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 11 
Abstract 12 

One-dimensional (1D) target search is a well characterized phenomenon for many 13 
DNA binding proteins but is poorly understood for chromatin remodelers. Herein, we 14 
characterize the 1D scanning properties of SWR1, a yeast chromatin remodeler that 15 
performs histone exchange on +1 nucleosomes which are adjacent to a nucleosome depleted 16 
region (NDR) at promoters. We demonstrate that SWR1 has a kinetic binding preference 17 
for DNA of NDR length as opposed to gene-body linker length DNA. Using single and dual 18 
color single particle tracking on DNA stretched with optical tweezers, we directly observe 19 
SWR1 diffusion on DNA. We found that various factors impact SWR1 scanning, including 20 
ATP which promotes diffusion through nucleotide binding rather than ATP hydrolysis.  A 21 
DNA binding subunit, Swc2, plays an important role in the overall diffusive behavior of the 22 
complex, as the subunit in isolation retains similar, although faster, scanning properties as 23 
the whole remodeler.  ATP-bound SWR1 slides until it encounters a protein roadblock, of 24 
which we tested dCas9 and nucleosomes. The median diffusion coefficient, 0.024 μm2/sec, 25 
in the regime of helical sliding, would mediate rapid encounter of NDR-flanking 26 
nucleosomes at length scales found in cells. 27 

 28 
MAIN TEXT  29 
 30 
Introduction 31 

Eukaryotic genomes are packaged into chromatin, the base unit of which is the 32 
nucleosome. Both the position of nucleosomes on the genome and their histone composition 33 
are actively regulated by chromatin remodeling enzymes (Yen et al., 2012). These 34 
chromatin remodelers maintain and modify chromatin architecture which regulates 35 
transcription, replication, and DNA repair (Tessarz and Kouzarides, 2014). A particularly 36 
well-defined area of chromatin architecture is found at gene promoters in eukaryotes: a 37 
nucleosome depleted region (NDR) of about 140 bp in length is flanked by two well-38 
positioned nucleosomes, one of which, the +1 nucleosome, sits on the transcription start 39 
site (TSS) (Bernstein et al., 2004; Lee et al., 2007; Xu et al., 2009; Yuan, 2005) and the 40 
nucleosome on the opposite side of the NDR, upstream of the TSS, is known as 41 
the -1 nucleosome. The +1 nucleosome is enriched for the non-canonical histone variant 42 
H2A.Z (Albert et al., 2007; Raisner et al., 2005). In yeast, H2A.Z is deposited into the 43 
+1 nucleosome by SWR1 (Swi2/Snf2-related ATPase Complex), a chromatin remodeler in 44 
the INO80 family of remodelers (Ranjan et al., 2013). The insertion of H2A.Z into the 45 
+1 nucleosome is highly conserved and plays an important role in regulating transcription 46 
(Giaimo et al., 2019; Rudnizky et al., 2016).  47 

While the biochemistry of histone exchange has been characterized, the target search 48 
mechanism SWR1 uses to preferentially exchange H2A.Z into the +1 nucleosome is not yet 49 
understood. The affinity of SWR1 for nucleosomes is enhanced by both long linker DNA 50 
(Ranjan et al., 2013; Yen et al., 2013) and histone acetylation (Watanabe et al., 2013; Zhang 51 
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et al., 2005), and both factors play a role in the recruitment of SWR1 to promoters. A recent 52 
single molecule study further showed that SWR1 likely exploits preferential interactions 53 
with long-linker length DNA by demonstrating that H2A.Z is predominantly deposited on 54 
the long-linker distal face of the nucleosome (Poyton et al., 2021), similar to what is 55 
observed in vivo (Rhee et al., 2014). It is possible that SWR1 first binds long-linker DNA 56 
and then finds its target, the +1 nucleosome, using facilitated diffusion (Figure 1A), as was 57 
previously suggested (Ranjan et al., 2013). In a hypothetical facilitated search process 58 
SWR1 would first find the NDR through a three-dimensional target search. Once bound, it 59 
is possible the entire SWR1 complex diffuses one-dimensionally on the NDR, where it can 60 
encounter both the -1 and +1 nucleosomes. Facilitated diffusion has been shown to be 61 
essential for expediting the rate at which transcription factors and other DNA binding 62 
proteins can bind their target compared to a 3D search alone (Berg et al., 1981; Elf et al., 63 
2007; Hannon et al., 1986; Ricchetti et al., 1988; Von Hippel and Berg, 1989). Furthermore, 64 
recently published in vivo single particle tracking found that chromatin remodelers have 65 
bound-state diffusion coefficients that are larger than that of bound H2A, hinting at the 66 
possibility that they may scan chromatin, but those studies could not distinguish between 67 
remodeler scanning and locally enhanced chromatin mobility (Kim et al., 2021; Ranjan et 68 
al., 2020). It is not known, however, if SWR1 or any other chromatin remodeler can linearly 69 
diffuse on DNA, and therefore make use of facilitated diffusion to expedite its target search 70 
process. Additionally, SWR1’s core ATPase, like other chromatin remodelers, is a 71 
superfamily II (SF2) double stranded DNA translocase (Nodelman and Bowman, 2021; Yan 72 
and Chen, 2020); while there is no evidence for SWR1 translocation on nucleosomal DNA, 73 
it remains possible that SWR1 may undergo directed, instead of diffusional, movements on 74 
a DNA duplex in the absence of a nucleosome substrate. 75 

In this study, we used a site-specifically labeled SWR1 complex to demonstrate that 76 
SWR1 can scan DNA in search of a target nucleosome. First, we characterized the kinetics 77 
of SWR1 binding to DNA and found that the on-rate increases linearly with DNA length 78 
while the off-rate is independent of length for DNA longer than 60 bp. Next, we used an 79 
optical trap equipped with a scanning confocal microscope to show that SWR1 can diffuse 80 
one-dimensionally along stretched DNA, with a diffusion coefficient that permits scanning 81 
of a typical NDR in 93 milliseconds. Interestingly, we see that ATP binding alone increases 82 
the one-dimensional diffusion coefficient of SWR1 along DNA. We found that a major 83 
DNA binding subunit of the SWR1 complex, Swc2, also diffuses on DNA suggesting that 84 
it contributes to SWR1’s diffusivity on DNA. The diffusion coefficient for both SWR1 and 85 
Swc2 increases with ionic strength suggesting that SWR1 utilizes some microscopic 86 
dissociation and reassociation events, known as hopping, to diffuse on DNA. However, it 87 
is likely that SWR1 only makes infrequent hops, with most of the diffusion on DNA being 88 
mediated by helically coupled diffusion, known as sliding, since SWR1 diffusion is blocked 89 
by proteins that are bound to DNA, such as dCas9, and the diffusion of the complex is 90 
slower than would be expected for majority hopping diffusion. Lastly, we observed SWR1 91 
diffusion on DNA containing sparsely deposited nucleosomes and found that SWR1 92 
diffusion is confined between nucleosomes. Our data indicates that a multi-subunit 93 
chromatin remodeler can diffuse along DNA and suggests that SWR1 finds its target, the 94 
+1 nucleosome, through facilitated diffusion. Facilitated diffusion may be a common search 95 
mechanism for all chromatin remodelers that act upon nucleosomes positioned next to free 96 
DNA, such as those adjacent to the NDR.  97 

 98 
Results  99 
SWR1 binding kinetics depend on DNA length 100 
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To study both the DNA binding kinetics and diffusive behavior of SWR1, we 101 
generated a site-specifically labeled complex referred to as Cy3-SWR1 (Figure 1B). We 102 
purified SWR1 from S. cerevisiae in the absence of the Swc7 subunit (SWR1ΔSwc7). 103 
Recombinant Swc7 was expressed and purified from E. coli, a single cysteine in Swc7 was 104 
labeled with Cy3, and the labeled Swc7 was then added to the SWR1ΔSwc7 preparation 105 
between two steps of the traditional tandem affinity purification protocol(Sun et al., 2020). 106 
Subsequent purification on a glycerol gradient revealed that the Cy3-labeled Swc7 107 
co-migrated with the rest of the SWR1 subunits, demonstrating incorporation of Swc7 back 108 
into the SWR1 complex (Figure S1A). The histone exchange activity of the labeled 109 
Cy3-SWR1 was identical to that of wild type SWR1 as revealed by an electrophoretic 110 
mobility shift assay (EMSA) (Figure S1B).  111 

While it is well established that the affinity of SWR1 for DNA is dependent on DNA 112 
length (Ranjan et al., 2013), the kinetics of binding are unknown. We used single-molecule 113 
colocalization measurements to observe Cy3-SWR1 binding and unbinding on Cy5-labeled 114 
DNA of different lengths in real time (Figure 1C-E). These measurements showed that both 115 
the on-rate (kbind) and the lifetime of the SWR1-DNA complex (toff) are dependent on DNA 116 
length. The on-rate for SWR1 binding to 20 bp DNA, the approximate size of linker DNA 117 
between intragenic nucleosomes in yeast, was 1x106 M-1 s-1. Increasing the DNA length to 118 
150 bp, the approximate size of the NDR in yeast, increases the binding rate 36-fold to 119 
3.6x107 M-1 s-1. kbind increased linearly with DNA length between these two values 120 
(Figure 1F). Interestingly, we found that DNA could accommodate multiple bound SWR1 121 
molecules, with the likelihood of multiple binding events increasing with DNA length (see 122 
Figure 1E for example trace). Cy3-Swc7 alone exhibited no affinity for 150 bp DNA (data 123 
not shown), suggesting that the observed Cy3-signal increase is caused by the full Cy3-124 
SWR1 complex binding to DNA. 125 

The lifetime of SWR1 bound to DNA (toff) was also sensitive to DNA length, 126 
exhibiting two sharp increases as DNA size increased from 20 to 40 bp, and 60 to 80 bp. 127 
Whereas toff for 20 bp DNA was 1.5 +/- 0.3 s, toff for SWR1 binding to 40 and 60 bp DNA 128 
increased to 9 +/- 1.4 s and 12 +/- 5.8 s, respectively, which is the same within error 129 
(Figure 1G). Once the DNA was 80 bp or longer, however, the lifetime increased 130 
dramatically to at least 30 s, which is the photobleaching limit of the measurement 131 
(Figure S1C). Measurements at low laser power showed that SWR1 remained bound to 132 
150 bp DNA for at least 5 minutes. toff was unchanged in the presence of ATP but was 133 
sensitive to ionic strength, decreasing with added salt (Figure 1D-E). Curiously, toff also 134 
decreased in the presence of competitor DNA (Figure S1D-E). The kinetic measurements 135 
show that the affinity of SWR1 for DNA greater than 60 bp is primarily limited by the 136 
on-rate, suggesting the increased occupancy of SWR1 at longer NDRs observed in yeast 137 
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(Ranjan et al., 2013) is a result of the increased probability of SWR1 finding the NDR, as 138 
opposed to an increase in the residence time of SWR1.  139 

SWR1 scans DNA 140 
To determine if SWR1 can move along DNA, we tracked single Cy3-SWR1 141 

complexes bound to stretched lambda DNA using an optical trap equipped with a confocal 142 
scanning microscope (LUMICKS, C-Trap) (Heller et al., 2014a; Heller et al., 2014b). The 143 
experiment was carried out using a commercial flow-cell in order to efficiently catch beads, 144 
trap DNA, and image bound proteins over time (Figure 2A) as has been performed 145 
previously (Brouwer et al., 2016; Gutierrez-Escribano et al., 2019; Newton et al., 2019; Rill 146 
et al., 2020; Wasserman et al., 2019). Briefly, lambda DNA end-labeled with biotin is 147 
tethered between two optically trapped streptavidin-coated polystyrene beads, pulled to 148 
5 piconewton (pN) tension to straighten the DNA (Baumann et al., 2000) and the distance 149 
between the two optical traps is clamped (Figure 2A-B). After confirming the presence of 150 
a single DNA tether, the DNA is brought into an adjacent channel of the flow-cell containing 151 

Fig. 1. SWR1 binds DNA in short and long-lived states and prefers longer DNAs. (A) Proposed 
facilitated search mechanism for how SWR1 locates the +1 nucleosome. (B) A denaturing SDS-PAGE of 
reconstituted Cy3-SWR1 imaged for Coomassie (left) and Cy3 fluorescence (right). Cy3-Swc7 is faint 
when stained with Coomassie but is a prominent band in the Cy3 scan. The two diffuse bands that run at 
higher molecular weight and appear in the Cy3 scan are carry over from the ladder loaded in the adjacent 
lane. (C) A schematic for the single-molecule colocalization experiment where the kinetics of Cy3-SWR1 
binding to Cy5-labeled DNA of different lengths was measured. (D-E) Representative trace for Cy3-SWR1 
binding to (D) 20 bp Cy5-DNA, and to (E) 150 bp DNA. A second Cy3-SWR1 can be seen binding at 
approximately 100 s. (F) Measured binding time (kbind) for SWR1 to DNA of different lengths. The red line 
is a linear fit to the data. (G) The lifetime (toff) of Cy3-SWR1 bound to DNAs of different lengths. 
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250 picomolar Cy3-SWR1. Confocal point scanning across the length of the DNA was used 152 
to image single Cy3-SWR1 bound to lambda DNA over time to generate kymographs 153 
(Figure 2B-C). The observed fluorescent spots represent the Cy3-SWR1 complex as 154 
Cy3-Swc7 alone was unable to bind DNA (Figure S2).   155 

Cy3-SWR1 bound to lambda DNA is mobile, demonstrating that Cy3-SWR1 can 156 
move on DNA once bound and the movement did not appear to be unidirectional. Therefore, 157 
we plotted mean square displacement (MSD) vs time and found that the initial portion of 158 
the curve is linear, suggesting diffusional movements (Figure 2D). The diffusion 159 
coefficient observed (D1,obs) for Cy3-SWR1 was 0.013±0.002 μm2/sec in buffer alone 160 
(Figure 2E-F). Since the distributions are non-normal, D1,obs is defined as the median 161 
diffusion coefficient of all molecules in a condition; individual diffusion coefficients were 162 
determined from the slope of the initially linear portion of their respective MSD plot (see 163 
Materials and Methods for more details). This diffusion coefficient is comparable to other 164 

Fig. 2. SWR1 diffuses on extended dsDNA. (A) Schematic representation of a C-Trap microfluidics 
imaging chamber with experimental workflow depicted therein: #1 catch beads, #2 catch DNA, #3 verify 
single tether, #4 image SWR1 bound to DNA. (B) Schematic representation of confocal point scanning 
across the length of lambda DNA tethered between two optically trapped beads. This method is used to 
monitor the position of fluorescently labeled SWR1 bound to DNA. (C) Example kymograph with a side-
by-side schematic aiding in the interpretation of the kymograph orientation. (D) Mean squared displacement 
(MSD) versus time for a random subset of SWR1 traces in which no ATP is added.  An enlargement of the 
initial linear portion is shown to the left where colored dashed lines are linear fits to this portion. (E) 
Histogram of diffusion coefficients for dCas9 (left) and SWR1 in which no ATP is added (right) (F) 
Segmented traces of dCas9 (left) and SWR1 in which no ATP is added (right). 
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proteins with characterized 1D diffusion(Gorman et al., 2007; Park et al., 2021). In contrast 165 
D1,obs for specifically bound Cy5-dCas9, which is immobile, is 0.0003±0.0004 μm2/sec, 166 
which is forty times lower than Cy3-SWR1. These measurements clearly show that SWR1 167 
undergoes Brownian diffusion on nucleosome-free DNA. 168 

ATP bound SWR1 is more diffusive than the unbound complex 169 
To determine if SWR1 can actively translocate on DNA, we observed the motion of 170 

Cy3-SWR1 in the presence of 1 mM ATP (Figure 3). The MSDs of Cy3-SWR1 in the 171 
presence of ATP remained linear, showing that SWR1 does not translocate directionally on 172 
DNA (Figure 3A). The increased slope of the MSDs in the ATP condition, however, does 173 
indicate that ATP increases the diffusion. This is further observed in an overlay of 10 174 
random trajectories of SWR1 with and without ATP, which demonstrates that SWR1 175 
diffuses a greater distance from the starting position in the presence of ATP and that its 176 
motion is not directional (Figure 3B). To address whether this increased diffusion was due 177 
to ATP hydrolysis, we also measured SWR1 diffusion in the presence of 1 mM ATPγS, a 178 
nonhydrolyzable analog of ATP, as well as with ADP.  The distribution in diffusion 179 
coefficients in the presence of ATP and ATPγS are both shifted to higher values compared 180 
to in the absence of ATP or in the presence of ADP (Figure 3C).  This shift was shown to 181 
be statistically significant using the non-parametric Mann-Whitney U-test (Figure 3D). 182 
SWR1 diffusion in the presence of 1mM ATP (D1,obs = 0.024 μm2/sec ± 0.001) was not 183 
significantly different than diffusion in the presence of 1 mM ATPγS 184 
(D1,obs = 0.026 μm2/sec ± 0.002). Similarly, SWR1 diffusion in the absence of ATP 185 

Fig. 3. ATP binding modulates SWR1 diffusion. (A) Mean MSD vs time plotted for 1mM ATP (orange), 
no ATP (blue), and dCas9 (black) with shaded error bars SEM.  (B) SWR1 trajectories aligned at their starts 
for 1mM ATP (orange lines), no ATP (blue lines), and dCas9 as reference for immobility (black lines). 10 
random traces shown per sample. (C) Histograms of diffusion coefficients extracted from individual 
trajectories for SWR1 diffusion in the presence of no ATP, 1mM ATP, 1mM ADP, 1mM ATPγS (from top 
to bottom). The number of molecules measured (n) for each condition is printed in each panel.   (D) Median 
diffusion coefficients for SWR1 in varying nucleotide conditions. dCas9 is shown as a reference. Error bars 
are the uncertainty of the median. (E) Percentage of mobile traces in each condition, where immobility is 
defined as traces with similar diffusion coefficients to dCas9 (defined as diffusion coefficients smaller than 
0.014 µm2/sec). 
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(D1,obs = 0.013 μm2/sec ± 0.002) was not different than SWR1 diffusion in the presence of 186 
1mM ADP (D1,obs = 0.011 μm2/sec ± 0.002). Additionally, we found that ATP decreased the 187 
fraction of slow or immobile Cy3-SWR1 molecules, defined as those molecules that show 188 
D1 values that are indistinguishable from dCas9 values (Figure 3E). While 9% of 189 
Cy3-SWR1 were slow or immobile in the presence of ATP, 32% were slow or immobile in 190 
buffer alone. These results show that while SWR1 does not actively translocate on DNA, 191 
ATP binding alone increases the mobility of SWR1 on DNA.  192 

 193 
SWR1 and the DNA binding domain of the Swc2 subunit slide on DNA 194 

SWR1 binding to DNA is mediated in part by the Swc2 subunit, which harbors a 195 
positively charged and unstructured DNA binding domain (Ranjan et al., 2013).  To 196 
determine if Swc2 contributes to the diffusive behavior of SWR1 on DNA we compared 197 
diffusion of the SWR1 complex to diffusion of the DNA binding domain (DBD) of Swc2 198 
(residues 136-345, Figure S3). We found that Swc2 also diffuses on DNA, however the 199 
median diffusion coefficient, D1,obs = 1.04 μm2/sec ± 0.09 , was approximately 40-fold larger 200 
than that of SWR1 in the presence of 1mM ATP (Figure 4, Materials and Methods). This 201 
large difference in measured diffusion coefficients could be due to the difference in size 202 
between the small Swc2 DBD and full SWR1 complex or to other DNA binding components 203 
of SWR1 interacting with DNA and increasing friction. Based on theoretical models of 204 
rotation coupled versus uncoupled diffusion, the scaling relationship between size and 205 

Fig. 4. SWR1 and Swc2 DBD utilize sliding to scan DNA. (A)  Violin plots of diffusion coefficients for 
SWR1 and Swc2 DNA binding domain (DBD) in increasing potassium chloride concentrations. Medians 
are shown as white circles and the mean is indicated with a thick horizontal line. (B) 1-CDF plots of SWR1 
and Swc2 were fit to exponential decay functions to determine half-lives of binding in varying 
concentrations of potassium chloride. The number of molecules as well as half-lives determined are printed 
therein. Dots represent data points, while solid lines represent fits.  Half-lives are calculated using the length 
of all the trajectories in each condition. (C) Upper limits for diffusion of SWR1 and Swc2 predicted using 
either a helically uncoupled model for hopping diffusion (uppermost solid red line) or a helically coupled 
model for sliding diffusion (lower dashed red lines). Two dashed lines are shown for helically coupled 
upper limits because the distance between the helical axis of DNA and the center of mass of either SWR1 
or Swc2 is unknown. Markers represent median values. (D) A schematic representation of a model for how 
SWR1 likely performs 1D diffusion on DNA. 
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diffusion coefficient is consistent with SWR1 and Swc2 DBD utilizing rotationally-coupled 206 
sliding(Blainey et al., 2009) (Figure S4). 207 

Next, we found that both SWR1 and Swc2 DBD show increased diffusion with 208 
increasing concentrations of potassium chloride (Figure 4A), and each showed decreasing 209 
binding lifetimes with increasing salt (Figure 4B).  Both increased diffusion and decreased 210 
binding lifetimes are features of 1D hopping, as the more time a protein spends in 211 
microscopic dissociation and reassociation the faster it can move on DNA, but also falls off 212 
DNA more frequently(Bonnet et al., 2008; Mirny et al., 2009). This data is consistent with 213 
the single molecule TIRF data presented earlier (Figure S1E), which also reveals decreased 214 
binding lifetimes to DNAs when ionic strength is increased. The TIRF assay also shows that 215 
competitor DNA can decrease binding lifetime as would be expected for a protein that hops 216 
on DNA and may be prone to alternative binding onto competitor DNA(Brown et al., 2016; 217 
Gorman et al., 2007).    218 

The theoretical upper limit of diffusion for a particle that uses linear translocation 219 
(1D hopping) is higher than the theoretical upper limit of diffusion with helically coupled 220 
sliding because in the latter there are additional rotational components of friction incurred 221 
when circumnavigating the DNA axis (Blainey et al., 2009). Based on the molecular weight 222 
of SWR1 and Swc2, the theoretical upper limits of 1D diffusion using rotation coupled 223 
versus uncoupled 1D diffusion can be calculated (Materials and Methods). In all 224 
conditions measured, the median diffusion of SWR1 is below the upper limit with rotation 225 
(Figure 4C), consistent with much of the observed diffusion coming from SWR1 engaging 226 
in rotationally coupled diffusion. Nonetheless, some individual traces have diffusion 227 
coefficients that surpass this theoretical maximum, indicating that there may be alternative 228 
modes for engaging with DNA (e.g., infrequent hopping), which allows it to surpass this 229 
limit (Gorman et al., 2010).  A similar phenomenon was observed for Swc2 DBD, which 230 
also exhibited median diffusion coefficients below the theoretical maximum with rotation, 231 
with some traces having diffusion coefficients above this limit (Figure 4C).  These trends 232 
are consistent with a model in which SWR1 utilizes occasional hopping, while using 233 
1D helically coupled sliding as the major mode of diffusion (Figure 4D).   234 

SWR1 cannot bypass bound dCas9  235 
While the nucleosome depleted region is a region of open chromatin where 236 

accessibility to DNA is higher compared to DNA in gene bodies, SWR1 must compete with 237 
transcription factors and other DNA binding proteins for search on this DNA (Kim et al., 238 
2021; Kubik et al., 2019; Nguyen et al., 2021; Rhee and Pugh, 2012).  Proteins that diffuse 239 
on DNA by 1D hopping have been shown to be capable of bypassing protein barriers and 240 
nucleosomes (Gorman et al., 2010; Hedglin and O’Brien, 2010). To investigate whether 241 
ATP bound SWR1 can bypass protein barriers, we turned to dCas9, an endonuclease 242 
inactive mutant of Cas9, to serve as a programmable barrier to diffusion.   We used a dual 243 
color single particle tracking scheme to simultaneously observe Cy3-labeled SWR1 244 
diffusion and the positions of Cy5-labeled dCas9 (Figure 5).  crRNAs were used to direct 245 
dCas9 binding to 5 positions on the lambda DNA using previously validated targeting 246 
sequences (Figure 5A, Table S1, Materials and Methods) (Sternberg et al., 2014). We 247 
assume that dCas9 binding far outlasts the photobleaching lifetime of Cy5 (Singh et al., 248 
2016), therefore we use the average position of the particle to extend the trace after 249 
photobleaching of Cy5 for colocalization analysis.  Out of 107 traces with colocalization 250 
events, 67% showed SWR1 moving away from dCas9 toward where it came from as if it 251 
was reflected from a boundary (Figure 5B, D). Another 30% of traces showed SWR1 252 
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immobile and colocalized with dCas9 for the duration of the trace (Figure 5C, D).  Only 253 
3% of all colocalization events exhibited a cross-over event (Figure 5D, S5). The ability of 254 
dCas9 to block SWR1 diffusion in most encounters further supports a model in which 255 
SWR1 mainly engages in helically coupled sliding (Figure 4D). Infrequent hopping events 256 
that colocalize to a dCas9 encounter may contribute to the presence of the rare bypass event 257 
(Figure S5).    258 

Nucleosomes are barriers to SWR1 diffusion  259 
Diffusion over nucleosomes may also be an important aspect of target search; it is 260 

not known whether SWR1 diffusing on an NDR would be confined to this stretch of DNA 261 
by flanking +1 and -1 nucleosomes or whether its diffusion could continue into the gene 262 
body.  To investigate this, we monitored SWR1 diffusion on sparse nucleosome arrays 263 
reconstituted on lambda DNA.  Nucleosomes were formed at random sites along lambda 264 
DNA using salt gradient dialysis, as has been done previously (Gruszka et al., 2020; 265 
Visnapuu and Greene, 2009) (Figure S6, Materials and Methods). On average, 36 ± 15 266 
nucleosomes were incorporated onto the lambda nucleosome arrays as shown by 267 
nucleosome unwrapping force-distance curves (Figure 6A-B); nucleosomes showed 268 
detectable unwrapping at forces greater than 15 pN (Brower-Toland et al., 2002; Fierz and 269 
Poirier, 2019), and these unwrapping events were used to confirm the number of 270 
nucleosomes on the array which is determined using the length of the array at 5pN (see 271 
Materials and Methods). Overall, the behavior of SWR1 on lambda nucleosome arrays 272 
was notably different than on naked lambda DNA (Figure 6C-D).  The mean MSD for 273 
SWR1 on naked DNA increases linearly with time at short time scales (< 2 s), whereas the 274 
mean MSD for SWR1 on the lambda nucleosome array plateaus over this same time scale, 275 

Fig. 5. SWR1 protein roadblock bypass assay. (A) A schematic of the experimental set-up: 5 Cy5-labeled 
gRNA position dCas9 at 5 evenly spaced sites along lambda DNA. When SWR1 encounters dCas9 during 
1D scanning, there are three main types of colocalization events observed. (B-C) Example kymographs 
including trajectories for two common types of colocalization observed during SWR1 encounter with 
dCas9. (B) SWR1 diffusion is confined by dCas9. (C) SWR1 becomes stuck to the dCas9 and is no longer 
diffusive. In the example trajectories, dCas9 is represented as a dashed red line after Cy5 has photobleached, 
however due to long binding lifetime of dCas9 we continue to use its position for colocalization analysis. 
(D) Pie-chart of the three types of colocalization events with the total number of observations printed 
therein. 
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indicative of confined 1D diffusion (Figure 6D). The degree to which diffusion is confined 276 
can be described by α<1 where MSD = Dtα.  Whereas SWR1 on naked DNA has an α = 0.88 277 
over a 2 second time scale, SWR1 on the lambda array has an α = 0.089 reflecting 278 
considerable confinement.  By fitting the MSD curve to an exponential function, the mean 279 
MSD appears to approach a limit of 0.054 μm2 (Figure S7).  Assuming an even distribution 280 
of an average of 36 nucleosomes per array (Figure 6B), the mean distance between 281 
nucleosomes is equal to 0.38 μm; whereas the length of DNA to which SWR1 diffusion is 282 
confined is approximately 0.23 μm, determined from the square root of the MSD limit 283 
described above. The data, therefore, suggests that SWR1 diffusion is confined to the space 284 
between nucleosomes.  285 

Discussion  286 

Reducing the dimensionality of nucleosome target search  287 
Our single molecule tracking data shows that SWR1 slides on DNA, which is a novel 288 

finding for a chromatin remodeler. Moreover, SWR1 scans DNA with a diffusion 289 
coefficient comparable to other well-characterized proteins that utilize facilitated diffusion 290 
to bind specific DNA sequences or lesions (Ahmadi et al., 2018; Blainey et al., 2006; 291 
Gorman et al., 2010; Kamagata et al., 2020; Porecha and Stivers, 2008; Tafvizi et al., 2011; 292 
Tafvizi et al., 2008; Vestergaard et al., 2018).  Without 1D sliding, the search process of 293 
SWR1 for its target nucleosome would be dependent solely on 3D collisions with 294 
nucleosomes. In the yeast genome, there are approximately 61,568 annotated nucleosomes 295 
(Jiang and Pugh, 2009; Kubik et al., 2015), of which 4,576 are identified as potential 296 
+1 nucleosomes enriched in H2A.Z (Tramantano et al., 2016).  Since only 7% of 297 
nucleosomes are targets of SWR1 histone exchange, we believe that +1 nucleosomes use 298 
their adjacent NDRs as antennas, promoting SWR1 binding and 1D search to encounter 299 
flanking nucleosomes (Mirny et al., 2009). This increased efficiency in target localization 300 
through dimensional reduction of the search process may be one that could extend to other 301 
chromatin remodelers that act on nucleosomes adjacent to the NDR, such as RSC, 302 
SWI/SNF, CHD1, ISW1, ISW2, and INO80 (Kim et al., 2021). 303 

Fig. 6. SWR1 does not diffuse over nucleosomes. (A) Lambda nucleosome arrays are pulled to > 15pN 
tension, at which point nucleosomes begin to unwrap. Black curves are unwrapping curves where the force 
is clamped at either 20, 25 or 30 pN to visualize individual unwrapping events; red curves are the collapse 
of the DNA after unwrapping nucleosomes; green curves are reference force extension plots of lambda 
DNA without nucleosomes. (B) Histogram of the number of nucleosomes per array. (C) Representative 
SWR1 particles diffusing on the nucleosome arrays are cropped and arranged by the length of the trace. 
(D) Mean MSDs are fit over the first 2 seconds to MSD = Dtα, where α is used to quantify the degree of 
confinement of the trace, and the red lines represent the fits. MSD as a function of time with shaded error 
bars representing SEM for SWR1 diffusing on naked DNA [green curve, α = 0.88] as compared to SWR1 
diffusing on lambda nucleosome arrays [blue, α = 0.089] and dCas9 [black].   
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ATP binding facilitates SWR1 target search and diffusion on DNA 304 
We observed that SWR1 diffusion is increased in the presence of ATP, and that 305 

substitution with ATPγS also results in similar increased diffusion suggesting that this 306 
enhancement is mediated by nucleotide binding rather than hydrolysis. SWR1 requires ATP 307 
to perform the histone exchange reaction, and basal levels of ATP hydrolysis when any one 308 
of the required substrates for the histone exchange reaction is missing is low (Luk et al., 309 
2010).  This includes the scenario where SWR1 is bound to DNA in the absence of the 310 
nucleosome and H2A.Z/H2B dimer. Therefore, we do not expect SWR1 diffusion in the 311 
presence of 1mM ATP to be modulated by ATP hydrolysis, which is consistent with our 312 
findings. Binding of nucleotide cofactor has been shown to produce conformational changes 313 
in ATPases that can affect their diffusion on DNA (Gorman et al., 2007). The core ATPase 314 
domain of SWR1, Swr1, like other chromatin remodelers, belongs to the superfamily 2 315 
(SF2) of translocases which are known to have two lobes that switch between an open and 316 
closed conformation with ATP binding and hydrolysis (Beyer et al., 2013; Nodelman et al., 317 
2020). It is therefore possible that the ATP bound closed conformation of the core ATPase 318 
results in a DNA binding interface, distributed across accessory domains, that is more 319 
conducive to diffusion on DNA, contributing to the enhanced diffusion of SWR1 in the 320 
presence of ATP or ATPγS.  In the present study we further investigated SWR1’s main 321 
DNA binding subunit, Swc2, which forms an extended interface with the core 322 
ATPase (Willhoft et al., 2018). In addition to the changes in the contacts that the translocase 323 
domain makes with DNA in the closed versus open form, it is possible that ATP modulates 324 
how Swc2 engages with the DNA through conformational changes propagated from Swr1. 325 
Swc2 appears to be an important accessory subunit for 1D diffusion, as we were able to 326 
show that in isolation, the DNA binding domain of Swc2 slides on DNA with properties 327 
similar to that of the whole complex although with a much-increased diffusion coefficient. 328 

Conformations that result in slower sliding presumably become trapped in free 329 
energy minima along the DNA where the DNA sequence or the presence of DNA lesions 330 
results in a more stably bound DNA-protein interaction (Gorman et al., 2007).  While it 331 
remains unknown whether SWR1 interacts with different sequences of DNA differently in 332 
the context of sliding, we believe this may be a possibility since we observe a distribution 333 
in diffusion coefficients within any single condition which would not be expected if the 334 
energetic costs of binding substrate were equal everywhere.  The NDR is rich in AT-content; 335 
therefore one might imagine that SWR1 may have evolved to be better at scanning DNA 336 
with high AT-content (Chereji et al., 2018).  Lambda DNA, the DNA substrate used in this 337 
study, has asymmetric AT-content, which has been shown to affect nucleosome positioning 338 
during random deposition (Visnapuu and Greene, 2009). Future studies of chromatin 339 
remodeler 1D diffusion are needed to address this possibility.    340 

SWR1 and Swc2 predominantly slide with diffusion confined between roadblocks  341 
 The way in which a protein engages with DNA during 1D search can have impacts 342 
on both scanning speed and target localization.  For instance, a protein that maintains 343 
continuous contact with the DNA in part through charge-charge interactions with the 344 
phosphate backbone will predominantly utilize helically coupled sliding. By contrast, a 345 
protein that dissociates just far enough from the DNA for cation condensation on the 346 
phosphate backbone to occur before quickly reassociating will utilize linear hopping to 347 
perform short 3D searches before reassociating at a nearby site on the DNA (Mirny et al., 348 
2009). Proteins that hop on DNA therefore have increased diffusion with increased 349 
monovalent cation concentration, as a higher screening potential results in more frequent 350 
hops. SWR1 and the DNA binding domain of the Swc2 subunit both become more diffusive 351 
as the concentration of potassium chloride is increased (Figure 4A), which indicates that 352 
both utilize some degree of hopping when diffusing on DNA.   353 
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Nonetheless, the observed diffusion for both SWR1 and Swc2, on average, falls 354 
within a range expected for a protein that predominantly uses a sliding mechanism to diffuse 355 
on DNA. In order for a protein to slide or hop on DNA, the energy barrier (ΔG‡) to break 356 
the static interaction and dynamically engage with the DNA following the parameters of 357 
either the sliding or hopping model must be less than ≈ 2 kBT (Ahmadi et al., 2018; Gorman 358 
et al., 2007; Slutsky and Mirny, 2004). Based on the molecular weight of SWR1 and Swc2, 359 
the upper limit of 1D diffusion was estimated for both the sliding and hopping model 360 
(Figure 4C, Materials and Methods). The upper limit of diffusion coefficients for 361 
rotation-coupled sliding-only diffusion is lower than hopping-only diffusion due to the 362 
rotational component increasing friction in the sliding model. We found that most particles 363 
for either SWR1 or Swc2 fall below the estimated upper limit for sliding diffusion. This 364 
observation indicates that, averaged over the length of the trace, the energetic barrier to 365 
exclusively hop along DNA is too large, whereas the energy barrier for sliding diffusion is 366 
permissive (<2 kBT).   Therefore, while both SWR1 and Swc2 DNA binding domain can 367 
engage in hopping, both on average utilize sliding diffusion as exhibited by their slow 368 
diffusion. 369 

Sliding as a predominant component of the SWR1 interaction with DNA is further 370 
evidenced by the observation that SWR1 can neither bypass a dCas9 protein roadblock nor 371 
nucleosomes with high efficiency.  Other studies have found that proteins that utilize sliding 372 
as the predominant form of 1D diffusion cannot bypass proteins or nucleosomes (Brown et 373 
al., 2016; Gorman et al., 2010; Hedglin and O’Brien, 2010), whereas a protein that 374 
predominantly hops may be able to bypass these obstacles.  The utilization of hopping 375 
diffusion has been described as a trade-off between scanning speed and accuracy, with 376 
proven implications in target sequence bypass by the transcription factor LacI (Marklund et 377 
al., 2020).  Whether the same may be true for chromatin remodelers in search of specific 378 
nucleosomes is yet to be reported.  379 

 380 
Concluding remarks    381 

Single particle tracking in vivo has shown that approximately 47% of SWR1 382 
molecules are bound to chromatin and the remainder is performing 3D diffusion (Ranjan et 383 
al., 2020). Once bound (e.g. near the center of an average NDR of ~150 bp) our findings 384 
suggest that SWR1 would require 46 milliseconds (see Materials and Methods) to scan 385 
and encounter a flanking nucleosome by 1D diffusion at 0.024 μm2/sec. A recent report 386 
shows that when complexed with a canonical nucleosome and the H2A.Z-H2B dimer, 387 
SWR1 can rapidly perform the ATP hydrolysis-dependent histone exchange reaction, which 388 
occurs on average in 2.4 seconds as measured by an in vitro single molecule FRET assay 389 
(Poyton et al., 2021). Thus, SWR1-catalyzed histone H2A.Z exchange on chromatin may 390 
be an intrinsically rapid event that occurs on a timescale of seconds. While 1D diffusion 391 
should in principle allow SWR1 to encounter either the +1 or -1 nucleosome at the ends of 392 
the NDR, directionality may be conferred by the preferentially acetylated +1 nucleosome, 393 
where interaction with SWR1’s bromodomain should increase binding lifetime during 394 
encounter events (Ranjan et al., 2013). Future studies of 1D diffusion with the use of 395 
nucleosome arrays that mimic the natural nucleosome arrangement and histone 396 
modifications of NDRs and gene bodies should provide important physical and temporal 397 
insights on how SWR1 undergoes target search to capture its nucleosome substrates at gene 398 
promoters and enhancers. Extension of this approach to other ATP-dependent chromatin 399 
remodelers and histone modification enzymes will facilitate understanding of the 400 
cooperating and competing processes on chromatin resulting in permissive or 401 
nonpermissive architectures for eukaryotic transcription.   402 
 403 
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Materials and Methods  404 

Protein purification, fluorescence labeling, and functional validation (SWR1 & Swc2)  405 
The SWR1 complex labeled only on Swc7 was constructed as has been previously 406 

documented (Poyton et al., 2021). We demonstrated that the fluorescently labeled SWR1 407 
complex maintains full histone exchange activity (Figure S1B). For this assay, 1 nM SWR1, 408 
5 nM nucleosome, and 15 nM ZB-3X flag were combined in standard SWR1 reaction buffer 409 
[25 mM HEPES pH 7.6, 0.37 mM EDTA, 5% glycerol, 0.017% NP40, 70 mM KCl, 3.6 mM 410 
MgCl2, 0.1 mg/mL BSA, 1 mM BME] supplemented with 1 mM ATP, and the reaction was 411 
allowed to proceed for 1 hour before being quenched with (100 ng) lambda DNA. The 412 
product was run on a 6% native mini-PAGE run in 0.5X TB as has been previously reported 413 
(Ranjan et al., 2013).  414 

The DNA binding domain (DBD) of Swc2 (residues 136-345) was cloned into a 6x 415 
his-tag expression vector with a single cysteine placed directly before the N-terminus of the 416 
protein for labeling purposes (Table S2). The Swc2 DBD was purified after expression 417 
under denaturing conditions using Ni-NTA affinity purification. After purification, the 418 
Swc2 DBD was specifically labeled in a 30-fold excess of Cy3-maleimide. After 419 
fluorophore labeling the Swc2 DBD was Ni-NTA purified a second time to remove any 420 
excess free dye. The product was then dialyzed overnight at 4C into refolding buffer 421 
[20 mM Tris pH 8.0, 0.5 M NaCl, 10% Glycerol, 2 mM β-Mercaptoethanol, 0.02% NP40 422 
and 1 mM PMSF] as has been previously documented (Ranjan et al., 2013). Pure protein 423 
was stored as aliquots at -80°C until time of use. SDS-page reveals a pure Cy3-labeled 424 
product (Figure S3).  425 

dCas9 crRNAs, fluorescent tracrRNA annealing, and RNP assembly  426 

dCas9 was purchased from Integrated DNA Technologies (IDT), as Alt-R S.p.d 427 
Cas9 Protein V3 and stored at -80°C until Ribonucleoprotein (RNP) assembly.  crRNAs 428 
used to target 5 sites along lambda DNA were ordered from IDT. The crRNAs used were 429 
previously validated (Sternberg et al., 2014) and are listed in Table S1.  Custom 3’-amine 430 
modified tracrRNA was ordered from IDT and reacted with mono-reactive NHS-ester Cy5 431 
dye [Fisher Scientific cat# 45-001-190]. The labeled product was reverse-phase HPLC 432 
purified.  crRNA and Cy5-tracrRNA was annealed in IDT duplex buffer (cat# 11-01-03-01) 433 
in equimolar amounts by heating the mixture to 95°C for 5 minutes and allowing it to cool 434 
to room temperature slowly on the benchtop. RNP complexes were assembled by mixing 435 
annealed guide RNA and dCas9 in a 1.5:1 molar ratio and allowing the mixture to stand at 436 
room temperature for 15 minutes prior to use.  Aliquoted RNPs were flash frozen and stored 437 
at -80°C until time of use.  Buffers for RNP assembly and cryo-storage are the same and 438 
contains: 20 mM Tris-HCl pH 7.5, 200 mM KCl, 5% glycerol, and 1 mM TCEP. 439 
dCas9 RNPs were diluted to 10 nM just prior to imaging in 1x NEB 3.1 (cat# B7203S).   440 

Lambda DNA preparation 441 
Biotinylated lambda DNA used in SWR1 sliding on naked DNA assays was 442 

purchased from LUMICKS (SKU: 00001).  Lambda DNA used in nucleosome array assays 443 
was made with 3 biotins on one end, and 3 digoxigenin on the other end using the following 444 
protocol. Custom oligos were ordered from IDT with sequences listed in Table S1.  Lambda 445 
DNA was ordered from NEB (cat# N3011S).  Oligo 1 was annealed to lambda DNA by 446 
adding a 25-fold molar excess of oligo to lambda DNA, in an annealing buffer containing 447 
30 mM HEPES pH 7.5 and 100 mM KCl. This mixture was heated to 70°C for 10 minutes 448 
and allowed to cool slowly to room temperature on the benchtop. 2 uL of NEB T4 DNA 449 
ligase (400U, cat# M0202S) was added along with T4 DNA ligase buffer containing ATP 450 
and allowed to incubate at room temperature for 30 minutes.  Then 50-fold molar excess of 451 
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oligo 2 was added to the mixture along with an additional 1 uL of T4 DNA ligase and T4 452 
DNA ligase buffer (NEB) with ATP adjusting for the change in volume and allowed to 453 
incubate at room temperature for 30 minutes. The resulting mixture was heat inactivated at 454 
65°C for 10 minutes.  End-labeled lambda DNA was purified using Qiaex II gel-extraction 455 
DNA clean-up kit following the manufactures’ instructions (Qiagen cat# 20021).  456 

Lambda nucleosome array construction and validation 457 
A salt gradient dialysis approach was used to reconstitute nucleosomes onto lambda 458 

DNA using methods optimized in the lab based on previously established protocols (Luger 459 
et al., 1999; Vary et al., 2003).  Buffers used in this reconstitution are as follows: high salt 460 
buffer [10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8, 2 M NaCl, 0.02% NP-40, 5 mM 461 
2-Mercaptoethanol (BME)], and low salt buffer [10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 462 
8, 50 mM NaCl, 0.02% NP-40, 5 mM BME].  Cy5-labeled H3 containing octamer, with the 463 
same composition and preparation as previously used (Ranjan et al., 2013), was titrated onto 464 
the lambda DNA in the follow molar ratio to DNA: [10:1, 50:1, 100:1, 200:1, 500:1, 700:1].  465 
Reconstitution reactions were prepared in 10 mM Tris pH 7.5, 1 mM EDTA pH 8, 466 
0.1 mg/mL BSA Roche (cat # 10711454001), 5 mM BME.  Any dilutions of octamer were 467 
prepared in octamer refolding buffer: [10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8, 2 M 468 
NaCl, 5 mM 2-Mercaptoethanol (BME)].  A 16-hour dialysis was set-up by placing the 469 
reconstitution mixture in a 7 kDa MWCO Slide-A-Lyzer MINI Dialysis Device (Thermo 470 
Scientific cat # 69560) and placed in a flotation device in high-salt buffer. Low-salt buffer 471 
was slowly dripped into high-salt buffer for the duration of the dialysis with constant 472 
stirring. At the end of this dialysis period, the dialysis solution was dumped and replaced 473 
by 100% low-salt buffer and allowed to dialyze for an additional hour. The reconstitution 474 
efficiency was first assessed using an electrophoretic mobility shift assay (EMSA) 475 
(Figure S6).  Lambda nucleosome arrays were loaded on a 0.5% agarose gel made with 476 
Invitrogen UltraPure Agarose (fisher scientific cat # 16-500-500) and 0.25x TBE. Sucrose 477 
loading buffer without added dyes was used to load samples on the gel. The gel was run for 478 
1 hour and 45 minutes at 100V in 0.25x TBE.   479 

Arrays contained a variable number of nucleosomes, where the mean number of 480 
nucleosomes per array is 36 ± 15 (standard deviation) for a total of 17 arrays. The number 481 
of nucleosomes per array was estimated from the length of the lambda nucleosome array at 482 
5 pN force before and after nucleosome unwrapping. On average, approximately 38.6 nm 483 
of lengthening at 5pN corresponded to the unwrapping of a single nucleosome, therefore 484 
the difference in length before and after unwrapping was used to estimate the number of 485 
nucleosomes per array. 486 

Dual optical tweezers and confocal microscope set-up and experimental workflow  487 
The LUMICKS cTrap (series G2) was used for optical tweezer experiments, 488 

configured with two optical traps.  The confocal imaging laser lines used were 532 nm 489 
(green) and 640 nm (red) in combination with emission bandpass filters 545-620 nm (green) 490 
and 650-750 nm (red). A C1 type LUMICKS microfluidics chip was used. The 491 
microfluidics system was passivated at the start of each day of imaging as follows: 0.1% 492 
BSA was flowed at 0.4 bar pressure for 30 minutes, followed by a 10-minute rinse with PBS 493 
at 0.4 bar pressure, followed by 0.5% Pluronic F-127 flowed at 0.4 bar pressure for 494 
30-minutes, followed by 30-minute rinse with PBS at 0.4 bar pressure.  For SWR1 sliding 495 
on naked DNA, 4.2 µm polystyrene beads coated in streptavidin (Spherotech 496 
cat# SVP-40-5) were caught in each trap, and LUMICKS biotinylated lambda DNA was 497 
tethered. Both traps had trap stiffness of about 0.8 pN/nm. For SWR1 sliding on lambda 498 
nucleosome array, a 4.2 µm polystyrene bead coated in streptavidin was caught in trap 1, 499 
and a 2.12 µm polystyrene bead coated in anti-digoxigenin antibody (Spherotech 500 
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cat# DIGP-20-2) was caught in trap 2 which is upstream in the path of buffer flow to trap 1. 501 
For this configuration, trap 1 had a trap stiffness of about 0.3 pN/nm whereas trap 2 had a 502 
trap stiffness of about 1.2 pN/nm.  The presence of a single tether was confirmed by fitting 503 
a force extension plot to a worm like chain model in real time while collecting data using 504 
LUMICKS BlueLake software.  For confocal scanning, 1.8 µW of green and red laser power 505 
were used.  For most traces, the frame rate for SWR1 imaging was 50 msec, whereas for 506 
Swc2 it was 20 msec. Experiments were performed at room temperature. SWR1 and Swc2 507 
were both imaged in histone exchange reaction buffer [25 mM HEPES pH 7.6, 0.37 mM 508 
EDTA, 5% glycerol, 0.017% NP40, 70 mM KCl, 3.6 mM MgCl2, 0.1 mg/mL BSA, 1 mM 509 
BME] made in imaging buffer. dCas9 was added to the flow chamber in Cas9 binding buffer 510 
[20 mM Tris-HCl pH 8, 100 mM KCl, 5 mM MgCl2, 5% glycerol] made in imaging buffer. 511 
Imaging buffer [saturated Trolox (Millipore Sigma cat# 238813), 0.4% dextrose] is used in 512 
place of water when preparing buffers. All buffers were filter sterilized with a 0.2 μm filter 513 
prior to use. 514 

TIRF based binding kinetics assay and analysis   515 
We co-localized SWR1 binding to Cy5-labeled dsDNAs of different lengths for real-516 

time binding kinetic measurements (Figure S1D-E). These experiments were all conducted 517 
using flow cells made with PEG-passivated quartz slides using previously detailed methods 518 
(Roy et al., 2008). The appropriate biotinylated Cy5-labeled DNA was immobilized on the 519 
surface of the PEG-passivated quartz slide using neutravidin. After DNA immobilization, 520 
the channels of the flow cell were washed to remove free DNA and imaging buffer was 521 
flowed into the channel. Next, 5 nM Cy5-SWR1 in imaging buffer was flowed into the 522 
channel immediately after starting image acquisition. A standard smFRET imaging buffer 523 
with oxygen scavenging system was used as has been previously established (Joo and Ha, 524 
2012). The first 10 frames (1s) of each imaging experiment were collected using 525 
Cy5-excitation so that all Cy5-DNA spots could be identified. The remaining 299 seconds 526 
of the movie were collected under Cy3-excitation so that Cy3-SWR1 could be imaged. Data 527 
analysis was carried out using homemade IDL scripts for image analysis and MATLAB 528 
scripts for data analysis. The data was analyzed so that all the Cy5-DNA molecules in an 529 
image were identified from the first second of the movie under Cy5-excitation. Next, the 530 
Cy3 intensity was monitored for the remainder of the movie for each DNA molecule. SWR1 531 
binding to nucleosomes was detected by a sharp increase in Cy3 signal in spots that had 532 
Cy5 signal. 533 

The on-rate was defined as the time between when Cy3-SWR1 was injected into the 534 
imaging chamber to when Cy3-SWR1 first bound to a specific DNA molecule resulting in 535 
an increase in Cy3 intensity. The off-rate was defined as the length of time Cy3-SWR1 was 536 
bound to a DNA molecule which is the duration of the high Cy3 fluorescence state. While 537 
only one on-rate measurement could be conducted for one DNA molecule, multiple off-rate 538 
measurements could be made as one DNA molecule was subjected to multiple Cy3-SWR1 539 
binding events. Binding events where more than one SWR1 were bound to the DNA were 540 
excluded from the off-rate analysis. Off-rate measurements under different laser intensities 541 
were made by measuring the laser power immediately prior to the imaging experiment 542 
(Figure S1C). All experiments were conducted using imaging channels from the same 543 
quartz slide to minimize differences in laser intensity that can result from changes in shape 544 
of the TIRF spot. 545 

Single particle tracking and data analysis 546 
LUMICKS Bluelake HDF5 data files were initially processed using the commercial 547 

Pylake Python package to extract kymograph pixel intensities along with corresponding 548 
metadata.  Particle tracking was then performed in MATLAB (MathWorks). First, spatially 549 
well-separated particles were individually segmented from full-length kymographs 550 
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containing multiple diffusing particles. Next, for each time-step, a one-dimensional 551 
gaussian was fit to the pixel intensities to extract the centroid position of the particle in time. 552 
Then the MSD for each time-lag was calculated using: 553 

𝑀𝑀𝑀𝑀𝑀𝑀 (𝑛𝑛,𝑁𝑁) =  �
(𝑋𝑋𝑖𝑖+𝑛𝑛 − 𝑋𝑋𝑖𝑖)2

𝑁𝑁 − 𝑛𝑛

𝑁𝑁−𝑛𝑛

𝑖𝑖=1
 554 

where N is the total number of frames in the trace, n is the size of the time lag over which 555 
the MSD is calculated, i is the sliding widow over which displacement is measured, X is the 556 
position of the particle. Since particles exhibit Brownian diffusion, the diffusion coefficient 557 
for each particle was then calculated from a linear fit to the initial portion of the mean 558 
squared displacement (MSD) versus time lag plot by solving for D using: 𝑀𝑀𝑀𝑀𝑀𝑀 = 2𝑀𝑀𝐷𝐷. 559 

For the linear fit, the number of points included varied to optimize for a maximal 560 
number of points fit with the highest Pearson correlation (r2) and a p-value lower than 0.01. 561 
For particles where this initial best fit could not be found, the first 25% of the trace was 562 
linearly fit. Fits that produced negative slope values corresponded to traces where particles 563 
are immobile; to reflect this, negative slopes were given a slope of 0. Finally, outlier traces 564 
with diffusion coefficients greater than 0.14 µm2/s for SWR1 or 5 µm2/s for Swc2 were 565 
dropped; in every case this consisted of less than 3% of all traces. The distribution of 566 
diffusion coefficients estimated using this method was almost identical to what is produced 567 
using an alternative method which extracts diffusion coefficients using a linear fit from time 568 
lags 3-10 rejecting fits with r2< 0.9 (Tafvizi et al., 2008)  (Figure S8). A summary of 569 
statistics as well as criteria for excluding traces is provided in Table S3. We estimated the 570 
localization precision using the following formula: 571 

𝜎𝜎2 =  �
𝑠𝑠2

𝑁𝑁
+  
𝑎𝑎2

12�
𝑁𝑁

+  
8𝜋𝜋𝑠𝑠4𝑏𝑏4

𝑎𝑎2𝑁𝑁2 � 572 

where N is the number of photons collected which was on average 12.9 photons per 5-pixel 573 
window surrounding the centroid (see Figure S9); s is the standard deviation of the 574 
microscope point-spread function, 294 nm; a is the pixel size, 100 nm; and b is the 575 
background intensity which was on average 0.8 photons per 5-pixel window. This results in 576 
a σ = 82 nm.  577 

Calculation of theoretical maximal hydrodynamic diffusion coefficients 578 

The radius of gyration of SWR1 and Swc2 were calculated using the following formulas. 579 
First, the volume (V) of each particle was estimated using the following equation:  580 

𝑉𝑉(𝑛𝑛𝑛𝑛3) =  
��0.73 𝑐𝑐𝑛𝑛

3

𝑔𝑔 � �1021 𝑛𝑛𝑛𝑛
3

𝑐𝑐𝑛𝑛3��

6.023 ∗  1023 𝑀𝑀𝑎𝑎𝑔𝑔
 ∗ 𝑀𝑀(𝑀𝑀𝑎𝑎) 581 

Then, the radius of gyration was estimated using the following equation: 582 

𝑅𝑅𝑚𝑚𝑖𝑖𝑛𝑛 = �
3𝑉𝑉
4𝜋𝜋
�
1
3

  583 

Equation 2 

Equation 3 

Equation 4 
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where M is mass in Daltons (Erickson, 2009).  Given the input of 1 MDa for SWR1 and 584 
25.4 kDa for Swc2, the resulting radii of gyration are 6.62 nm SWR1 and 1.94 nm for Swc2.  585 
Next, the theoretical upper limit of 1D diffusion with no rotation was calculated using the 586 
following formula: 587 

𝑀𝑀 =
𝑘𝑘𝑏𝑏𝑇𝑇
𝑓𝑓

 588 

Where:  589 

𝑓𝑓 = 6𝜋𝜋𝜋𝜋𝑅𝑅 590 

and η is the viscosity 9x10-10 pN*s/nm2 (Schurr, 1979).  The resulting upper limit without 591 
rotation for SWR1, is 36.7 µm2/s and for Swc2 it is 125 µm2/s. When computing the upper 592 
limit of 1D diffusion with rotation, the following formula considers the energy dissipation 593 
that comes from rotating while diffusing: 594 

𝑓𝑓 = 6𝜋𝜋𝜋𝜋𝑅𝑅 + �
2𝜋𝜋

10𝐵𝐵𝐵𝐵
�
2

[8𝜋𝜋𝜋𝜋𝑅𝑅3 + 6𝜋𝜋𝜋𝜋𝑅𝑅(𝑅𝑅𝑜𝑜𝑜𝑜)2] 595 

where Roc is the distance between the center of mass of the DNA and the bound protein, and 596 
10 BP is the length of one helical turn or 3.4 nm (Ahmadi et al., 2018; Bagchi et al., 2008; 597 
Blainey et al., 2009). Since we do not have structures of SWR1 or Swc2 bound to dsDNA 598 
alone, we report both the maximal and minimal value of the theoretical upper limit, where 599 
the minimal value corresponds to Roc = R and the maximal value corresponds to Roc = 0.  600 
For SWR1 this minimum value is 0.105 µm2/s and the maximum value is 0.183 µm2/s 601 
whereas for Swc2 this minimum value is 4.01 µm2/s and the maximum value is 6.86 µm2/s.  602 

Scanning speed estimation 603 

Lambda DNA tethered at its ends to two optically trapped beads was pulled to a tension of 604 
5 pN, which resulted in a length approximately 92% of its contour length (15.2 µm). The 605 
length per base pair of DNA, 0.31 nm, is therefore slightly shorter than the value at full 606 
contour length (Baumann et al., 2000).  The length of the NDR, 150 bp, in our conditions 607 
is therefore roughly 0.047 µm long. Since our localization precision is low, ~82 nm (see 608 
Equation 2), we do not have diffusion information at the resolution of base pairs, and 609 
therefore do not consider discrete models to approximate scanning speed. Given a median 610 
diffusion coefficient of SWR1 in the presence of 1 mM ATP of 0.024 µm2/sec, and the one-611 
dimensional translational diffusion, 𝑙𝑙 = 2𝑀𝑀𝐷𝐷, where 𝑙𝑙 is the length in µm of DNA, we can 612 
approximate the time required to scan this length of DNA to be 0.093 seconds assuming a 613 
continuous model (Berg, 1983).  614 
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