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DNA target search is a key step in cellular transactions that access genomic information. How DNA
binding proteins combine 3D diffusion, sliding and hopping into an overall search strategy remains
poorly understood. Here we report the use of a single molecule DNA tethering method to characterize
the target search kinetics of the type II restriction endonuclease NdeI. The measured search rate depends
strongly on DNA length as well as salt concentration. Using roadblocks, we show that there are signif-
icant changes in the DNA sliding length over the salt concentrations in our study. To explain our results,
we propose a model including cycles of 3D and 1D search in which salt concentration modulates the
strategy by varying the length of DNA probed per 1D scan. At low salt NdeI makes a single non-specific
encounter with DNA followed by an effective and complete 1D scan. At higher salt, NdeI must execute
multiple cycles of target search due to the reduced efficacy of 1D search.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Site specific DNA binding proteins (DBPs) slide, hop and jump
along DNA during target search [1e3]. A DBP must combine these
mechanisms of facilitated diffusion into a coherent strategy in order
to systematically reject the wrong DNAwhile maintaining the ability
to recognize target DNA. Strategies vary widely. LacI uses long sliding
interactions in its search for its binding site [4e6]. EcoRI mixes
sliding and hopping as well as pausing at star sites [7e9]. In contrast,
RNA polymerase [10] as well as the UV damaged DNA binding pro-
tein [11] have been shown to find their sites via 3D diffusion alone.

Type II restriction endonucleases (REs) are a useful model for
studying target search [12,13]. Facilitated diffusion in REs was first
observed in EcoRI [14] and later in BamHI, HindIII [15] and EcoRV
[16]. These early studies used bulk assays with cleavage products
analyzed by gel electrophoresis. Search rates at low salt concen-
tration increased with DNA length suggesting sliding [15]. Target
search by EcoRV is enhanced by the presence of nearby topologi-
cally disconnected DNA catenenes, indicating jumping plays a role
[17]. The dependence of coordinated cleavage of multiple sites on
spacing and orientation demonstrates that 1D diffusion is a com-
bination of both sliding and hopping [9,16,18].

How the target search rate depends on DNA length and
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conformation aswell as cellular or buffer conditions is determined by
the search strategy. For example, the LacI search rate with shorter
DNAs (<7 kbp) is independent of salt concentration at low salt, but
rapidly decreases as salt is increased past a critical concentration. On
the other hand, longer DNAs show a peak in rate as salt is varied, a
behavior explained by a model that includes sliding [4]. A study of
LacI association kinetics in vivo showed that placement of roadblocks
on one side of the target reduced the overall search rate to roughly
one half, confirming sliding in vivo [5]. By stretching a DNA substrate
between two optically trapped beads and measuring the search rate
in singulo, Van der Broek et al. have shown that target search by
EcoRV depends on bead separation, and hence DNA conformation,
further confirming the presence of jumping during search [19].

In this work, we use a single molecule technique based on DNA
tethered beads to measure the target search rate of NdeI, a type II
RE, under a wide range of salt concentrations and for two DNA
substrate lengths. The advantage of single molecule techniques is
that they measure the underlying distributions of molecular
properties, as opposed to ensemble averages [20]. In addition, DNA
tethering methods can modify the tension and conformation of
DNA [19,21]. We have previously measured an effective second
order rate constant of (3.3 ± 0.4) � 108 M�1 s�1 for target search by
this enzyme, a value consistent with a diffusion controlled reaction
[22]. Herewe demonstrate that this rate is highly dependent on salt
concentration and DNA length. For each DNA length, we see a peak
in search rate as salt is increased from 2mM to 160mM. The peak in
rate is DNA length dependent, with the peak rate increasing and
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shifting to lower salt concentration for longer DNAs. In addition, we
use dCas9 as a roadblock to demonstrate that increased salt con-
centration can reduce the sliding length. To explain our data, we
propose a model of 3D/1D search cycles that is modulated as the 1D
search efficacy varies with salt concentration. The model shows
that at low salt NdeI makes a single encounter with the DNA fol-
lowed by a highly effective scan of the entire DNA. At high salt, NdeI
must make multiple short scans of the DNA during target search.

2. Materials and methods

2.1. DNA substrate preparation

Linear DNAs were prepared using a polymerase chain reaction
(PCR) with custom primers (Integrated DNA Technologies (IDT))
labeled on the 5ʹ end with either biotin or digoxigenin. M13mp18 cir-
cular plasmid (New England Biolabs (NEB)) was used as template DNA.
The 1000 bp linear DNAwas prepared as described previously [22] and
consists of the circular M13mp18 sequence from position 6338 to 107.
For the 200 bp DNA, the forward primer (digoxigenin labeled) was
AGCTGATTTAACAAAAATTTAATGCGA, and the reverse primer (biotin
labeled) was TGAGAGATCTACAAAGGCTATCAG, copying the template
DNA from position 6725 to 7012. Both PCR products contain a single
NdeI cleavage site at the center of the DNA (Fig.1A). PCR products were
purified as described in Ref. [22]. DNAs were diluted to 0.5e1.5 pM in
buffer A (20 mM Tris-HCl pH 7.5, 2e60 mMNaCl, 3 mg/mL BSA, 1 mg/
mL Pluronic F-127, 0.2e2.0 mM MgCl2) for use in tethering.

2.2. Sample cell preparation

Sample flow cells were constructed and functionalized with
anti-digoxigenin FAB fragments as described in Refs. [22]. The
microfluidic cell was mounted on an inverted microscope (Axio-
vert, Zeiss) and connected to a syringe pump (Harvard
Instruments).

2.3. DNA tethering

DNA tethering for the target search rate experiments was ach-
ieved using the method described in Refs. [22]. Briefly, this method
Fig. 1. Single molecule DNA cleavage assay. (A) DNA tethering details. Ndel and roadblock (RB
(C) Number of uncleaved DNAs versus time. Initial slow decay is due to background bead l
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involved flowing in DNA first, and then flowing in 1 mm diameter
streptavidin functionalized beads (MyOne Streptavidin, Life Tech-
nologies) to bind to the tethered DNA (Fig. 1B). Wash steps followed
both the DNA and the bead binding steps. For control and roadblock
experiments, binding of DNA to beads was achieved by the method
described in Ref. [23]. In this method, beads were reacted with DNA
before injection into the flow channel followed by a single wash
step. Both tethering protocols yield similar tethering and experi-
ments repeated using both protocols gave equivalent results.

2.4. Data collection

For the search rate and roadblockmeasurements, the site-specific
endonuclease NdeI (NEB) was diluted to 1 U/mL (42 pM) in buffer A
and flowed into the reaction channel of the flow cell at 10 mL/min.
Video datawas collected under dark field illumination for 30e90min
(depending on cleavage rate) at a frame rate of 1 fps. For the control
experiments, inlet channels were switched to wash buffer (buffer A
with 80 mM NaCl and 2 mM MgCl2) at 6 min into data collection.

2.5. Data analysis

Data reduction was performed as previously described [22,23].
Briefly, beads in each frame were counted using the ImageJ Particle
Analysis plugin (Fig. 1C). Baseline subtracted and normalized bead
count versus time curves were plotted and fit to single exponentials,
PðtÞ ¼ Ae�kt , where P(t) is the fraction of uncleaved DNAs at time t, A
is the amplitude, and k is the first order rate of site-specific DNA
cleavage. The effective second order rate constants were calculated
by dividing the measure first order cleavage rates by the protein
concentration (42 pM). Fitting of the kinetic model for target search
was done as follows. The measured first order search rates were
plotted versus salt concentration for both lengths of DNA. Equation
(1) was fit globally to our data using non-linear least squares fitting
(Marquardt-Levenberg algorithm). The reference salt concentration
was chosen as [NaCl]o ¼ 100 mM. The parameters q and a were
globally fit to all data (both lengths of DNA). The parameters to3D and
No were assumed to be length dependent and allowed to vary be-
tween the data corresponding to the two DNA lengths.

3. Results

3.1. Measurements of DNA target search rate

To characterize the target search kinetics of NdeI, we used our
single molecule DNA cleavage assay (Fig. 1). We previously showed
that NdeI’s second order rate constant is (3.3 ± 0.4) � 108 M�1 s�1

for 1000 bp DNAs in 100 mM NaCl, a value within the range of
diffusion controlled reactions [22]. In order to change the target
search kinetics, in this work we varied both salt concentration
) sites are labeled. (B) Tethered microbeads are cleaved by enzymes introduced by flow.
oss. The decay rate after ~200 s is due to enzyme catalyzed cleavage.
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(2 mMe160 mM) and DNA length (200 bp to 1000 bp). Increasing
salt concentration increases non-specific DNA dissociation and
hence reduces time spent during 1D scanning and changing DNA
length will increase the amount of DNA that must be scanned
during search.

Fig. 2 shows the measured second order rate constants versus
NaCl concentration for two lengths of DNA (200 bp and 1000 bp).
For both DNAs the rate is salt dependent, displaying a peak near
80 mM NaCl. The data show that the search rate depends on DNA
length in a salt-dependent manner. Below 100 mM NaCl the rate
increases with DNA length, with the longer DNA displaying faster
target search. Above 100 mM NaCl the opposite trend is seen, with
the longer DNA showing slower target search.
3.2. Verification of search rate measurements

We next verified that the variations in kinetics were due to
target search and not to changes in the rate of DNA hydrolysis. To do
this, we first identified a “peak” buffer in which the rate was a
maximum. We reasoned that if we were to initiate a reaction under
buffer conditions in which the reaction were slower, and then
interrupted this halfway through to completion by washing out
unbound enzyme with the peak buffer, then one of two results
would follow. In the case of slow target search, thewash step would
stop any further cleavage due to flushing out unbound enzyme. In
the case of slow hydrolysis, the wash step would result in rapid
cleavage of the remaining DNAs. We chose to use 80 mM NaCl and
2 mM MgCl2 as our peak buffer (Fig. 2).

We tested the validity of this design by first performing the
experiment in low magnesium, which is known to be essential for
cleavage but not binding [24]. NdeI was injected into the flow
channel in the presence of 80 mMNaCl/0.2 mMMgCl2. As shown in
Fig. 3A and S2A, the initial cleavage rate is low. However, upon
injection of 80 mM NaCl/2 mM MgCl2 rapid cleavage is induced,
indicating that the initial slow kinetics are due to a reduction in the
rate of hydrolysis and not binding to target. We then tested con-
ditions that result in the slower kinetics shown in Fig. 2. We per-
formed the experiment by injecting NdeI in buffer containing 2mM
MgCl2 but either low (2 mM) or high (140 mM) NaCl (Fig. 3BeC and
Fig. 2. Second order target search rates. Data for two lengths of DNA (200 bp: green
squares, 1000 bp: blue circles) are shown. All data points represent means of at least
three replicates. Only trials with at least 200 DNAs were included. Error bars represent
standard errors in the mean. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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S2BeC). The initial cleavage in the presence of protein is similar to
that in Fig. 3A. However, upon washing away protein with buffer
containing 80 mM NaCl, cleavage rate reduces to the background
bead loss rate indicating that the protein has not completely bound
all DNA targets, consistent with slower search kinetics. Note that
the slight increase in rate immediately after introducing the wash
buffer (green line in Fig. 3) is due to the finite mixing time (~40s).
During this time, residual enzyme remains in the flow cell as higher
salt is mixed in creating a small drop in bead count.

3.3. Salt concentration modulates the 1D sliding length of NdeI

To probe the effect of salt concentration on 1D search, we
developed a method to block sliding using dCas9 (xS1), which binds
target sites without cleaving DNA. The 1000 bp DNAwas modified to
include two identical roadblock sites, each containing a BtgI site, 100
bp upstream and downstream of the NdeI site (Fig. 1A and S1). We
then targeted dCas9 to these sites using complementary sgRNAs.
Control experiments with BtgI demonstrated 100% binding of dCas9
(Fig. S3A). In the absence of sliding, or if the sliding length is less than
100 bp, the presence of roadblocks will not affect the NdeI search
rate. Fig. 4A & B shows the target search rate of NdeI in the presence
and absence of roadblocks at low (40 mM) and high (100 mM) salt.
The low salt condition shows significant slowing of target search in
the presence of roadblocks, indicating sliding from farther than 100
bp is significant. At 100 mM salt, there is no difference due to the
presence of roadblocks, demonstrating no significant sliding greater
than 100 bp. This data confirms that salt varies the 1D sliding length
of NdeI and that increasing salt decreases this length.

3.4. Modeling target search

We applied a two phase model to our data. In the 3D search
phase the protein freely diffuses until it lands on a random location
on the DNA. In the 1D search phase the protein searches a contig-
uous segment of the DNA via 1D diffusion until it either binds the
target or dissociates to re-enter the 3D phase. The total search time
is the number of search cycles multiplied by the average time per
cycle. We assumed the protein can only reach its target via 1D
search (direct landings on the site from the 3D phase are ignored).
An iso-electric focusing gel (xS1.3) demonstrated that NdeI is
negatively charged (pI ¼ 5.6) in our buffers (pH ¼ 7.6), suggesting
electrostatic repulsion could play a role at low salt. We therefore
included a salt dependent non-specific association rate assumed to
increase by a power law [25,26]. An additional assumptionwas that
the non-specific dissociation rate was determined by a power law
dependence on salt concentration. This model leads to the
following expression for the search time (xS2):

T ¼ k�1 ¼ to3D �
�� ½NaCl�

½NaCl�o

��a

þ No �
� ½NaCl�
½NaCl�o

�q�a �
(1)

In this equation, T is the search time, k is the first order DNA
search rate, [NaCl]o is a reference salt concentration (100 mM), t o

3D

is the time spent in a single cycle of 3D search at the reference salt
concentration, 1 þ No is equal to the number of search cycles at the
reference salt concentration, and q and a are exponents that
determine the salt dependence of the non-specific dissociation and
association rates respectively.

A global fit of Eq. (1) demonstrates the ability of this model to
explain our data (Fig. 4C). The model correctly describes the pres-
ence of a peak in the salt dependence. In addition, it correctly
predicts the shift in peak (higher and to lower salt) as the DNA
length is increased. Lastly, the model correctly accounts for the
manner in which the search rate depends on DNA length at both



Fig. 3. Control experiments with 1000 bp DNA. Initial buffer and enzyme were washed out at ~420s (indicated by vertical green line) by wash buffer. (A) Initial buffer of 80 mM
NaCl, 0.2 mM MgCl2. (B) Initial buffer of 2 mM NaCl, 2 mM MgCl2 and (C) initial buffer 140 mM NaCl, 2 mMMgCl2. See Fig. S2 for data from 200 bp DNA. Variations in initial number
of DNAs are due to normal statistical variations in tethering efficiency. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. (A) Target search kinetics in presence (solid) and absence (dashed) of roadblocks at 40 mM NaCl. Data is normalized (see Fig. S3 for raw data). (B) Same at 100 mM NaCl. (C)
Model fit to data. The first order target search rates are plotted (200 bp DNA: green squares, 1000 bp DNA: blue circles) along with predictions of the model (green and blue solid
curves) using the parameter values from Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Best fit values for model parameters as determined by numerical fits to data. See
main text for description of parameters.

DNA length (bp) to3D (s) No q a

200 47.3 ± 3.8 0.67 ± 0.17 8.99 ± 0.86 1.53 ± 0.09
1000 17.1 ± 1.2 5.1 ± 1.2 8.99 ± 0.86 1.53 ± 0.09
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low salt (where rate increases with DNA length) and high salt
(where rate decreases with DNA length). The best fit parameters
(Table 1) determine both the average time spent in each cycle of 3D
search and the number of cycles needed to locate the target. As
shown in the table, the 3D search time at the reference salt con-
centration (100 mM) for the 200 bp DNA (47.3 s) is roughly 2.8
times longer than that for the 1000 bp DNA (17.1 s). Similarly, at that
salt concentration NdeI must undergo roughly 1.7 search cycles to
effectively search the 200 bp, whereas it requires 6.1 cycles to
search the longer 1000 bp DNA.
4. Discussion

One strategy for DNA target search employs a single cycle of 3D
search followed by an effective and complete 1D search of the DNA.
Assuming a rapid 1D phase, the search rate will equal the non-
specific association rate. The rate will increase with increasing
4

DNA length due to the “antenna” effect. At low salt (50 mM NaCl),
EcoRI, BamHI and HindIII have all demonstrated increasing search
rates as DNA length is increased, consistent with this strategy [15].
Below 80 mM NaCl, the target search rate of NdeI also increases
with DNA length (Fig. 2), suggesting a similar strategy. Diffusion
lengths as long as 1000 bp have been observed for both EcoRI [8]
and LacI [6] in similar salt concentrations. In the case of NdeI,
roadblocks 100 bp away from the target site slow search at 40 mM
NaCl (Fig. 4A), indicating sliding from beyond that distance is sig-
nificant. This can also explainwhy NdeI’s search rate increases with
salt concentration at low salt. Since NdeI is negatively charged
under our assay conditions, ionic screening will reduce electrostatic
repulsion as salt concentration increases, leading to faster target
search.

In contrast to in vitro results, in vivo observations show DBPs
make multiple short scans of DNA during target search. While LacI
exhibits long scans in vitro [6,27], single molecule tracking in cells
shows scans limited to 10s of bp either by dissociation or by
roadblocks [5]. In the case of TetR, scans are 100s of bp in length
[28]. In these cases, the search time is the time per search cycle
multiplied by the number of cycles. Increased salt concentration
will increase the number of cycles by reducing the fraction of the
DNA scanned per encounter. This mechanism is supported by our
datawith roadblocks which show reduction in sliding length as salt
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increases (Fig. 4A and B). In addition, above 80 mM NaCl the search
rate falls dramatically with salt (Fig. 2). Increased DNA length will
also increase the number of cycles required due to the increased
number of non-specific sites which is also supported by our data
above 100 mM (Fig. 2). One crucial component of this model, the
reduction in 1D search efficiency with increasing salt, has been
directly observed in EcoRI, where single molecule tracking has
shown increasing salt leads both to a reduction in residence time
and to an increase in hopping [8]. These effects combine to reduce
the duration, length and efficiency of each individual 1D scan.

Our model shows quantitatively how salt concentration mod-
ulates search strategy. From Eq. (2), we find that the number of
required cycles of 3D/1D search varies with salt concentration,

N¼1þNo �
� ½NaCl�
½NaCl�o

�q

(2)

In this equation,N is the total number of search cycles, andNo and q
are defined as before. The critical salt concentration where NdeI
switches behavior is determined by when the number of additional
cycles N-1 first becomes significant as salt is increased. Setting this
equal to 0.1, we find a critical salt concentration of 83 mM for the 200
bp DNA, and 69 mM for the 1000 bp DNA (parameters from Table 1).
These salt concentrations coincide with the peaks in the search rate
which mark the transition between the two behaviors. Below the
critical salt concentration, the DBP makes a single efficient scan of the
DNAafter its initial landing. At higher salt concentration,multiple scans
must bemade. For example, at 150mMNdeI must perform ~20 search
cycles for the 200 bp DNA, whereas for the 1000 bp DNA it must make
~70. In the simplest picture, onemight expect the ratio of search cycles
for the two DNAs at high salt to be equal to the ratio of their lengths, 5,
whereas the actual number is closer to 3.5. The difference could be due
to the contribution of jumping which has been shown to increase the
search rate of EcoRV [19]. Longer DNAs will exhibit more coiling which
will provide more opportunity for rebinding of the protein once it
dissociates but before it wanders away from the DNA coil.

While prior work has shown how salt concentration can affect
the 1D search, our results demonstrate how this mechanism
modulates the overall search strategy including both 3D and 1D
search. The model resolves the conflict between in vitro data at low
salt (<75 mM) which suggests proteins make highly efficient scans
of DNAwith in vivo results at cellular salt conditions (130e270 mM
[29]) that show DBPsmakemultiple scans during target search. The
two strategies predict very different dependencies on DNA length
and salt concentration and can be understood as two limits of the
same underlying behavior. Interesting questions remain as to why
particular strategies are chosen in vivo where DNA conformation
and roadblocks may have important roles.
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