates of EcoRI from DNA
fragments containing one and two specific binding sites. Our extensive measurements of dissociation
rates and specific-nonspecific relative binding constants of the restriction nuclease EcoRI enable us
to determine the diffusion rate of nonspecifically bound protein along the DNA. By varying the
distance between the two binding sites we confirm a linear diffusion mechanism. The sliding rate is
relatively insensitive to salt concentration and osmotic pressure indicating the protein moves
smoothly along the DNA probably following the helical phosphate-sugar backbone of DNA. We
calculate a diffusion coefficient for EcoRI of 3 x 10% bp2sec™1. EcoRl is able to diffuse ~150 base
pairs on average along DNA in 1 second. This diffusion rate is about 2000-fold slower than the
diffusion of the free protein in solution. A factor of 40-50 can be accounted for by a rotational friction
resulting from following the helical path of the DNA backbone. Two possibilities could account for
remaining activation energy: the salt bridges between the DNA and protein are transiently broken or
the water structure at the protein-DNA interface is disrupted as the two surfaces move past one
another.

Introduction

The initial observation that the association rate of lac repressor binding to its operator DNA
was significantly faster that diffusion rate limited led to the realization that association occurs
in 2 steps 1+ 2 3, 45, 6 Many sequence specific DNA binding proteins will initially bind
nonspecifically to DNA and subsequently move along the DNA helix until either the protein
finds a recognition sequence or dissociates. This combination of one and three dimensional
searching can lead to association rates that are much faster than expected for only a three
dimensional search 1 7> 8: 9, although whether experimentally observed rates are faster due to
one dimensional searching has been recently questioned 10. After nonspecific association, the
extent of DNA the protein can explore depends on the rates of both diffusion along the DNA
and dissociation of the nonspecifically bound complex. Initially, estimates of the length of
DNA explored have come from the sensitivity of the association rates to DNA length 6. The
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ability of restriction endonucleases to cleave DNA after finding their recognition sequences
has proven particularly useful for measuring the DNA length dependent rates of association
11,12, 13, 14 These rates depend on association and dissociation rates of protein to nonspecific
DNA and on one dimensional diffusion coefficients. Determining the encounter rates between
free protein and DNA of different lengths and the dissociation rate of nonspecifically bound
complex can, however, be problematic.

Recently there have been several direct single molecule measurements of one dimensional
diffusion rates using fluorescently labeled protein 2: 15 16, 17; 18, 19; 20; 21 Thjs approach
avoids the problems inherent in knowing association and nonspecific complex dissociation
rates. The protein must stay on the DNA long enough and move far enough for a precise
measurement.

Three mechanisms for the movement of proteins along DNA have been postulated 3. Sliding
is the base pair by base pair diffusion along DNA; the protein remains in contact with the helix.
Several crystal and NMR structures of nonspecific DNA-protein complexes (e.g., 22: 23: 24)
and our own measurements of the difference in sensitivity to water activity between specific
and nonspecific binding modes for several DNA-protein complexes 25+ 26; 27; 28 show that
substantial water is present at the DNA-protein interface of nonspecific complexes that can
“lubricate’ movement along the helix 22. Hopping is the transient dissociation and rebinding of
the protein to the same helix 29 30, Hopping would be expected to have a significant salt
dependence since transient dissociation breaks DNA-protein charge interactions. Hopping can
span a few to many base pairs in one movement. Direct transfer is the reaction of free DNA
with a complex and consequent exchange of the protein from one helix to another.

Our approach here is to measure the ratio of specific site dissociation rates between a DNA
fragment with a single EcoRI binding site and another fragment with two binding sites
separated by variable lengths. The probability of reaching the second site after dissociation
from the first affects the dissociation rate of the two-site DNA fragment relative to the one-
site DNA fragment. By measuring the ratios of dissociation rates we eliminate the transition
kinetics between specific and nonspecific binding modes at the recognition site. In order to
better fit the one dimensional diffusion rate, we vary the nonspecific complex dissociation rate
over an 8000-fold range by varying the salt concentration. The overall specific site dissociation
rate is held approximately constant by appropriately adjusting the osmotic pressure that varies
the transition kinetics between the specific and nonspecific binding modes at the specific site.
We use our previous measurements 31 of the nonspecific complex dissociation rate to calculate
the sliding rate or one dimensional diffusion coefficient from fits to the data using the
theoretical framework of Belotserkovskii and Zarling 32. Our results also indicate that the
sliding rate is insensitive to salt concentration and osmotic pressure suggesting that EcoRI
follows the helical backbone as it diffuses. We find that the sliding rate of EcoRI along DNA
is about 2000-fold slower than expected if only translational flow friction is considered. This
is consistent with measurements on several other DNA-protein complexes. At least part of the
extra friction can likely be attributed to a rotational flow friction as the protein follows the
helical path of DNA. The remainder is perhaps due to the transient breaking and remaking of
DNA-protein charge pairs or to disruption of the water structuring at the protein-DNA interface.

We use the theoretical framework described by Belotserkovskii and Zarling 32 for random
walks with a probability for irreversible dissociation. Probabilities of dissociation are
calculated, not rates. We work, however, under conditions such that the dissociation rate of
nonspecifically bound complex is much faster than the transition between specific and
nonspecific binding modes (at any time most all complexes are specific). We previously
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measured the nonspecific dissociation rate for an oligonucleotide as 50/min at 90 mM NacCl,
pH 7.0, and 20 °C; whereas the dissociation rate of a specific site oligonucleotide complex
under the same experimental conditions is ~ 0.005/min 31: 33. This means that ratios of
dissociation probabilities once the complex is nonspecifically bound can substitute for ratios
of rates.

Within the Belotserkovskii and Zarling framework, the parameters kg and Knsp giss are the rate
constants for moving one base pair along the DNA (equally probable in either direction) and
for dissociation of the nonspecifically bound complex, respectively. The dissociation rate
constant from the ends, K'nsp diss, May be different from interior sequences. We assume that the
specific recognition sites are absorbing barriers and that the random walk begins one base pair
from a site binding.

The probability that a protein starting next to a binding site and with an end in the opposite
direction I bp away will rebind before dissociating can be calculated as:

_ (40 + (1 — 0 e 2 V-2
(1+¢) + (1 — ¢)e2Vall-n’ n

Py (1)=e

’
kns ,diss kns Jdiss
where a:kp— and c= Va P

sl knsp.diss 2)

The probability that a protein starting next to a binding site with another binding site in the
opposite direction from the first and AL bp away will find one or the other binding sites before
dissociating is:

Sinh (va) +Sinh ( Va (AL - 1))

P2(A0)= Sinh ( x/EAL)

()]

The dissociation probability for the single site fragment with distances 11 and I, bp from the
binding site to the ends is:

Paiss1-sie (11, 12) =1 =Py (11) /2 = P1 (12) /2 @)

Similarly, the dissociation probability for the two site fragment with I3 bp from the end to the
first binding site, AL bp between sites, and I bp between the second binding site and the far
end is:

Paiss 2-site (13, AL, 14) =1 = Py (13) /4 = P2 (AL) /2 = P (14) /4 5)

The ratio of specific complex off-rates is then given by,

Pdiss.l—sitc: 1-Pi(1)/2-P1(1)/2
Pyiss2—sie 1 —P1(13) /4 =P (AL) /2 =P (14) /4 ®)

J Mol Biol. Author manuscript; available in PMC 2011 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rau and Sidorova

Results

Page 4

For the DNA fragments used and knsp giss, Values examined, this ratio depends primarily on
the distance AL between sites and the ratio of nonspecific complex dissociation and sliding
rates through the parameter a (equation (2)); the parameter ¢ (equation (2)) affects fits to the
data minimally for the DNA fragments used; a value of ¢ = 1 will be assumed for the initial
fits to data with 360 bp DNA fragments. A better value will be estimated from comparing
specific site dissociation rates for 360 bp fragments and 30 bp oligonucleotides.

Figure 1 illustrates the basic principle in comparing dissociation rates of DNA fragments that
contain one and two specific binding sites. The initial step is a transition between specific and
nonspecific binding modes. The nonspecifically bound protein then begins a random walk and
can either dissociate, return to the original binding site, or diffuse to the second binding site
for the two-site fragment. If the protein begins the random walk to the left, then if binding sites
are absorbing barriers the one and two binding site complexes have equal probabilities of either
dissociating or returning to the original binding site. If, however, the protein begins the random
walk to the right such that it is bracketed by the recognition sequences of the 2-site fragment,
then the dissociation rates of the two fragments are not necessarily the same. If the nonspecific
dissociation rate, Kgiss nsp, is much faster than the one-dimensional diffusion rate, kg, then the
probability that the protein reaches the other site before dissociating is quite small. The
dissociation rates of the one and two site DNA fragments are once again the same. If, however,
the one-dimensional diffusion rate is much faster than nonspecific dissociation, then the
probability is very high that the protein will reach the other site before dissociating. In this case
the two-site fragment will dissociate half as fast as the one-site fragment; only those complexes
that begin the random walk to the left will have a chance of dissociating. The ratio of the one-
site to two-site dissociation rates will vary between 1 and 2 depending on the relative rates of
one-dimensional diffusion and nonspecific complex dissociation. The equations describing the
dependence of the ratio of dissociation rate constants on kg and Knsp diss are given in the Theory
section.

The nonspecific dissociation rate can be controlled so that the probability of reaching the second
site can be varied allowing a better fit to the equations. We have extensive measurements of
the osmotic pressure and salt concentration dependence of the relative nonspecific-specific
binding constant and the specific site dissociation rate from previous work. The fundamental
Gibbs-Duhem equation relates the dependence on osmotic pressure, d In(K)/d[Jor d In(k)/d[],
to the difference in the number of sequestered or bound water molecules between initial and
final or transition states; while the salt sensitivity, d In(K)/d In[salt] or d In(k)/ d In[salt],
primarily gives a difference in the number of thermodynamically bound ions 34. We have found
that these dependencies are linear over a wide range of salt concentrations and betaine osmotic
pressures for the relative specific-nonspecific binding constant and the specific site dissociation
rate 31> 33. The relative specific-nonspecific binding constant and the specific site dissociation
rate have about the same large osmotic pressure dependence, but the specific site dissociation
rate has much larger salt concentration sensitivity than the relative binding constant. As in
Figure 1, the dissociation rate of EcoRI from a specific site DNA fragment can be divided into
two processes: a transition between specific and nonspecific binding modes that will have the
same osmotic pressure and salt concentration dependences as the relative specific-nonspecific
binding constant and a dissociation of nonspecifically bound protein. We assume that the
difference in osmotic and salt dependencies between the relative specific-nonspecific binding
constant and the specific sequence dissociation rate then is the difference in sequestered water
and salt binding between the nonspecific complex and the dissociation transition state of the
nonspecific complex, i.e., the osmotic and salt sensitivity of knsp giss: We can, therefore, vary
Knsp,diss Widely through the salt concentration but maintain a conveniently measured overall
specific site off rate by adjusting the osmotic pressure to control the equilibrium between
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specific and nonspecific binding. The kngp giss at any salt concentration (in mM) and glycine
betaine osmotic pressure (measured as an osmolal concentration) can be related to konsp,diss at
90 mM NaCl and 0 osmolal glycine betaine (20 °C and pH 7.0) by:

In (Kngp.diss /K nsp.diss) =7.6 X In ([ NaCl] /90) — 0.3 x osmolal. @

The parameter (a) of equations (2) and ultimately (6) can be rewritten in terms of the ratio of
nonspecific complex dissociation rates, knsp,diss/konsp,diss: as:

0
a= knsp.diss _ knsp.diss knsp.diss
ks ks k() .

nsp,diss

(8)

The only fitting parameter in equation (6) is then (konsp‘diss/kg).

Figure 2a shows a gel mobility shift assay for measuring dissociation rates. At time t =0,
oligonucleotide containing the EcoRI recognition sequence is added to the reaction mixture of
protein and DNA fragment in large excess. The molar ratio of oligonucleotide to DNA fragment
was typically ~500. Protein that dissociates is efficiently removed from further reaction with
DNA fragment. The experimental conditions (90 mM NaCl, pH 7.0, and 20°C with no added
Mg?2*) are such that EcoRI binds essentially stoichiometrically to DNA. The dissociation
reaction is stopped by adding triethylene glycol that both lowers the salt concentration and
greatly increases the osmotic pressure, both of which substantially decrease (by more than 100-
fold) the specific site dissociation rate. The five lanes on the left illustrate the increasing loss
of complex with increasing time of incubation with oligonucleotide for the one-site fragment.
The five lanes on the right show the corresponding dissociation of protein from the two-site
fragment with 21 bp between sites (A21). It is apparent that the two-site fragment complex
dissociates more slowly. The two-site fragment shows a small fraction of fragment with two
bound proteins.

Figure 2b shows the semilog plots for the dissociation kinetics of complexes with one bound
protein for the one and two- site fragments shown in Figure 2a. The kinetics for the two-site
fragment can be corrected for the dissociation of complex with two bound proteins as described
by equation (9). The ratio of the one- and two- site dissociation rates is 1.9, indicating that the
protein is able to diffuse the 21 bp separation between sites with high probability before
dissociating.

Figure 3 shows the ratio of one- and two-site dissociation rates for two site separations of 21,
26, and 84 bp as a function of the normalized nonspecific dissociation rate, In(konsp,diss/
Knsp,diss), as the saltand osmotic pressures are varied (equation (7)). The ratios do vary between
1 and 2 as predicted. The solid lines are fits of the data to equation (6) with In(konsp,disslkg) =
—12.6. At Kyjss 1-site’Kdiss, 2-site = 1.5, the nonspecific dissociation rate is about 16-fold faster
for the A21 bp 2-site separation than for the A84 bp as would be expected for simple diffusion
and the 4-fold difference in distance between sites. The best fit of equations (6) to the 21 bp
spacing data alone is In(konsp‘diss/kg) =-12.7+£0.2and —12.6 + 0.2 for the 84 bp distance data
alone. There is not enough data to fit the 26 bp spacing data independently and accurately. The
good fit of the solid line to the 26 bp spacing data with In(konsp,disslky) =-12.6, however,
indicates that it is not important if the recognition sites of the two-site DNA are on the same
or opposite sides of the helix. The second recognition site is found with the same probability
after dissociation from the first. The “star' points in the A84 two-site fragment data show the
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result of only varying the salt concentration while holding the osmotic pressure constant. The
points lie on the same curve within experimental error.

Discussion

The one-dimensional movement of nonspecifically bound protein along DNA can greatly
accelerate specific site association kinetics. There have been now several theoretical estimates
of the optimal combination of one and three dimensional diffusion 7: & 9. This, of course,
depends sensitively on the one dimensional diffusion rate. In the cell, so many proteins are
bound to DNA blocking linear movement that only small lengths of DNA are essentially
accessible to be scanned. There is no advantage to sliding ranges of 1000s of base pairs.

A wide range of one dimensional diffusion coefficients of proteins moving along DNA have
been measured using single molecule techniques. Some, as the DNA repair enzyme oxoguanine
DNA glycosylase 1 (Ogg1)!® and p5320, have one-dimensional diffusion coefficients almost
as large as the three-dimensional diffusion coefficients in dilute solution. There are only small
additional energy barriers to movement along DNA. Others, as EcoRV 15, the Lacl repressor
17, and the Bclamp 16, move significantly more slowly (at least 1000-fold) along DNA than
free in solution indicating significant energy barriers.

In addition to one-dimensional diffusion or sliding other mechanisms commonly considered
include “hopping' and direct DNA-to-DNA transfer. Hopping is the dissociation and rebinding
of protein to the same DNA, i.e., dissociation is only transient 3. Direct transfer is due to the
collision of a protein-DNA complex with DNA either on the same fragment or another 3. The
protein is transferred from the first DNA site to the second. By using high concentrations of
specific site oligonucleotides to act as a sink for dissociated protein we accentuate the
contribution from one-dimensional sliding. The specific site dissociation rate does not depend
on the oligonucleotide concentration added over a 100 to 1000 range of ratios between specific
site concentrations of oligonucleotide and DNA fragment. This indicates that direct transfer
does not contribute significantly to our measurements of movement along DNA compared with
one-dimensional diffusion. It would also strongly suggest that the contribution from hopping
is not significant.

Many DNA binding proteins are not highly stringent for the specific recognition sequence, but
can bind to related noncognate sequences more strongly than to completely nonspecific
sequences. The sliding rate at a particular site is likely related to the binding constant at that
site. Sliding rates could be strongly sequence dependent. In this respect, the binding specificity
of EcoRl is extraordinary. In 90 mM NacCl, pH 7.0, and at 20°C, the ratio of equilibrium
constants for binding to a specific recognition sequence and to a nonspecific 30bp
oligonucleotide 2%: 31 js ~2 x 104, A 30 bp oligonucleotide containing the “star' sequence
TAATTC that differs by a single base pair from the recognition sequence binds EcoRI only
two-fold more strongly than the nonspecific oligonucleotide 31. Other “star' sequences with
single base pair changes from the recognition sequence bind even more weakly 3°. Sequences
with two or more base pair changes from the recognition sequence are virtually
indistinguishable from nonspecific DNA 3°. The DNA fragments we use here do not contain
any “star' sequences between the two sites. We expect that EcoRlI sliding rates under our
experimental conditions are not particularly sequence dependent.

The ratio of specific site dissociation rates for the one-site fragment and the two-site fragments
with AL =84, 26, and 21 bp shown in Figure 3 can all be well fit by equation (6) with In

(konsp,disslkg) =-12.6 £ 0.2. This would indicate that the assumptions underlying the equations
are correct. It was assumed that a recognition site is an absorbing barrier, i.e., that the protein
does not pass over or miss a site. It does not matter if the site is on the same side of the helix
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(A21) or the opposite (A26); EcoRlI has the same high probability of finding the site if the
protein diffuses to it. This also indicates that the protein is not transiently dissociating and
taking hops of several base pairs on the DNA. Equation (6) also assumes that kg does not have
a significant salt concentration or osmotic pressure dependence. The salt concentrations and
osmotic pressures are changed significantly over the range of |n(knsp,diss/k0nsp,diss) from 1 to
9 (an 8000-fold change in rate) in Figure 3. The salt concentration was varied from 90 to 360
mM and the osmotic pressure (to maintain an approximately constant kqff) from 0 to 4 osm.
The data fits then indicate that kg does not depend significantly on salt or osmotic pressure,
suggesting that the motion along the helix maintains approximately the same cushion of water
at the protein-DNA interface and remains in close contact with the DNA-phosphate backbone.
This would be consistent with previous suggestions that the nonspecifically bound protein
follows the helical path of DNA. In agreement with the EcoRI results here, the one-dimensional
diffusion coefficients of Oggl 1 and p53 20 have little salt concentration sensitivity. A non-
negligible salt concentration dependence has been reported, however, for EcoRV sliding 1°
with added Mg?*.

We have previously estimated the nonspecific complex dissociation rate, konsp,diss, from the
effect of added nonspecific 30 bp oligonucleotides on the specific sequence association rate
under conditions that there was little free protein °. The protein was either bound to the specific
sequence fragment or to nonspecific oligonucleotide. Under standard conditions (0 osm, 90
mM salt, 20°C, and pH 7.0), k%ngp giss = 0.8 sec™L. The ratio of this value and k% giss for a 30
bp specific site oligonucleotide was consistent with our previously measured value for the ratio
of specific and nonspecific site binding constants. The association and dissociation rates from
the 30 bp specific site oligonucleotide are both ~ four-fold slower than for the 360 bp fragments,
reflecting the contribution of ends to dissociation kinetics. Dissociation rates from DNA ends
can be much different than from internal sequences. We can calculate a ratio of dissociation
rates for the specific site 30 and 360 bp DNA fragments, varying the relative dissociation rate
from the ends using the formalism of Belotserkovskii and Zarling and equation (4). If there
was no difference in dissociation rates from internal and end sequences (¢ = 1 in equation (2)),
the 30 bp oligonucleotide off rate is calculated to be ~11-fold slower than the 360 bp fragment
using the konsp,diss/ksl ratio determined from the fit to Figure 3. In order to account for the
observed ratio of 4, the dissociation rate would have to be ~ 40-fold faster from ends than from
internal sequences. The dissociation rate of the 30 bp nonspecific oligonucleotide can be
corrected for end dissociation to give kOnSp,diss = 0.2 sec L. Including 40-fold difference
between ends and internal sequences in the calculation of ratio of one and two site dissociation
rates for the 360 bp DNA fragments does not significantly change fits shown in Figure 3 or
the best fitting value of In(k%nsp diss/Ks1)-

With konsp,diSS =0.2sec™?, we calculate that kg = 6.0 x 104 bp?/sec, corresponding to a diffusion
rate along the helix of ~ 3.5 x 10711 cm?/sec. Under standard conditions of 90 mM salt, 20°C,
and pH 7.0, in the absence of Mg?*, EcoRI can scan ~ 400 bp, on average, before dissociating.
The diffusion coefficient is ~ 2000-fold smaller than expected if the translational frictional
drag of the solution was limiting, similar to the results for ECoRV. If proteins follow the helical
path of DNA, as seems likely for EcoRlI, then at least part of the extra friction comes from the
rotational motion as first pointed out by Schurr 36 and further developed by Bagchi et al 37.
Using these latter, the rotational friction slows the movement of EcoRI along DNA by a factor
of 40-50, leaving only an additional factor of 40-50 to account for. This is somewhat surprising
giventhe ~10 charge-charge interactions between DNA and protein in the nonspecific complex.
If the remaining factor of 40-50 is due to breaking and remaking these DNA-protein “salt
bridges', the activation energy barrier would only be ~ 0.4 kT (~250 cal) for each. Additionally,
the 110 waters at the DNA-protein interface could be structured with an energy penalty for
perturbing this structuring as the protein moves.
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As a final check on the measured sliding rate, we can also estimate the absolute dissociation
rate constant of the 360 bp, single specific site DNA fragment. Figure 4 illustrates the steps
involved in arriving at the initial state considered in Figure 1 with the protein bound
nonspecifically next to the specific site. There is first a transition between specific and
nonspecific binding modes at the specific site, followed by a sliding step in either direction.
Since the nonspecific binding mode has ~110 water molecules sequestered at the DNA-protein
interface, we do not expect that the nonspecific mode binding constant will have a significant
dependence on sequence. If the rate of returning to the specific binding mode is much faster
than the sliding rate, as seems likely, then the rate of formation of the initial state is 2k
Ksp-nsp: Where Kgp_nsp is the ratio of nonspecific and specific site association constants. The
overall dissociation rate is then 2ksj Kspnsp Piss, 1-sites Where Pyiss 1-site IS the probability that
the protein will dissociate before rebinding to the specific site and is given by equation (4).
Under our standard experimental conditions, pH 7.0 and 90 mM NaCl, the calculated
Paiss,1-site 1S 7 % 1074 for IN(K® ngp giss/Ks1) = —12.6. As mentioned above, the relative binding
constant for the competition between a 360 bp, specific site fragment and a 30 bp nonspecific
oligonucleotide is ~ 1 /(2 x 10%). If we consider that the 30 bp nonspecific oligonucleotide
contains ~25 possible sites, then Ksp_nsp for each nonspecific site ~ 0.5x1074/25. The specific
site dissociation rate constant, k¢, for the 360 bp specific site fragment can then be estimated
as ~ 1.7x1074 sec™1, compared with our measured value of ~ 2x104 sec™1. The agreement is
quite reasonable and supports our analysis.

Conclusions

By measuring the ratio of dissociation rates of complexes of protein with DNA fragments with
one and two specific recognition binding sites, we are able to able to determine the ratio of
nonspecific complex dissociation and linear diffusion rates. At 90 mM NacCl, pH 7.0, and 20
°C, EcoRl is able to cover ~ 400 bp, on average, before dissociating. The sliding rate is
insensitive to salt and osmolyte concentrations, suggesting that the protein follows the sugar-
phosphate backbone of DNA. The diffusion rate is about 2000-fold slower than the diffusion
of free protein in solution. A factor of 40-50 can be accounted for by a rotational flow friction
if the protein follows the helical path of DNA. The rest is likely due to the transient disruption
either of DNA-protein charges interactions or of the water structuring at the protein-DNA
interface.

Methods and Materials

Materials

Betaine glycine and triethylene glycol were purchased from Fluka Chemical Co. and used
without further purification.

The DNA fragment containing one EcoRlI site was prepared from pNEB193 (New England
Biolabs) as described below. DNA fragments with two EcoRI sites were constructed by
inserting oligonucleotides into pPNEB193 cleaved in the polylinker region at two restriction
endonuclease sites. The sequence of the oligonucleotide used to construct the two-site DNA
with a 21 bp separation between sites (A21) was CAGTGAATTCGAGCGCGGGG. It was
inserted into the Kpnl/BamHI gap of cleaved pNEB193. The sequence of A26 two-site
oligonucleotide was CGGGCCAGTGAATTCGAGCG and was also inserted into the Kpnl/
BamHI gap. The A84 two-site DNA was constructed with the oligonucleotide
GGCGAGGGCCAGTGAATTCG that was inserted into the Pstl/Hindlll gap. The EcoRI
recognition site is underlined. The second EcoRlI sites have the same three bp flanking
sequences on either side of the site as the native EcoRI site in pNEB193 to ensure both sites
bind EcoRI equally well. E. coli (New England Biolabs turbo competent cells) were
transformed with the cloned plasmids and individual colonies containing the correct plasmid
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isolated using standard techniques. Plasmids were isolated from 500 ml cultures using the
Sigma GenElute HP Plasmid Megaprep kit. The one- and two-site plasmids were then digested
with Pvull and the 360 bp fragments isolated from an agarose gel during electrophoresis. The
fragments were then amplified using standard PCR protocols.

The specific sequence oligonucleotide was described in Sidorova and Rau 32, Purified EcoRl
was a kind gift of Dr. L. Jen-Jacobson.

Dissociation reaction

The dissociation reaction mixture contained 20 mM Imidazole (7.0), L MM EDTA,2mM DTT,
and 100 pg/ml acetylated BSA (Ambion). The NaCl concentration varied between 90-360 mM
and the betaine glycine concentration between 0-4 osmolal (0-24 % w/w). The DNA fragment
concentration was 2 nM and the EcoRI concentration was ~0.9 nM. The enzyme was allowed
to equilibrate with the DNA fragment for ~ 30 min at 20 °C. The dissociation reaction was
initiated by adding oligonucleotide containing the recognition site for EcoRl to a final
concentration of 1 uM. The total reaction volume was 30 pl. The dissociation rate is insensitive
to oligonucleotide/fragment concentration ratios between ~100-1000. The reaction was
stopped at various times by adding 10 pl triethylene glycol as described in Rau 27,

Gel electrophoresis and quantitation

Samples were loaded onto a 12% polyacrylamide gel in 1XTAE and electrophoresed at 180 v
for ~14 hrs. The gel was stained with Sybr Green | (Invitrogen) and imaged with an FLA3000
(Fujifilm Life Sciences) laser scanner. Intensities of free DNA and protein-DNA complex
bands were analyzed using Multigauge (Fujifilm Life Sciences) and SigmaPlot 10 (Systat
Software).

Three bands are seen in the electrophoresis of the two-site fragment with EcoRI (Figure 2a):
free DNA, the complex with one bound protein, and, in the uppermost band, the complex with
two bound proteins. The initial fractions of free DNA and complexes with one and two bound
proteins were consistent with a simple binomial distribution of independent binding sites. The
dissociation of the complex with two bound proteins to form a complex with one bound protein
complicates analysis of the real dissociation rate of the complex with one bound protein. The
dissociation rate of the complex with two bound proteins can be measured from the loss of
intensity of the upper band. If the fraction of DNA present as complex with one protein is
f1p, the initial fraction of complex with two bound proteins is %y, and the rate constants for
the loss of complexes with one and two bound proteins are k; and ks, respectively, then the
fraction of DNA with one bound protein correcting for the contribution of the complex with
two bound proteins, f1p cor is:

0

kof !
Fib,cone (1) =Fip () — —2 (7 —e 1Y),

11—k (9

Iteration with the new k; changes the correction negligibly. The ratio of the dissociation rate
of the one-site complex and the rate of loss of the two-site fragment with two bound proteins
varied between 1-1.8 suggesting that a bound protein is a reflecting barrier as concluded by

Jeltsch et al. 11

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A schematic representation illustrating the basis for the method for measuring sliding rates.
The dissociation reaction starts with a transition from specific to nonspecific binding modes
at the recognition sites (the black boxes), followed by a sliding translation to either the left (1a)
or right (1b). If recognition sites are considered absorbing barriers and if the walks start from
the left, then the probabilities that EcoRI will dissociate from one- and two-site DNA fragments
are the same. Starting from the right, however, probabilities will be the same only if the
dissociation rate is much faster than the linear diffusion rate. If the sliding rate is much faster
than the dissociation rate, the ratio of the dissociation probabilities for the two-site and one-
site DNA fragments is 0. The protein will find the second site before dissociating. The ratio of
off-rates for complexes with the one-site and two-site DNA fragments will, therefore, vary
between 2 and 1 depending on the ratio of the nonspecific complex dissociation rate and the
sliding rate.
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Figure 2.

Dissociation of EcoRI from DNA with one or two recognition site. (a) A typical polyacrylamide
gel shows the loss of EcoRI binding to the one-site DNA fragment (the first five lanes) with

time and to the two-site DNA fragment (the last five lanes). The one protein bound complex

and free DNA bands are indicated. The two-site DNA fragment has an additional weak band
of complex with two bound proteins. A large excess of specific site oligonucleotide is added
to the EcoRI/DNA fragment mixture to initiate dissociation. Incubation times are 0, 15, 30,
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45, and 60 min from left to right. The dissociation reaction is stopped by adding triethylene
glycol.

(b) The logarithmic dependences of the fraction of one bound protein complex on time are
shown for the one- (4) and two- () site DNA fragments shown in (a). The slopes give the
off rates for EcoRI dissociating from the fragments into solution, Ko 1-site OF Koff 2-site- A
correction to the fraction of one bound protein complex to account for the contribution from
dissociation of the two-site fragment with two bound proteins can be applied using equation
(9). The corrected data is shown (m). The observed ratio Kogf 1-site/Koff 2-site = 1.93 indicates
that the EcoRlI that dissociates from one specific site and begins a random walk in the direction
of the other site will almost certainly find the other before dissociating from the fragment into
solution (Figure 1b).
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Figure 3.

The dependence of the ratio of the dissociation rates of EcoRI from DNA with one and two
binding sites on changes in the nonspecific dissociation rate. The ratio of one- and two-site
fragment dissociation rate constants determined in figure 2 is shown as a function of In
(Knsp,diss/K nsp.diss); K nsp diss is the nonspecific complex dissociation rate at 90 mM NaCl, 0
osmolal, pH 7.0, and 20 °C and kpgp diss is the nonspecific complex dissociation rate at the salt
and osmolyte concentrations used. From our previous data, |n(knsp,diss/k0nsp,diss) is given by
equation (7). The salt concentration is varied from 90 to 360 mM NaCl and the betaine glycine
osmolyte concentration from 0 to 4 osmolal to give the range examined.

The ratios of dissociation rates for the fragment with two sites a separated by 84 bp is given
by (m). The “star' (%) data points for the A84 bp two site fragment were obtained keeping the
osmolal concentration of betaine glycine constant and only varying the salt concentration.
Dissociation rate ratios for the A21 bp two site fragment are shown by (4) and for the A26
two site fragment by (A ). The two sites are on the same side of the DNA helix for A84 and
A21, but on opposite sides for A26. The solid lines are calculations of equation (6) with In
(konsp,disslkg) =-12.6. The arrow represents a 16-fold change in knsp giss for the 4-fold change
in spacing between sites as expected for a diffusion process. A complete data set that includes
osmolal and salt concentrations, Ko 1-site: aNd Ko 2-site IS given in supplementary materials
for the A21 and A84 two site DNA fragments, as well as a graph of fitting errors.
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Figure 4.
A schematic representation of the kinetic steps involved in the transition from a specifically
bound protein to a nonspecific complex abutting the specific site.
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