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M Check for updates

Many proteins that bind specific DNA sequences search the genome by combining
three-dimensional diffusion with one-dimensional sliding on nonspecific DNA',

Here we combine resonance energy transfer and fluorescence correlation
measurements to characterize how individual lac repressor (Lacl) molecules explore
the DNA surface during the one-dimensional phase of target search. To track the
rotation of sliding Lacl molecules on the microsecond timescale, we use real-time
single-molecule confocal laser tracking combined with fluorescence correlation
spectroscopy (SMCT-FCS). The fluctuations in fluorescence signal are accurately
described by rotation-coupled sliding, in which Lacl traverses about 40 base pairs
(bp) per revolution. This distance substantially exceeds the 10.5-bp helical pitch of
DNA; this suggests that the sliding protein frequently hops out of the DNA groove,
whichwould resultin the frequent bypassing of target sequences. We directly observe
such bypassing using single-molecule fluorescence resonance energy transfer
(SmFRET). A combined analysis of the smFRET and SMCT-FCS data shows that Lacl
hops one or two grooves (10-20 bp) every 200-700 ps. Our data suggest a trade-off
between speed and accuracy during sliding: the weak nature of nonspecific
protein—-DNA interactions underlies operator bypassing, but also speeds up

sliding. We anticipate that SMCT-FCS, which monitors rotational diffusion on the
microsecond timescale while tracking individual molecules with millisecond
resolution, will be applicable to the real-time investigation of many other biological
interactions and will effectively extend the accessible time regime for observing these
interactions by two orders of magnitude.

Sequence-specific binding and recognition of DNA target sites by
proteins suchas transcription factors, polymerases and DNA-modifying
enzymes is at the core of cellular information processing. However,
the ‘target search problem’ of how to rapidly—yet accurately—find
aspecific target sequence remains incompletely understood. One
aspect of the search problem is addressed by facilitated diffusion’, in
which proteins search the genome by combining 3D diffusion with 1D
sliding on DNA**%, However, little is known about how sliding proteins
explore the DNA surface. For example, it isunknown whether the slid-
ing protein redundantly samples each base (as would be expected for
faithful 1D diffusion) or whether the protein trades redundancy for
speed, and occasionally skips bases. Here we shed light on the trade-off
betweensliding speed and accuracy in the recognition of target sites by
measuring how a prototypical DNA-binding protein, the transcription
factor Lacl, explores the DNA surface during sliding.

Laclslides past operator sites

Wefirst used smFRET”®to directly monitor the kinetics with which Lacl
binds to its natural lacO, operator site (hereafter O,). We generated

a DNA construct that contains O, with a Cy5 acceptor dye located
5bp from the O, edge. The DNA was surface-immobilized, and indi-
vidual DNA molecules were monitored with a total-internal-reflection
fluorescence microscope (Fig.1a). Upon addition of Lacl labelled with
rhodamineinthe DNA-binding domain (Lacl-R) (Extended DataFig.1,
Supplementary Table 1), the specific binding of Lacl (Extended Data
Fig. 2) to O, led to a sudden appearance of fluorescence signals and
FRET (Fig. 1b). Lacl containing a single donor (one-step photobleach-
ing) on the distal or proximal subunit gave rise to a FRET distribution
for binding events with peaks at FRET=0.16 + 0.001and 0.89 £ 0.002,
respectively (Fig. 1c, Supplementary Methods). The rate of opera-
tor binding (k. .+s) depended on both Lacl and Na* concentrations
(Fig.1d, Extended Data Fig. 2g) and the rate of Lacl dissociation (K o)
increased withincreasing Na“concentration (Extended DataFig. 2d, g).
Importantly, Lacl-Rretained the ability tobind toboth naturally occur-
ring O, and the lacO; operator site (hereafter O,) with binding affini-
ties that were essentially identical to those that have previously been
reported® (Fig.1e), which indicates that the labelling of Lacl-R did not
substantially affect its operator binding. We also compared the binding
affinity of Lacl-R to that of aconstructinwhich Laclwas labelled further
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Fig.1|Lacl-operatorinteraction dynamics. a, FRET detection for Lacl dimer
binding toits operator (orange). FRET donor, green; acceptor, red; PEG,
polyethylene glycol; TIRF, total-internal-reflection fluorescence microscope.
b-e,Bindingto O,.b, Traces showing binding of Lacl containing asingle donor
on the proximal (left) or distal (right) monomer. ¢, and ¢4, denote the waiting
and dwell times, respectively. AU, arbitrary units. ¢, Histogram from

6,500 binding events. Peaks at FRET=0.16 + 0.001and 0.89 + 0.002 (centroid
values and standard errors from Gaussian fitting) are distal and proximal
labelling configurations, respectively.d, Dependence of ¢, on Lacl
concentration (NaCl=1mM). Data points are mean +s.e.m. from fitting a
single-exponential decay to the distributions (n=310 or 100 trajectories for
Lacl=7.3nMorotherwise, respectively). e, Rates of observed binding to (left)
(Ko obs = twaic '[Lacl]™), and dissociation from (middle) (kys), O; and O;, and

away from the DNA binding domain (Lacl-Far). The two labelling vari-
ants displayed identical sliding speeds (Extended Data Fig. 1c, d) and
similar O, affinities (Extended Data Fig. 1e), further showing that the
labelimpairs neither specific nor nonspecific DNA binding. FRET traces
of Lacl binding events exhibited instantaneous transitions between
the proximal and distal binding orientations on the same operator
(Fig.1f). These ‘flipping’ transitions presumably arise from microscopic
dissociation events, inwhichinitially operator-bound Lacl slides away
from the operator and undergoes a spontaneous flipping transition
before rebinding the operator in a flipped orientation.

To test for operator bypassing, we generated DNA constructs with
two outer O; sites separated by 30 bp of DNA that was either random or
contained athirdsite (O, or O,) (Fig. 2b). To discriminate between bind-
ingtotheoneversusthe other outer O, we used Cy5and Alexa Fluor 750
as distinct acceptor dyes. In the presence of Lacl-R, traces from indi-
vidual ‘O;-random-0, molecules exhibited spontaneous ‘switching’
transitions dueto Laclsliding from one outer operator site to the other
(Fig.2a). On the basis of the following observations, we conclude that
these switching transitionsinvolved a single Lacl dimer. First, switching
transitions were marked by fluorescence signals that appeared in the
one acceptor channel and simultaneously disappeared in the other.
In contrast to these rapid changes, the corresponding mean waiting
time (¢,,;,) for asingle binding event at the same Lacl concentration
(Fig.1d) was substantially longer, with ¢,,, =199 s (Supplementary Meth-
ods). Second, the frequency of switching transitions did not depend
on the Lacl concentration (Extended Data Fig. 3). We reasoned that a

dissociation constants K (right). Lacl-R=7.3nM, NaCl=1mM. Meanrate
constants+s.e.m. derived fromt,,; (for k,, o,s =248 and 109 for O, and O,,
respectively) or £y, (for Ky ops =367 and 91for O, and O;, respectively).

K= Kot obs/Kon,o0s With €rrors from propagating errorsin the rate constants.
f,Flipping. Left, Lacl-R transitions fromlow to high FRET. Centre, three Lacl
binding states observed withasingle O,. The flipping rates, 0.0011+0.0004 s
(distal to proximal, n=28,000s of observed timeineach state) and
0.0013+0.0004 s™ (proximal to distal, n=28,000 s of observed time in each
state), are mean + 95% confidence intervals. Right, flipping rates observed at
various concentrations of Lacl-R, normalized to Lacl=7.3 nM (asterisk). Values
aremean+95% confidenceintervals fromn=306,189,262 and 574 molecules
(fromlefttoright).Inc-f, dataare from atleast threeindependent experiments
ateach condition.

third, intervening operator should capture Lacl sliding away from one
of the outer O, sites—thereby sequestering it outside the FRET range
(Supplementary Information section 3.2.2) of either acceptor—and
abolish switching.Indeed, anintervening O, or O, reduced the switch-
ingrate (by afactor of1.350r 3.71, respectively) but did not completely
abolish it (Fig. 2b). Thus, a single Lacl dimer can bypass intervening
sites and slide between the outer O, sites.

DNA sliding is coupled to rotation

To better understand bypassing, we sought to determine how sliding
Laclexplores the DNA surface. For this purpose, Lacl-R was homogene-
ously (Extended DataFig. 4a) labelled with rhodamine bifunctionally
attached to two proximal cysteines to reduce rotation of the dye relative
tothe protein. We first characterized the orientation of individual Lacl-
Rmolecules by measuring their polarization of fluorescence while slid-
ing on flow-stretched A-DNA (49 kB) using single-molecule wide-field
epifluorescence and camera-based polarization detection'* ™ (Fig. 3a,
Extended Data Fig. 4b-j). These measurements showed a clear aniso-
tropic polarization, which implies anonrandom fluorophore orienta-
tion during Laclsliding (Fig. 3a, Extended Data Fig. 4b-j, Supplementary
Information section 3.3). However, the limited temporal resolution
(5Hz) of these camera-based measurements could not resolve fast
rotations of the protein around the DNA. Confocal detection can, how-
ever, be used to study interactions on asub-millisecond timescale’>*®.
To more directly observe the sliding protein rotate around the DNA,
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Fig.2|Observation of operator bypassing. a, Left, schematic of DNA
constructs with two outer O, sites (orange), indicating the possible bound states
of Lacl-R. Top and bottom O,, Alexa Fluor 750 (purple) and Cy5 (red) acceptor
fluorophores, respectively. Right, donor fluorescence (green), bottom- (red) and
top (purple)-site acceptor fluorescence, as well as bottom (dark blue) and top
site (light blue) FRET traces showing the transition of a single Lacl dimer initially
bound at the bottom site (shaded green) switching to the top site (shaded
purple). Inthe absence of acceptor signals, FRET is set to zero (dashed). b, Left,
schematic of DNA constructs with two outer O, sites (orange) and intervening
random (ran) DNA (left) or an additional O, (brown) (middle) or O, (right) site.
Top and bottom O,, Alexa Fluor 750 (purple) and CyS5 (red) acceptor, respectively.
Right, hidden-Markov-model-derived switching rates (Extended Data Fig. 3) are
mean +95% confidence intervals (n=1,108,1,137 and 699 individual molecules
from left to right) from at least 10 independent experiments for each construct.

we used SMCT-FCS (Fig. 3b). This enabled us to monitor rotational
diffusion on the microsecond timescale (Fig. 3b—f), at the same time
as translational diffusion was tracked on the millisecond timescale.
Thetranslational movements—both parallel and perpendicular to the
long axis of the DNA (Fig. 3d)—of individual Lacl-R molecules were
tracked and used to classify the molecules as sliders or nonsliders (that
is, protein stuck on the glass surface) (Extended Data Table 1, Supple-
mentary Methods, Supplementary Tables 2, 3). For FCS analysis”, the
photon emission was collected with nanosecond accuracy (Extended
DataFig.5). We determined the autocorrelation function (ACF) of the
fluorescence signal for molecules that bleached in asingle step (Fig. 3e,
f).If Laclsliding were coupled toits rotation around the DNA, the com-
ponent of the ACF decay due to changes inthe fluorophore orientation
shouldbe correlated with therate of translational diffusion. Adecrease
in the translational diffusion rate is therefore expected to slow ACF
decay in the relevant time regime. Indeed, when the experiment was
repeated with alarger, maltose-binding-protein fusion of Lacl-R (Lacl-
MBP-R), we measured slower translational diffusion (0.027 + 0.002 pm?
sversus 0.035 £ 0.002 um?s™) (Fig. 3d, Extended Data Fig. 6a) as
well as slower ACF decay in the 20-100-pus range (Fig. 3e). No such
difference between Lacl-R and Lacl-MBP-R was observed when they
wereimmobilized on the glass surface (Fig. 3f, Extended Data Fig. 6b).
The contributions to the ACF decay due to dye photophysics or flex-
ibility in rotational attachment were therefore essentially identical
for the two proteins. Thus, the difference in ACF between small and
large proteins was due to 1D diffusion. Our data show that Lacl sliding
is coupled to its rotation around the DNA, with characteristic decay
times on the order of 40 ps.

Lacl slips out of the groove

To estimate the base pair distance that Lacl translocates per revolution,
we fit the difference in ACF to amodel in which the pitch of the helical
rotationis the only free parameter (Fig.3g-j, Extended DataFig.7). The
fitting method accurately returned the correct pitches when tested
on theoretical rotational ACFs, convoluted with background noise
processes obtained from the stationary molecules (Extended Data
Fig. 7a, b). For the experimental data, fitting resulted in a pitch
estimate of 39 + 9 bp (Fig. 3g, Extended Data Fig. 7c). To explore
the signal-to-noise ratio in our SMCT-FCS experiments, we carried
out simulations of fluorophore rotation using the experimentally
estimated pitch, as well as the same amount of data, shot noise and
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Fig. 3| Determining pitch for rotation-coupled sliding. a, Schematic for
flow-stretching (top left). Kinetic series of images in horizontal and vertical
emission polarization, showing two representative sliding Lacl-R molecules when
DNA s stretched in the vertical (bottom left) or horizontal (right) direction.
Fifty-two and 27 sliding molecules were captured for the vertical and horizontal
direction, respectively. b, Schematic of SMCT-FCS setup. Black arrows, direction of
communication; green dots, laser pattern during fluorophore (red dot) tracking.

¢, Simulated traces (inset) of faster (red) and slower (blue) dye rotation and the
resulting autocorrelations. PC, personal computer; FPGA, field programmable gate
array.d,x (DNA direction) and y coordinate of sliding Lacl-MBP-R (blue,

151 molecules) and Lacl-R (red, 90 molecules). Ten representative traces are shown
(Extended DataFig. 6a). e, f, Mean normalized autocorrelation of the fluorescence
for sliding (€) (n=86 and 54 informative autocorrelations for Lacl-MBP-R and
Lacl-R, respectively) and stationary (f) (n=2,273 and 1,064 informative
autocorrelations for Lacl-MBP-R and Lacl-R, respectively) Lacl-MBP-R (blue) and
Lacl-R (red). Diffusion constants are 20% trimmed mean +s.e.m. g, h, Difference in
autocorrelation between Lacl-MBP-R and Lacl-R for sliding (g) (n=86 and

54 informative autocorrelations for Lacl-MBP-R and Lacl-R, respectively) and
stationary (h) (n=2,273 and 1,064 informative autocorrelations for Lacl-MBP-R
and Lacl-R, respectively) molecules. Datain e-h are mean +s.e.m.Black lineing,
best fit to arotation-coupled sliding model; bootstrapping the trajectories yields an
average pitch (p) for the rotation of 39 + 9 bp (mean +s.e.m.). i, Theoretical
dependence of the pitch on the time lag of maximum difference in the
autocorrelations. Yellow area, time regime corresponding to pitch values within the
s.e.mof the experimentally measured pitch. j, Best fits of the rotation-coupled
sliding model when the pitchis constrained at different levels.

filtering steps asin the experiments. Notably, the resulting simulated
differencesin ACF were very similar to the experimentally determined
ones (Extended DataFig. 7d, Supplementary Methods), which confirms
that our SMCT-FCS experiments yielded signal amplitudes and errors
asexpected from theory. We conclude that the sliding protein does not
faithfully track the DNA helix, but instead slides with a longer pitch.
A sliding mode in which Lacl sometimes slips between grooves via
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Fig. 4 |Determining hop length and frequency. a, Schematic of target search in
which Lacl combines faithful DNA-groove tracking (1D diffusion) with short and
frequentintergroove hops that can bypass a specific binding site (orange). b, The
effective rotational (D,) and translational (D,) diffusion coefficients from SMCT-FCS
are used to set parameters (K, (Xy,p)) in the simulations of the FRET experiments. ¢,
d, Flipping (c) and switching (d) rates calculated from stochastic simulations as a
function of the model parameters. Dashed lines, experimentally observed rate of
flipping on the same operator (c) and switching between two outer operators with
anintervening operator (d). e, Parameter probability densities from experimental
uncertainties. Parameters compatible with observed switching (blue) and flipping
(orange) rates. Surface transparency scaled according to the probability density for
the parameters given the experimental data. The flipping rate surface does not
decrease withincreasing values of ks, as the simulations yield the maximum
possible flipping rate. k,,,, was infinite in these simulations; see Extended DataFig. 8
for finite values of .

microscopichopswould agree with these observations, and contribute
to operator bypassing.

To determine which of the microscopic parameters for hopping
(hop length and frequency) are consistent with the experimentally
observable processes (switching rate, flipping rate and pitch), we
simulated the processes for broad ranges of microscopic parameters
(Fig. 4a,b). Flipping (Fig. 4c) and switching (Fig. 4d) rates were sam-
pled insimulations as in the experiments (Supplementary Methods).
Because both the overall 1D diffusion rate and the pitch of rotational
sliding are known from the SMCT-FCS experiments, the hop frequency
(knop) can be calculated for each hop length (xi,,) (Fig. 4b). The absolute
hop and switching rates also depend on how often Lacl dissociates
from the operator (Fig. 4c, d), because Lacl cannot hop if it is bound
tothe operator. The experimental flipping rate (dashed line in Fig. 4c)
represents alower bound for the absolute hop rate, as Lacl cannot flip
without hopping. At the same time, the absolute rate of the switching
transitions defines arelation between the hop length and the operator
dissociation rate, in which long and rare hops that do not frequently
bypass the intervening operator are compensated for by more fre-
quent dissociation (dashed line in Fig. 4d). By determining where the
dashed linesin Fig. 4c, d overlap (Supplementary Methods) to satisfy
the experimental constraints (Fig. 4e), we find that the average hop
length cannot exceed 16 + 8 bp, corresponding to aminimum hop fre-
quencyof4+1ms™.

Discussion

Our data show that Lacl rotates while sliding, and with a pitch that
exceedsthe10.5-bp DNA pitch, asaconsequence of frequent and short

hops. Such hopping may result from the nonspecific binding that is
sufficiently weak to optimize overall search speed, while at the same
timeinevitably leading to frequent operator bypassing. Bypassing does
not necessarily reduce the rate of operator binding, as 1D diffusion
involves many revisits to the same bases'. In fact, the observed hopping
frequency allows for rapid scanning of the DNA and speeds up the first
encounter with the specific site by about 100% in stochastic simula-
tions of target search, despite the frequent bypassing (Supplementary
Information section 3.5).

Finally, we anticipate that SMCT-FCS will lend itself to characterizing
many molecular interactions at a scale hundreds of times faster than
was previously accessible',
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Extended DataFig.1| Analysis of Lacllabelling and binding. a, Structural
model (based on Protein Data Bank (PDB) code 10SL). Lacl, blue and cyan;
rhodamine, green; DNA, grey. b, SDS-PAGE of labelled Lacl fractions after dye
removal visualized using rhodamine (Lacl-Rand Lacl-MBP-R) or Cy3
(Lacl-Far) fluorescence. The bands corresponding to the monomeric sizes
expected for Lacl-R (left), Lacl-Far (middle) and Lacl-MBP-R (right) are
indicated witharrows. The intensity of the monomeric band relative to the sum
of theintensities of monomeric and dimeric bandsis 77% and 86% for Lacl-R
and Lacl-MBP-R, respectively. For gel source data, see Supplementary Fig. 1.
c,x(DNAdirection) andy coordinate of sliding Lacl-Far (red) and LacI-R (blue)
molecules obtained by electron multiplying charge-coupled device (EMCCD)

tracking with a 50-ms frame rate. Intotal, 779 and 409 sliding molecules were
captured for Lacl-Far and Lacl-R, respectively. Diffusion constants along the x
coordinate (D,) are mean +s.e.m.d, Mean squared displacement (MSD) for
different time steps for Lacl-Far (red) (n=779 sliding molecules) and Lacl-R
(blue) (n=409ssliding molecules) +s.e.m. e, Dissociation constants (K;) for
Lacl-Farand Lacl-R.Lacl=7.3nM, NaCl=1mM. K, values were calculated as
K= Kot ons/Kon,o0s With errors from propagating errors in the rate constants. Rate
constantsare mean+s.e.m. (K, s, =248 and 200 events for Lacl-Rand Lacl-
Far, respectively; Ky s, =367 and 322 events for Lacl-R and Lacl-Far,
respectively).
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Extended DataFig.2|Laclbindingkinetics.a, EMCCD images of acceptor
channelunder 532 nm (top) (donor excitation) and 638 nm (bottom) (acceptor
excitation) illumination. Specificbinding of individual donor-labelled Lacl-R
molecules (individual spots, top row) occurs in the presence (+O, DNA;
individual spots, bottom row; DNA image was acquired before the addition of
Lacl,and thesame DNA imageis shownin columns 3 and 4 for reference) but
notintheabsence (-0, DNA) of acceptor-labelled DNA containing an operator
site. Addition of isopropyl B-D-1-thiogalactopyranoside (+IPTG) displaces
specificallybound Laclin the same field of view. This control experiment was
carriedoutonce.b, Time trace of Lacl-Roccupancyinone field of view

(1,244 individual O, DNA molecules). The 7.3 nM Lacl-R was supplied after 20 s
(first dotted line), followed by the addition of 7.3 nM Lacl-R together with

100 mMIPTG after 90ss. ¢, Histograms of ¢, values for specific binding to O,
(n=310or100trajectories for Lacl=7.3nMand NaCl=1mM or otherwise,
respectively) atvarious Lacland NaCl concentrations asindicated.d, Left,
histograms of t,,.; values for specific binding to O, (n =190 or 184 events at
Lacl-R=7.3nMand NaCl=1mM (top) or 80 mM (bottom), respectively). Right,
under standard imaging conditions (marked by the asterisk) measurements of
tqwen for binding to O, are not affected by photobleaching. Mean relative ¢, for

specificbindingto O, (n=106,146,92 and 243 individual molecules from left to
right, with mean binding duration +s.e.m.) observed at NaCl=1mM, and using
various laser power densities, is shown. Dwell times and laser power densities
were normalized to the standard imaging laser power density used for all other
analyses (asterisk). e, Histogram of ¢,,,;, values for specific binding to O,
(n=109individual molecules) at Lacl=7.3nM and NaCl=1mM.f, Left,
histogram of ¢, values for specific binding to O, (n=91individual molecules
atLacl-R=7.3nMand NaCl=1mM). Right, under standard imaging conditions
(marked by the asterisk), measurements of ¢, for binding to O are not
affected by photobleaching. The meanrelative t,,., for specificbinding to O,
(n=79,196,83 and 107 individual molecules from left to right, with mean
binding duration +s.e.m.) observed at NaCl=1mM, and using various laser
power densities, isshown. Dwell times and laser power densities were
normalized to the standard imaginglaser power density used for all other
analyses (asterisk). g, Dependence of the mean t,,; (left) and ¢4, (right) value
forbindingonNacCl (Lacl-R=7.3 nM) concentrations. t,.; (left),n=130 or

100 individual molecules for NaCl=1mM or for all other conditions,
respectively; ty,.; (right),n=190,164,164, 82,184 and 153 individual molecules
fromlefttoright. Dataareshownas meants.e.m.
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Extended DataFig.4|Camera-based polarization measurements and
characterization of dye labelling. a, SDS-PAGE analysis of Lacl-Rand Lacl-
Cy3-2 after peptide cleavage with CNBr. Lacl-R was designed for bifunctional

labelling (rhodamine attachment to both adjacent Cysresidues) and Lacl-Cy3-

2 for monofunctional (using only one of the two Cys) labelling of the same
o-helix. Precision Plus Protein Dual Xtra Standards (Bio-Rad) wereused as a
ladder for both gels. The experiments were repeated at least three times.
For gelsource data, see Supplementary Fig.1.b, Schematic of the setup for
camera-based polarization measurements. ¢, P, (blue) and P,; (red)
polarization distributions averaged over 600 ms (3 frames) per count
measured for sliding Lacl-R (left) (79 and 172 sliding events for Pyand P,s,
respectively) and Lacl-Cy3 (right) (61and 53 sliding events for P,and P,s,
respectively). For Pymeasurements, the horizontal polarization axis was
aligned with the stretching direction of DNA; for P, measurements, the

horizontal polarization axis was rotated 45° away from the stretching direction
of DNA. Details are provided in Supplementary Methods. d-f, Simulated
polarization distributions for the uniform (d), linear (e) and rotation-coupled
(f) slidingmodels. g, h,Mean +s.e.m.(g) ands.d. ts.e. (h) of the experimental
polarizationdistributionsinc,j. Fromlefttoright,n=800,1,606,887,673,78
and 104 polarization signals averaged over 600-mstime steps. Error bars
represents.e.m.i, Schematic of the 7-kb DNA used in operator-binding
polarization measurements (top) and EMCCD image of Lacl-Rbound to the
artificial, strong O, operator on the flow-stretched DNA, in which 11 binding
events were detected for measurements of P, (bottom). j, P, (blue) and P, (red)
polarization distributions averaged over 600 ms (3 frames) per count
measured for operator-bound Lacl-R. Elevenand 15 binding events were
detected for measurements of P, and P,s, respectively.
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molecules obtained by confocal tracking. Intotal, 151and 90 sliding molecules
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molecules) +s.e.m.b,x (DNA direction) andy coordinate of stationary
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Intotal, 3,773 and 1,594 stationary molecules were detected for Lacl-MBP-R
and Lacl-R, respectively.
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Extended DataFig.7 |Fitof pitch-dependent autocorrelationmodel and
repeats of SMCT-FCS experiments. a, Pitch estimates from simulated
autocorrelations as afunction of the pitch used in the simulation for different
amplitudes of the background. b, Errorin the pitch estimate as a function of
background amplitude for different pitches. To consider only the simulated
results relevant for the experimental results observedin Fig. 3, values are
reported only for the estimated pitches between 9 and 75bp and when the
largest distance (amplitude) of the difference in the simulated autocorrelation
isatleast 50% of the amplitude of the observed experimental difference.c, The
average normalized autocorrelation of the fluorescence signal for sliding (left)
and stationary (right) Lacl-MBP-R (blue) and Lacl-R (red) molecules when the
datahavebeenpooledintwoseries (separated chronologically when the data
were captured) for earlier (top) and later (bottom) recorded data. The reported
diffusion constants are averages of all tracked molecules for each series. Error
barsanderror estimates represents.e. Diffusion constantsareindicated as
20%trimmed mean +s.e.m. For the first experimental series, 69 sliding and

2,758 stationary molecules were analysed for Lacl-MBP-R, and 36 sliding

and 903 stationary molecules were analysed for Lacl-R. For the second
experimentalseries, 82 slidingand 1,015 stationary molecules were analysed
for Lacl-MBP-R, and 54 sliding and 691 stationary molecules were analysed for
Lacl-R.Middle, the difference in the meanautocorrelationbetween Lacl-
MBP-Rand Lacl-Rzs.e.Linesrepresent the best fit to arotation-coupled
slidingmodel. d, Differencein autocorrelation from simulations replicating
the experimental datasets and filtering steps. The autocorrelation differences
areindicated by thered dots. The number of traces, average tracelength and
average photon counts were the same asin the experiments, and the rotational
diffusion constants were the fitted values from the experiments. The mean and
expecteds.e. (blue crosses) was calculated as the mean ands.d. of 60 individual
simulations. Themeanand s.e. of the experiments (black diamonds) were
estimated as described in Fig.3g (n=86 and 54 informative autocorrelations
for Lacl-MBP-R and Lacl-R, respectively).
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Extended Data Table 1] Sliding events in EMMCD and
confocal tracking experiments

Experiment Number of Number of Sliding event per
single-molecule sliding events  single-molecule
detections detection

Lacl-R, 7782 251 0.032

300 pM A-DNA,

camera tracking

Lacl-R, 968 2 0.0021

(-) A-DNA,

camera tracking

Lacl-MBP-R, 300 8780 151 0.0172

pM A-DNA,

confocal tracking

Lacl-MBP-R, 294 0 <0.0034

(-) A-DNA,

confocal tracking

Molecules are classified as sliding by our data analysis pipeline; sliding events in negative
control measurements without A-DNA thus reflect molecules that are falsely classified as
sliding. A single-molecule detection event is defined as a captured trajectory that lasts for
at least 600 (camera-based) or 200 (confocal tracking) ms. Where no sliding events were
detected, the upper limit for the final column in the table was calculated by assuming

asingle sliding event.
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Sample size SMCT-FCS experiments:
Every experiment with SMCT-FCS yielded 10-20 sliding trajectories. Data were collected twice for Lacl-R and three times for Lacl-MBP-R until
~50 trajectories had been recorded for each protein. Analysis indicated that this sample size was sufficient large, since the resulting mean
diffusion coefficients and autocorrelation functions exhibited sufficiently low s.e.m. to allow meaningful interpretation and comparison of the
data. The entire experimental series was then repeated, so that approximately the same number of trajectories were collected again, in two
experiments for Lacl-R and three experiments for Lacl-MBP-R. When compared with the first experimental series (Extended Data Fig. 7), the
second set of experiments yielded consistent mean values for diffusion coefficients and autocorrelation functions.

SmFRET experiments:

Sample sizes were not predetermined, but rather experiments were repeated until s.e.m. values were sufficiently low to facilitate meaningful
comparison of the measured parameters under different experimental conditions. A minimum of three independent experiments were
performed for each measurement.

Data exclusions  No data were excluded from analysis. Data filtering is described in the Methods section, Extended Data Table 2, and Supplementary Table 1-2.

Replication For SMCT-FCS, the entire experimental series was repeated as shown in Extended Data Fig. 7. All values determined by single-molecule FRET
measurements were obtained in at least three independent experiments with similar outcomes.

Randomization The order of carrying out single-molecule experiments under different conditions was varied between distinct data collection sessions.

Blinding Data analysis was not blinded. However, critical analysis steps that could be susceptible to human bias were automated.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
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