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Abstract (150)

CRISPR-Cas systems encode RNA-guided surveillance complexes to find and cleave
invading DNA elements. While it is thought that invaders are neutralized minutes after cell
entry, the mechanism and kinetics of target search and its impact on CRISPR protection levels
have remained unknown. Here we visualized individual Cascade complexes in a native type |
CRISPR-Cas system. We uncovered an exponential relationship between Cascade copy
number and CRISPR interference levels, pointing to a time-driven arms race between invader
replication and target search, in which 20 Cascade complexes provide 50% protection. Driven
by PAM-interacting subunit Cas8e, Cascade spends half its search time rapidly probing DNA
(~30 ms) in the nucleoid. We further demonstrate that target DNA transcription and CRISPR
arrays affect the integrity of Cascade and impact CRISPR interference. Our work establishes
the mechanism of cellular DNA surveillance by Cascade that allows the timely detection of

invading DNA in a crowded, DNA-packed environment.

One sentence summary:
The results from in vivo tracking of single CRISPR RNA-surveillance complexes in the native

host cell explain their ability to rapidly recognize invader sequences.
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Introduction

RNA-guided CRISPR-Cas surveillance complexes have evolved to specifically and
rapidly recognize sequences of previously catalogued mobile genetic elements (MGES)
(Marraffini, 2015). Target DNA recognition depends on CRISPR RNA (crRNA) — DNA
complementarity and on the presence of a protospacer adjacent motif (PAM), a short
nucleotide sequence flanking the target site (Deveau et al., 2008; Mojica et al., 2009). To
work effectively, the complexes need to find their targets fast enough to prevent an MGE
from becoming established in the cell, which can occur within minutes upon cell entry (Shao
et al.,, 2015). Target search inside a cell faces a multitude of challenges: Firstly, cells are
packed with DNA, and crRNA surveillance complexes need to find the needle in a haystack
before an invading element takes control of the cell. PAM scanning and crRNA-seed
interactions with the target have been suggested to speed up the search process by drastically
reducing the number of potential target sites in the genome (Gleditzsch et al., 2018; Jones et
al., 2017). Several studies have shown that crRNA-effector complexes spend more time
probing PAM rich regions, which is indicative of its function as the first recognition site
(Globyte et al., 2018; Redding et al., 2015; Sternberg et al., 2014). In the Escherichia coli
Type I-E CRISPR-Cas system, the crRNA-effector complex Cascade recognizes six PAMs
with high affinity (Leenay et al., 2016) suggesting that Cascade scans hundreds of thousands
of PAM motifs in the host genome, which is only effective when this interaction is
sufficiently fast. A second challenge is posed by the action of other proteins present in the cell
such as DNA binding proteins, DNA or RNA polymerases that may interfere with target
search and formation of target bound crRNA complexes (Jones et al., 2017; Vigouroux et al.,
2018). Some invading MGEs even use specialized anti-CRISPR proteins to inhibit crRNA-
effector complexes and impair the target search process (Bondy-Denomy et al., 2015; Pawluk

et al., 2014). A third challenge that microbes face is to produce appropriate levels of Cascade
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complexes loaded with one particular crRNA to provide protection against a single invading
element. While adding more and more spacers to CRISPR arrays will have the benefit of
recognizing many invaders, the tradeoff is that long CRISPR arrays will dilute the number of
Cascade complexes loaded with a particular crRNA, potentially decreasing the CRISPR
response against that target. These cellular challenges raise the question how Cascade can
navigate the crowded cell sufficiently fast to find DNA targets, and how many copies of
Cascade are required to do so.

Here, we report the visualization of single-molecule Type I-E Cascade complexes in a
native E. coli CRISPR-Cas system in vivo. We found that the probability of successful
CRISPR protection depends exponentially on Cascade copy numbers, which leads to a time-
driven arms race model between Cascade target search and invader replication. The
localization of Cascade shows the complex is enriched inside the nucleoid. We determined
that 60% of the Cas8e subunit is incorporated into Cascade complexes and that Cascade DNA
probing is very rapid (~ 30 ms) and is driven by Cas8e. Furthermore, transcription of targets
and CRISPR arrays reduce the amount of functional complexes in the cell. Our work sheds
light on target search and dynamical assembly of Cascade complexes in their native cellular

environment, and describes how these processes impact CRISPR protection levels.

Results
Visualizing Cascade abundance and target search at the single-molecule level

To investigate how microbes deal with these challenges at the cellular level we used a
intracellular single-particle tracking Photo-Activated Localization Microscopy (sptPALM)
(English et al., 2011; Manley et al., 2008), a technique capable of following the movement
and abundance of individual fluorescently-tagged proteins in cells with high precision. By

genetically fusing a photoactivatable fluorescent protein (PAmCherry2, (Subach et al., 2009))
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97 to the N-terminus of Cascade-subunit Cas8e (Figure 1A), which was the only subunit for

98  which labeling had no influence on the CRISPR interference ability of this strain (Figure 1B),

99  we were able to monitor the mobility and abundance of Cascade complexes in E. coli cells.
100
101  Twenty Cascade complexes provide 50% CRISPR protection
102  We first wanted to link the copy number of Cascade to successful target search, and
103  established an assay that measures the level of CRISPR protection in cells at the time of cell
104  entry by a mobile genetic element (MGE). In this assay all Cascade complexes present in the
105 cell must be able to target the incoming MGE and Cascade target search has to be rate
106  limiting. To meet the first requirement, we constructed a high copy plasmid (pTarget; Figure
107  1B) containing target sites for all 18 spacers found in the genomic arrays of E. coli K12, such
108 that all Cascade complexes would be targeting the incoming plasmid. Secondly, we ensured
109 that Cascade copy numbers were rate limiting (Majsec et al., 2016) by equipping cells with a
110  low copy plasmid expressing the nuclease Cas3 (pCas3, adapted from (Westra et al., 2010)).
111 We achieved different expression levels of Cascade expression in the cell by tuning
112  the expression of the native regulator LeuO (Westra et al., 2010) (Figure 1C). The copy
113 numbers of Cascade were estimated from the number of fluorescent particles present in the
114  cell under these varying levels of LeuO induction, taking complex assembly (see following
115  section), growth rate (Table S1) and maturation time of PAmCherry into account (Figure 1D;
116  Methods). We found that the average number of Cascade complexes per cell in the absence of
117  LeuO induction was low (~4 copies) and that copy numbers increased more than 30-fold for
118  the highest induction level (~130 copies). We measured the interference ability under these
119  conditions by determining the probability that pTarget becomes established in a cell. We

120  observed that establishment of pTarget decreases sharply with increasing copy numbers of
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121  Cascade (Figure 1E). However, even with 130 Cascade complexes present, we still observed a
122 level of pTarget survival (~0.5%).

123 To explain these observations, we modelled the probability that an invading MGE
124 becomes established in the cell depending on the number of Cascade complexes that target
125  this specific MGE. The model is based on multi-copy plasmids and phage systems, where the
126  DNA clearance is most likely to occur at when an invader enters as a single copy, as the
127  concentration of invading DNA increases over time. Therefore, depending on the invader and
128  the level of CRISPR interference, there will be a critical time point (t;) beyond which the
129  invader is permanently established inside the cell and can no longer be cleared (Severinov et
130 al.,, 2016). Our model describes the probability that it takes a certain copy number of proteins
131  (n) each with an average search time (t, ) to find the target before t; is reached. Our model
132  accurately predicted that pTarget establishment decreases exponentially with increasing copy
133 numbers of Cascade (Figure 1E, Methods).

134 When we translated these establishment probabilities in interference levels, we could
135  deduce that around 20 Cascade complexes are required to reach a CRISPR interference level
136  of 50% (Figure 1F). It becomes very unlikely for the CRISPR system to destroy multiple
137  genetic copies of the MGE if it has failed to destroy the single copy that was present at the
138  start before replication. Therefore, we can approximate t;, with the replication time of the
139  plasmid in the absence of copy number control (~3 min, (Olsson et al., 2003a)), which allows
140  us to retrieve an estimated search time of ~90 minutes for one Cascade complex to find a
141  single target in the cell (Methods).

142 To summarize, we found a direct relation between the number of Cascade complexes
143 and the establishment probability of an MGE. The native E. coli system requires 20 Cascade
144 complexes loaded with a cognate crRNA to obtain 50% CRISPR interference levels. This

145  relation depends on the replication rate of the invading MGE and the average search time of a
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146  single complex and demonstrates the importance of rapid target search on CRISPR
147  interference ability.

148

149  The majority of Cas8e assembles into the Cascade complex

150 To quantify the dynamics of target search, we traced the diffusion paths of thousands of
151  individual complexes in the bacterial cell (Figure 2A; Supplementary Video). The apparent
152  diffusion coefficient D*, a measure for mobility, of Cascade was calculated by extracting the
153  displacement of each fluorescent particle for four consecutive 10 ms steps, allowing us to
154  investigate the abundance, mobility and behavior of individual complexes and subunits in the
155  cell. To minimize the influence of spurious autofluorescent particles in E. coli (Floc’h et al.,
156  2018), we used expression levels with the highest estimated Cascade copy numbers (~130
157  copies, high induction; Figure 1D).

158 To distinguish diffusion of Cascade complexes from monomeric Cas8e subunits, we
159  first measured the diffusion of the tagged Cas8e fusion protein in a strain lacking genes of the
160  other four Cascade subunits in the genome (Casl11, Cas7, Cas5, and Cas6e). Based on the role
161  of Cas8e in non-specific DNA binding (Brown et al., 2018; Jore et al., 2011; Sashital et al.,
162 2012), we expected to find mobile and DNA-bound populations of Cas8e. However, we were
163  unable to describe the data accurately by static two-state models of non-interconverting
164  fractions (Figure S1). We therefore hypothesized that rapid DNA binding and unbinding
165 events of Cascade on a timescale similar to the framerate (~10-40 ms) would lead to time-
166  averaging of a mobile state (high D* values) and a DNA-bound state (low D* values), giving
167 rise to intermediate D* values (Figure 2A and S2). We accounted for these events by
168  developing a generally applicable analysis method called analytical Diffusion Distribution
169  Analysis (analytical DDA), which is useful for proteins with fast transitioning kinetics

170  between states with different diffusion coefficients, such as DNA-interacting proteins. This
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171  method allows us to extract quantitative information on DNA binding kinetics (Figure S2),
172 and enables the study of fast transition rates previously inaccessible to sptPALM (Methods).
173 When we applied the analytical DDA on the Cas8e diffusional data, we retrieved an
174  average residence time of ~30 ms on DNA and a similar average time spent (~30 ms) rapidly
175  diffusing (D* ~3.5 pum?/s, as expected for a protein of 82 kDa; Methods), indicating that
176  Cas8e is bound to DNA for ~50% of the time (Figure 2B). The D* distribution of Cas8e then
177  allowed us to extract the diffusion behavior of the Cascade complex as a whole. We estimated
178  the fraction of free Cas8e and Cascade-containing Cas8e at 40% and 60%, respectively
179  (Figure 1D). This finding suggests that Cas8e is produced in excess (Westra et al., 2010) or
180  somehow involved in a dynamic interaction with the core Cascade subunits (crRNA, Casl1,
181  Cas7, Casb, Cas6e) (Jore et al., 2011; Sashital et al., 2012).

182 Surprisingly, we found that the DNA binding kinetics of Cascade were similar to
183  Cas8e alone, indicating that Cas8e is an important driver of DNA probing characteristics of
184  the Cascade complex. Furthermore, the DNA probing events take on average ~30 ms and are
185  thereby considerably faster than the 0.1-10 s that have been reported for in vitro studies
186  previously (Brown et al., 2018; Redding et al., 2015; Xue et al., 2017). As expected, we found
187  a smaller diffusion coefficient for unbound Cascade complexes (~1.0 pm?/s) (Methods) due to
188  their larger size. Together, our analysis shows that more than half of the Cas8e protein
189  population is part of intact Cascade complexes, and that the DNA interacting behavior of
190  Cascade is largely determined by the properties of Cas8e.

191 To investigate the role of crRNAs in Cascade complex assembly, we deleted all
192  CRISPR arrays in the K12 genome (ACRISPR). The resulting diffusion behavior can be
193  described by fractions of free Cas8e and with Cascade-like diffusion behavior (Figure 2D)
194  that almost entirely lacks interaction with DNA (fonpona = 3%). This indicates that although

195 Cascade (sub)complex formation does not strictly require the presence of crRNA
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196 (Beloglazova et al., 2015; Brouns et al., 2008), Cascade assembly is greatly enhanced by
197 crRNA. Taken together, the majority of Cas8e proteins are incorporated in Cascade
198  complexes in the presence of crRNA, and this gives Cascade DNA interacting properties.

199

200  Cascade is enriched but not exclusively present in the nucleoid

201 Not all potential DNA interaction sites in the host chromosome might be accessible to
202  Cascade. The host DNA is concentrated in the middle of the cell in the nucleoid and is very
203  compact which excludes large complexes such as ribosomes (Mondal et al., 2011). Nucleoid
204 exclusion would reduce the amount of DNA available for scanning and increase the amount
205  of freely diffusing Cascade complexes. To investigate whether the DNA-bound fraction is
206  governed by affinity properties of Cascade for DNA rather than a restricted search space
207  outside the DNA-containing nucleoid region, we studied the spatial distribution of Cascade
208 localizations. Nucleoid-excluded ribosomes are enriched away from the central long axis of
209  the cell (Sanamrad et al., 2014). For Cascade, we found a homogeneous spatial distribution
210  throughout the cell (Figure 3A), indicating that Cascade is small enough to freely scan the
211  nucleoid for target sites.

212 We furthermore used the spatial distribution of Cascade to extract quantitative
213  information on the DNA-bound fraction. To that purpose, we created a DNA-free
214  environment in the cell by adding cephalexin (Reyes-Lamothe et al., 2014). This antibiotic
215  affects cell wall synthesis and causes cells to elongate, forming DNA-free cytoplasmic space
216  between nucleoids without condensing the nucleoid (Figure 3B). The time Cascade is bound
217 to DNA is inherently linked to the relative amount it spends in DNA-free and DNA
218  containing regions. Therefore, by calculating the relative amount of localizations in both
219  regions (Enrichment Factor; EF) we can extract the fraction of time spent on DNA

220  independently from the DDA analysis. Cascade was only moderately enriched (EF of 1.8 +

10
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221 0.2 fold) in the nucleoid regions (Figure 3C), indicating that Cascade spends a considerable
222  amount of time diffusing in the cytoplasm while not associated with DNA. From the
223  enrichment factor, the fraction of Cascade complexes bound to DNA can be approximated to
224 45% (Figure 3D; for derivation see Methods). This value is consistent with the ~ 50% value
225 we extracted from the DDA distribution of Cascade (Figure 2C). However, it strongly
226  contrasts other DNA binding proteins such as Fis and RNA polymerase, which show a much
227  higher nucleoid enrichment (Reyes-Lamothe et al., 2014; Stracy et al., 2015). The above
228  findings indicate that Cascade inherently spends more time freely diffusing the cell and that
229  this is caused by the nature of DNA-Cascade interactions and not by size-based nucleoid
230  exclusion, as is the case for ribosomes (Sanamrad et al., 2014). Therefore, we decided to
231  study the nature of the DNA interactions in more depth.

232

233  Cascade-DNA interactions are not only PAM-dependent

234 Next, we assessed how PAM interactions contributed to DNA binding by introducing
235  mutation G160A in the Cas8e subunit which abolishes the interaction with the PAM (Hayes et
236 al., 2016). This G160A mutation decreased the fraction of DNA-bound Cascade from 41 + 11
237 to 28 £ 6% (Figure 4A) without fully inhibiting DNA binding, suggesting that PAM-
238 independent interactions (Van Erp et al., 2015; Hayes et al., 2016; Xiao et al., 2017) play a
239  role in DNA probing as well. To assess the contribution of these different types of interactions
240 to the average DNA residence time found previously, we measured the persistence of
241  Cascade-DNA interactions by increasing the dark time between exposures (Figure 4B). Our
242  data showed that sustained binding events at longer time scales (100 — 250 ms) were more
243  frequently observed for WT Cascade than for the PAM binding mutant complex Cascade-

244  Cas8ecisoa (Figure 4C). Together with the increased off-rate of the mutated complex (Figure

11
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245  4A), this finding demonstrates that PAM-dependent interactions of Cascade with DNA last
246  longer than PAM-independent interactions.

247

248  Target DNA binding is influenced by the cellular environment

249 After establishing intrinsic DNA probing characteristics of Cascade, we next
250 investigated its diffusion behavior in the presence of targets (Figure 5). To prevent target
251 DNA degradation by Cas3 nucleases, we deleted the cas3 gene and verified that the deletion
252  did not alter Cascade diffusion behavior (Figure S3). To verify that all Cascade complexes
253  could bind a target, we measured the copy number of pTarget to be ~ 400 copies/cell (Figure
254  S4). As the native E. coli CRISPR arrays contain 18 spacers, this resulted in ~7000 target sites
255  per cell which far outnumbers Cascade copy numbers under our growth conditions (~130,
256  Figure 1D).

257 Compared to a non-targeted control plasmid (Figure S3), the introduction of pTarget
258 in cells decreased the fraction of free Cascade complexes (from 60 + 4 to 29 + 3%), and gave

259  rise to a 34 + 2% immobile, target-bound Cascade fraction (Dcascade(boundy = 0-06 um?/s)

260  (Figure 5A). As expected, addition of pTarget increased the persistence of sustained binding
261  events, indicating specific DNA target binding (Figure 5C). The combined information of
262  plasmid copy number and the fraction bound Cascade enabled us to determine a cellular Kp
263  value for the affinity of Cascade for targets of ~180 nM (Figure 5F; Methods), indicating that
264  the affinity in vivo is around 10 times lower than what has been observed in vitro (Hayes et
265 al., 2016).

266 We hypothesized that transcription of DNA along target sites would be one of the
267 main factors influencing Cascade target DNA binding. To investigate the effects of
268 transcription by host RNA polymerase (RNAP), we introduced a (lac) promoter in front of the

269  pTarget sequence. To our surprise, we observed that the affinity of Cascade for target sites

12
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270  that undergo transcription (~100 nM) was higher than for non-transcribed target sites (~180
271  nM). In addition, we observed an increased fraction of free Cas8e subunits (from 37 £ 2% to
272 54 = 2%) in the strain containing transcribed pTarget (Figure 5B). Collectively, these findings
273  suggest that transcription of a target DNA sequence somehow facilitates target search and
274  increases the affinity of a target. In addition, it appears that collisions of RNAP with target-
275  bound Cascade result in changes in the Cascade assembly, likely by dissociation of the Cas8e
276  subunit from the complex upon collision with RNA polymerase, which potentially dissociates
277  Cascade from the target.

278  The relatively dynamic association of Cas8e within the Cascade complex has been observed
279  previously in vitro (Jore et al., 2011) and was more recently also observed upon binding to the
280 CRISPR array (Jung et al., 2017). We hypothesized that this dynamic behavior might be a
281  functional characteristic and will also occur upon encountering CRISPR arrays inside the cell.
282  To test this hypothesis, we made a variant of pTarget where all 18 interference PAMs were
283 replaced by the trinucleotide sequence matching the repeats of the CRISPR array
284  (pCRISPR1). Cascade did not show any interaction with the non-transcribed pCRISPR1
285  plasmid (Figure 5D). However, when we added a promoter sequence in front of the
286  pCRISPRL1 array of targets, we observed moderately enhanced levels of free Cas8e (from 40 +
287 11to 56 £ 1%) (Figure 5E), reminiscent of Cas8e expulsion from the complex upon collision
288  with RNA polymerase, or from targets with repeat like PAMs (Jung et al., 2017). Effectively
289  this shows that transcribed CRISPR arrays may function as target decoys in the cell and can
290 therefore potentially influence the levels of functional Cascade complexes in the cell.

291 To test whether CRISPR array really form decoys in the cell and could impact
292  interference levels, we constructed a compatible high copy number plasmid pCRISPR2
293  containing a normal CRISPR array (Figure S5). While the introduction of pCRISPR2 into

294  cells containing pTarget only led to a small decrease in the number of Cascade complexes

13
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295  (15% less) (Figure S3), the CRISPR interference levels were reduced by as much as 50%
296  (Figure 5G). This effect was not observed with low copy variant of pCRISPR2
297  (pCRISPR2_LC) or with a high copy plasmid lacking CRISPR arrays (pControl), indicating
298  that this effect comes from the presence of a large number of CRISPR arrays in the cell
299  (Figure 5G). We further found that the observed impact of CRISPR arrays on Cascade copy
300  number and interference level fits well with our previously predicted relation between
301 Cascade copy numbers and probability of successful MGE establishment (Figure 5H). It
302  furthermore demonstrates how relatively small changes in Cascade copy numbers (15%) can
303 have a big impact on CRISPR interference levels (50%). Taken together, our data indicate
304 that Cascade target search and binding is strongly influenced by the action of RNA
305 polymerase and that CRISPR arrays form target decoys in the cell, which can affect CRISPR
306 interference levels.

307

308  Discussion

309 How crRNA-effector complexes can achieve timely detection of incoming mobile
310  genetic elements in the crowded environment of the cell is an intriguing aspect of CRISPR
311 biology that remains poorly understood. We provide first insights into the fundamental
312  kinetics of the surveillance behavior of type I crRNA-effector complexes in their native
313  cellular environment. We determined how many copies of Cascade are required to establish
314  effective immunity and uncovered how Cascade complexes navigate the crowded bacterial
315  cell packed with DNA. Our results indicate that Cascade does not restrict its search space to
316  parts of the cell, for example the nucleoid-free periphery, but instead is occupied scanning the
317  entire host nucleoid for a match. To cover this vast sequence space sufficiently fast, the
318 Cascade complex interrogates DNA sequences by using a combination of PAM-dependent

319 and PAM-independent interactions which on average last only 30 ms. This probing interaction
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320 is much faster than previously reported interaction times determined of type | Cascade
321  complexes by in vitro methods, which range between 0.1 and 10 s (Brown et al., 2018;
322  Redding et al., 2015; Xue et al., 2017). The ability to rapidly probe DNA sequences for
323  potential matches with the crRNA, and to move from one place in the nucleoid to the next,
324 may explain how a relatively low number of Cascade complexes in E. coli may still confer
325 CRISPR immunity. Interestingly, the average probing time of 30 ms for Cascade matches
326  values found for Streptococcus pyogenes dCas9 in E. coli (Jones et al., 2017; Martens et al.,
327  2018), suggesting that DNA probing interactions of crRNA-effector complexes from both
328 Class I and Il systems may have evolved independently to take place at this time scale and
329  may.

330 Given the hundreds of thousands of PAMs in the host DNA, this interaction time
331 would lead to a search time in the order of hours. This value matches our independently
332  calculated estimate of 1.5 hours for a single Cascade to find a single DNA target in the cell,
333 which is four times faster than dCas9 search time estimates of 6 hours (Jones et al., 2017).
334  However, our data also indicates that Cascade not only probes PAMs, the complex also
335  spends a considerable amount of time engaged in PAM-independent DNA interactions. These
336  might be constituted by direct crRNA — DNA interactions (Blosser et al., 2015; Xue et al.,
337 2016), or electrostatic interactions of Cascade with the DNA (Van Erp et al.,, 2015;
338  Hochstrasser et al., 2014). This suggests an even larger DNA sequence space needs to be
339  covered, creating the need for even more efficient and functionally flexible surveillance
340  solutions. This more flexible probing behavior would be required to recognize targets with
341  mutations in the PAM or protospacer in order to trigger a CRISPR memory update pathway
342  called priming (Datsenko et al., 2012; Jackson et al., 2017), which appears to be unique for

343  type | CRISPR-Cas systems.
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344 One possibility to reconcile Cascade DNA probing characteristics to the overall search
345  time could be that Cascade undergoes facilitated 1D DNA sliding, where Cascade probes
346  multiple sites per DNA binding event. We have shown that Cascade spends 50% of its search
347  time on DNA, and the other 50% diffusing to a new site in the cytoplasm. This value may
348 seem low compared to other DNA interacting proteins such as transcription factor Lacl,
349  which is DNA bound for 90% of the time (EIf et al., 2007). However, 50% has been
350 theoretically derived as the optimum for a target search process involving one dimensional
351 DNA sliding and 3D translocation/hopping (Slutsky and Mirny, 2004). Indeed, recently it has
352  been shown in vitro that Cascade and Cas9 can slide along the DNA in search of targets
353  (Brown et al., 2018; Globyte et al., 2018). If this also occurs in vivo, this would be a striking
354  example of a DNA binding protein having an optimized time division between DNA-bound
355 and freely mobile states to survey the DNA content of the cell.

356 The relatively high abundance (50%) of freely diffusing Cascade complexes may have
357  benefits as well, as this will lead to more Cascade complexes in the periphery of the cell
358  outside of the nucleoid. By surveying these peripheral regions more frequently, Cascade may
359  be able to detect incoming bacteriophage or plasmid DNA more rapidly when these genetic
360  elements enter the cell.

361 Besides the chromosomal host DNA, other cellular constituents also affect target DNA
362  binding properties. We found a much higher Kp value in vivo (180 nM) than was reported
363 earlier using in vitro methods (20 nM) (Hayes et al., 2016). The discrepancy in binding
364  affinity between in vivo and in vitro measurements may be caused by an increase in target
365  search time (i.e. a lower on-rate) or an increase in target dissociation rate (i.e. a higher off-
366 rate) in vivo. In any scenario, this discrepancy highlights the strong role of the crowded

367  cellular environment on target binding.
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368 Counterintuitively, we have found that Cascade binds transcribed target sites with
369  higher affinity (100 nM) than non-transcribed target sites (180 nM). Previous studies have
370  shown that negative-supercoiling is required for Cascade binding (Westra et al., 2012), and
371  that increased negative super-coiling accelerates the rate of R-loop formation (Szczelkun et
372 al., 2014). As transcribed regions cause more negative supercoiled regions in the DNA (Ma
373 and Wang, 2016), this could explain the increase in the affinity for transcriptionally active
374  sites. Rates of spacer acquisition were also found to be higher for transcriptionally active
375  regions (Staals et al., 2016), so together these effects may influence the abundance and
376  effectivity of spacers in nature.

377 Next to the positive effect of transcription on target search, we have also found that
378  collisions between RNAP and target-bound Cascade lead to Cascade disassembly, where the
379  Cas8e subunit is expelled from the Cascade core. Furthermore, also CRISPR arrays
380 themselves can trigger Cascade disassembly, indicating they form target decoys in the cell.
381  When present at high copy number, CRISPR arrays can even impact CRISPR interference
382  levels (Fig. 5G). The loose association of Cas8e with the core Cascade complex as observed
383 invitro (Jore et al., 2011), might serve a biological role in cells to recycle Cascade from off-
384  targets including the CRISPR array, and may prevent Cas3 recruitment and subsequent self-
385 targeting (Xiao et al., 2018).

386 By measuring cellular copy numbers, and accurately measuring CRISPR interference
387 levels, we could uncover an exponential relationship between the number of Cascade
388 complexes in the cell and CRISPR interference. This relationship describes that every 20
389  Cascade complexes loaded with one crRNA can provide 50% more protection from an
390 invading DNA element (i.e. 20 copies provide 50%, 40 copies 75% protection). Therefore at
391 constant Cas protein production and degradation levels, the effective concentrations of

392  Cascade complexes loaded with one type of crRNA will become diluted when CRISPR arrays
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393  become longer. The size of the CRISPR array is therefore a tradeoff between the higher
394  protection levels of a few spacers, and lower protection levels of many spacers. With our
395  findings we can test optimality of this tradeoff under different conditions and help explain the
396  observed sizes of CRISPR arrays found in nature (Martynov et al., 2017).

397 The initial entry is the most vulnerable time for the invader, but invading MGEs have
398  the possibility to outrun CRISPR-Cas immunity by replicating faster than being found. In the
399 native cellular environment, we have found that scanning of host DNA, binding to CRISPR
400 arrays and encountering transcribing RNA polymerases can prevent Cascade from finding the
401  target before the critical time (t;) is reached and the invader is permanently established
402  (Figure 6). We therefore hypothesize the presence of a kinetic arms race, in which invaders
403 have evolved to replicate increasingly fast upon cell entry, while CRISPR-systems have
404  evolved to increase the rate at which they are able to find the target. A recent study has indeed
405 shown that the replication rate of foreign elements affects CRISPR interference levels
406  (Heyland-Kroghsbo et al., 2018). Many bacteriophages use a two-stage injection (Chen et al.,
407  2018; Davison, 2015), which may have evolved to limit the amount of time their DNA is
408 exposed to intracellular defense mechanisms, while already allowing the production of
409  proteins to replicate phage DNA, control host takeover, or to inhibit host defense (e.g. anti-
410 CRISPR proteins) (De Smet et al., 2017). It has been previously shown that the host can
411  counter this strategy by selectively targeting early injected DNA regions, maximizing the time
412  available to look for targets (Modell et al., 2017).

413 Our mathematical description of CRISPR interference can be adapted to natural
414 environments in which the growth rates are orders of magnitude slower than under laboratory
415  conditions. Furthermore, the target search equations established here could be expanded to the
416  population level, allowing to model how individual variability in Cascade expression levels

417  and growth rates can impact the survival of entire populations. Therefore, our data provides

18


https://doi.org/10.1101/589119
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/589119; this version posted March 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

418 an important framework for further quantitative cellular studies that will address how
419  CRISPR systems optimally deal with the challenges of cost-effective and rapid target search.

420
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Figure 1: Cascade copy number vs CRISPR protection. (A) Chromosomal locus of the
Cascade subunits and integration site of the photoactivatable fluorescent protein upstream of
cas8e. (B) pTarget establishment, calculated from the ratio of transformation of
pTarget/pGFPuv, is a measure for the interference level of the CRISPR system. To test
whether tagged Cascade complexes were able to function normally, we compared the tagged

strain to the untagged and the Acas3 strain. pTarget (bottom right) contains protospacers for
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430  all spacers in the K12 genome (colored, not all depicted) and are flanked by a 5’-CTT-3’
431  PAM (black bars). (C) Overlay of brightfield image of cells (grey) and single molecule signal
432  (red) from a single representative frame for different induction levels. (D) Number of
433  fluorescent particles measured in each cell plotted for different levels of Cascade expression
434 (left). The mean number of fluorescent particles (+ standard deviation; table left column) was
435 converted to a Cascade copy number (table right column, Methods). (E) pTarget
436  establishment plotted for different copy numbers of Cascade. The data points were fitted with
437  an exponential decay function. pTarget establishment = e~*", where n equals Cascade
438  copy number and a the fitted coefficient. In our model a = t,/t.. (F) The fitted exponential
439  decay fitted on the left converted into an interference level (Interference level =1 —
440  pTarget establishment). Indicated in red (dashed) is the amount of Cascade copies

441  required for 50% interference.

442
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Figure 2: Diffusion behavior of Cas8e and Cascade. (A) Tracks recovered from a single
cell of the WT strain (left). Proteins can be bound to DNA (blue), be freely diffusing (yellow)
or transitioning between bound and mobile states (orange) within a track. The analytical
diffusion distribution analysis (DDA, right) extracts kinetic information (pseudo-first order
on-rate (k;,), off-rate (ko) and the apparent free diffusion coefficient (Df,e.)) from D*
distributions, which further allows the calculation of fraction DNA bound (f,,pna)- (C-E) D*
distributions for (B) Cas8e, (C) Cascade and (D) ACRISPR strain. Total (black), Cas8e (blue)
and Cascade (green) fractions fits are indicated by lines. Parameters for Cas8e (B) and
Cascade (C-D) are depicted on the right. Parameters from (B) were used to fit the Cas8e

fraction in (C) and (D). Error estimation is based on bootstrapping (z standard deviation). See

also Figure S1 and S2.
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457  Figure 3: Cascade localization inside the cell. (A) Localization of Cascade in the cell. Left:
458  Distribution of Cascade over the cell width of the cell from Cascade (n = 33 cells; 15428
459  localizations): in orange is indicated the expected distribution in case of a homogeneous
460 localization within the cell. Right: same localizations plotted within dimensions of single cell
461 in which the cell length and cell width of each cell was normalized. (B) Overlay of DAPI
462  fluorescence and brightfield image (left) with Cascade localizations (right) in cephalexin
463  treated cells. (C) The nucleoid enrichment in WT strain (27 subregions in 18 cells). The
464  average ratio is indicated with a black bar. The expected ratio if Cascade has no interaction
465  with DNA is indicated in red (dashed). (D) Relation between DNA bound fraction and

466 nucleoid enrichment. Left: A theoretical relation between nucleoid enrichment and DNA
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467  bound fraction was derived (Methods) and compared to simulated values for different
468 amounts of fopna. Right: Localizations of simulated Cascade proteins (n =50.000) diffusing
469  through part of an elongated cell are plotted on top of long cell axis. A DNA-free region
470  (black bar) is visible due to enrichment of Cascade binding to DNA in nucleoid regions.
471  Simulations of particles were performed with off-rate of 38 s and an on-rate of 26 s to
472  reach a nucleoid enrichment of 1.8, similar to the average that was found for Cascade.

473
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Figure 4: PAM-dependent and PAM-independent DNA probing. (A) D* distributions for
Cascade and Cas8e with a mutation (G160A) deficient in PAM binding. To compare Kinetic
rates, we assumed that the relative Cas8e-Cascade fractions and the diffusion of free Cascade
and Cas8e were not altered by the mutation and those values were fixed. (B) The relative
amount of long binding events (6 consecutive localizations within rmax: 1 pixel (0.128 pm) of
the mean position) for WT and PAM binding mutant Cascade normalized to 50 ms integration

time. Error estimation in (A) and (C) is based on bootstrapping (x standard deviation).
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489  Figure 5: Cascade - DNA interactions in the presence of targets. (A and B), D*
490  distribution for the Acas3 strain carrying pTarget (A) and pTarget-RNAP (B). pTarget
491  contains protospacers for all spacers in the K12 genome (colored, not all depicted) and are
492  flanked by a 5°-CTT-3 PAM (black bars). Cascade (probing) (green) and Cas8e (blue)
493 fractions were fitted with parameters from Figure 1C and 1D, and a new target-bound fraction
494  (Cascade (bound)) was introduced as a single diffusion state (D* = 0.06 pmz/s (+o°/t); red).
495  (C) The abundance of sustained binding events as in Figure 3C, but for WT and pTarget-
496 carrying cells. (D and E), D* distribution for the Acas3 strain carrying pCRISPR1 (D) and
497 pCRISPR1-RNAP (E). pCRISPRL1 contains the same protospacers as pTarget that are now
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498  flanked by repeat PAMs. (F) In vivo Kp estimates based on the ratio between Probing/Bound
499  Cascade and the plasmid copy number (Figure S5; Methods). (G) pTarget establishment for
500  Acas3 (blue), WT (high induction; green), an empty high copy plasmid (pControl; pink), and
501 low or high copy plasmids carrying CRISPR arrays (pCRISPR2_LC/pCRISPRZ;
502 grey/purple). Each dot represents an independent biological replicate. (H) pTarget
503 establishment plotted for different copy numbers of Cascade. Same as Figure 1E but with
504  addition of pCRISPR2. The Cascade copy number of the pCRISPR2 strain was estimated
505 from the relative abundance of the Cascade (probing) fraction in the WT (high induction;
506  Figure 2C) and pCRISPR2 (Figure S4) strain. Each dot represents an independent biological
507  replicate. Error estimation in (A-F) is based on bootstrapping (£ standard deviation).

508  See also Figure S3, S4 and S5.
509
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Figure 6: Model of how Cascade protects the cell. Successful protection against an invader
requires Cascade target search to circumvent several potential diversions (red). After Cascade
is assembled, the complex probes the host DNA by rapidly binding and dissociating. It uses
PAM-dependent and PAM-independent DNA interactions and scans the entire nucleoid

region. If it binds to a CRISPR array (S: spacer; R: Repeat), the complex disintegrates. When
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516 it has found its target, it depends on the search time (tsqqrcn) and the critical time (tcriticar)
517  whether the invader is cleared and the cell protected, or the invader can replicate and establish
518 itself in the cell. Moreover, transcription by RNA polymerase (RNAP) can still remove bound

519  complexes, compromising CRISPR protection.

29


https://doi.org/10.1101/589119
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/589119; this version posted March 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

520 Methods
521
522  Cloning

523  The inserts to create pTarget and pCRISPR1 plasmids were purchased as synthetic constructs
524  from Gen9 (pTarget insert and pCRISPR1 insert; Table S3). To increase the copy number of
525 targets in the cell, the constructs were cloned into a pUC19 backbone with Xbal and Kpnl
526  restriction sites, yielding pTarget-RNAP and pCRISPR1-RNAP. The lac promoter was
527  removed for both plasmids by digestion with Sall and Pcil, creating blunt ends with Klenow
528  Fragment and subsequently religated to yield pTarget and pCRISPR1. CRISPR arrays were
529  amplified from the K12 BW25113 strain (primers BN383 and BN384; BN370 and BN385 for
530 CRISPR array 2.1 and 2.3 respectively) and cloned into pJPC-12 plasmid containing the
531 pSC101 ori with Kpnl and Sall sites (for CRISPR array 2.1) and Sall and EcoRV sites (for
532 CRISPR array 2.3). The copy number of the plasmid could be varied by introducing
533 mutations in the repA gene with site-directed mutagenesis PCR (BN373-375). The E96R
534  mutation of RepA yields a reported copy number of ~240/cell (pCRISPR2) compared to the
535 WT RepA (pCRISPR2_LC) copy numbers of ~7/cell (Peterson and Phillips, 2008). A plasmid
536  was made from the high copy-variant that did not contain any CRISPR arrays (pControl). All
537  constructs were verified by sequencing.

538

539  Recombination

540  The strains used in this study were created by using Lambda red recombineering (Datsenko
541  and Wanner, 2000). Strains harboring the pSC020 plasmid that contains both the Lambda red
542  recombinase and Cre-recombinase were grown at 30 °C. Before transformation of an insert
543  containing an antibiotic resistance marker, the expression of Red recombinase was induced
544 with 0.2% L-Arabinose. Colonies on the specific antibiotic plate were verified with PCR and

545  sequencing and subsequently Cre recombinase expression was induced with 1 mM IPTG at 37
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546  °C to promote plasmid and antibiotic resistance gene loss. The strain was subsequently patch
547  plated to screen for resistance sensitivity due to plasmid loss.

548 If the scar that is left after lox-site recombination is directly upstream or downstream of a
549  gene it might influence gene transcription/termination. In the design of constructs for
550  pamcherry2 (Subach et al., 2009) the lox-cat-lox sequence was placed upstream of the IGR
551  (Intergenic region) that is present between cas3 and cas8e. To allow for correct termination of
552  cas3, a part of the IGR was also added at the 5° end of the antibiotic resistance marker. The 3’
553  flank of the constructs overlapped with the cas8e gene. The 5° flank of the constructs matched
554  a sequence upstream and downstream of cas3 (PAmCherry ins; Table S3). Amplification of
555  the constructs with a forward primer matching the downstream region kept cas3 intact upon
556 insertion (BG7128), whereas a primer matching the upstream region deleted the cas3 gene
557  allowing measurements in the presence of targets (BG7129). The insert also contained a part
558  of the cas8e sequence containing a G160A mutation. This mutation could be introduced into
559  the gene simultaneously with the fluorescent protein, depending on the reverse primer that
560  was used for insert amplification (BG7130 for WT, BG7131 for G160A).

561  Knockouts of the CRISPR arrays and Cas gene subunits of the K12 strain were made by
562  amplifying a lox-kan-lox or lox-cat-lox sequence with flanks matching the specific sequences
563  and introducing them into the strain as described above (BG7366+BG7367 for CRISPR array
564 2.1; BG7368+BG7369 for CRISPR array 2.2+2.3; BG8366+BG8367 for A(casll-cas6e)). A
565  full overview of the sequences of these inserts is given in Table S3.

566

567  Growth conditions

568  To prevent the high-copy target plasmids from influencing the growth rate of the strains and
569 therefore changing the fraction of matured PAmCherry complexes we used a rich defined

570  medium with minimal autofluorescence. Strains were grown in M9 minimal medium
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571  containing the following supplements: 0.4% glucose, 1x EZ amino acids supplements (M2104
572  Teknova), 20 pg/ml uracil (Sigma-Aldrich), ImM MgSO, (Sigma-Aldrich) and 0.1 mM
573  CaCl; (Sigma-Aldrich) (further referred to as M9 medium). Strains were inoculated o/n from
574  glycerol stocks and 200x diluted in fresh medium the next day. Cells were always grown with
575  the required antibiotics. The expression level of Cascade for strains carrying the pKEDR13
576  plasmid could be tuned by different expression levels of LeuO. The expression level referred
577  to in the text as low induction was achieved by leaky expression of LeuO (no addition of
578 IPTG), whereas high induction was achieved by addition of 1 mM IPTG upon dilution of the
579  o/n culture. For all sptPALM measurements the high induction condition was used. The cells
580  were grown for ~2.5 hours to an OD of 0.1 before use. For enforced elongation of cells,
581  cephalexin (40 pug/ml) was added 0.5 hour after fresh inoculation and grown for two more
582  hours. When required, DAPI for staining of DNA was added right before imaging (0.5

583  mg/ml).
584

585  Transformation assay

586  Each culture was grown under conditions described above and 30 ml were used to create
587  competent cells. Cells were washed 3 times in ice-cold 10% glycerol solution and the final
588  culture was reduced to 250 ul. The cells were aliquoted and stored at -80 °C. A mixture of
589  pTarget (10 pg/ul) and pGFPuv (10pg/ul) was transformed into 40 pl of culture. In case of
590  strong interference levels, the ratio was adjusted to a 100:1 (pTarget (100 pg/ul):pGFPuv (1
591  pg/ul)). The transformability of strains was linear in these concentration regimes, allowing
592  these different relative concentrations to be used.

593  Electroporated cells were immediately plated in two dilutions on plates containing ampicillin
594 (100 pg/ml) and glucose (0.4%). Glucose was added to prevent premature expression of

595  GFPuv which would cause a decrease in fitness of cells containing this plasmid. The next day,
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596 96 colonies from each replicate were reinoculated in 96-wells plate with LB containing
597  ampicillin (100 pg/ml) and IPTG (1 mM). After overnight incubation, the 96 well colonies
598  were analysed in a plate-reader (Synergy H1, Biotek). pTarget establishment was defined as

# pTarget colonies [pGFPuv Transformed]

@)

Pestablishment = %" GEP v colonies [pTarget Transformed]

599  pTarget establishment was further normalized to the interference level of a Acas3 strain.

600
601 gPCR

602  Each culture grew under conditions described above and 2 ml were used to extract the DNA.
603 DNA was isolated with the Genejet Genomic DNA kit (Thermo Scientific) and concentrations
604  were measured with the Qubit dsDNA HS Assay kit (Thermo Scientific). gPCR was
605 performed with primers that have been used before in plasmid copy determination (BG8677-
606 BG8680) (Reyes-Lamothe et al., 2014). The Ct value of the PCR amplifying the dxs gene and
607  the bla gene was a measure for the ratio between chromosomal and plasmid DNA. 1 ng of
608  genomic DNA and 0.5 pM of each primer was added to the iTag™ SYBR Green SYBR
609  Green PCR reaction mixture. A standard curve for the amplification efficiency was made by a
610  dilution series of pMS011, a plasmid containing one copy of the dxs and the bla gene.

611

612  Slide preparation

613  In order to work with very clean slides, an extensive cleaning procedure was used (modified
614  from (Chandradoss et al., 2014)). Slides were burned in the oven at 500 °C for two hours, and
615 stored in aluminum foil until the day of usage. Slides were subsequently sonicated in MilliQ,
616  Acetone and KOH, incubated in Piranha Solution (75% H,SO,, 7.5% H,0,) and afterwards
617  rinsed with MilliQ. 1% Agarose slabs containing the growth medium were hardened between

618  two cleaned glass slides, spaced slightly apart using parafilm. After hardening, a concentrated
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619  culture of cells was added in between the slab and one of the slides. The agarose slab was
620  always prepared within 20 minutes of the measurement to prevent desiccation.

621

622  Microscope set-up

623  For the acquisition of microscopy data, a home-build TIRF microscope was used, which is
624  described in more detail elsewhere (Martens et al., 2018). Briefly, four lasers with different
625  wavelengths (405, 473, 561 and 642 nm) are situated in a Lighthub laser box (Omicron,
626  Germany), and are transformed in a collimated beam via a reflective collimator and an optical
627  fibre. Stroboscopic illumination was used to allow for 2 ms excitation in the temporal middle
628  of the captured 10 ms long frame (Faroog and Hohlbein, 2015). The excitation laser is
629  focused on the backfocal plane of a 100x oil immersion SR/HP objective (NA = 1.49, Nikon,
630 Japan), and the emission is captured on a Zyla 4.2 plus sSCMOS camera (Andor, UK). 2x2
631  pixel binning was used, resulting in 128x128 nm pixels. Data acquisition was performed using
632  MicroManager (Edelstein et al., 2010). Measurements were performed at room temperature
633 (21°C)

634

635  Single-molecule Measurements

636  The cells were imaged with a brightfield light and 405 and 561 nm lasers. First brightfield
637  images were taken to find contours of the cells. The 405 nm laser was used to stochastically
638 activate PAmCherry and the laser intensity was slowly increased during the measurement up
639 to 10 uW. The laser intensities were measured directly after the reflective collimator. With
640 increasing the laser intensity of the 405 nm laser during the measurements, we aimed at
641  keeping the number of activated molecules relatively constant (~1-10 per FOV). The 561 nm
642  laser was used to excite the fluorescent protein tags (40 mW pulses with 2ms pulse width,

643 leading to average exposure intensity of 8 mW).

34


https://doi.org/10.1101/589119
http://creativecommons.org/licenses/by-nc/4.0/

644

645

646

647

648

649

bioRxiv preprint doi: https://doi.org/10.1101/589119; this version posted March 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

To measure Cascade localization in cephalexin-treated cells that were stained with DAPI, we
took an alternative approach. To prevent DAPI fluorescence from influencing the
fluorescence measurements of the single molecules, we briefly activated a subset of particles
with the 405 nm laser and subsequently tracked Cascade for a couple of frames with 561 nm

excitation, repeatedly doing this, until most fluorescent proteins were photobleached.
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650  Analysis

651  Detection, localization and tracking

652  Analysis was done with home-built software, adapted from (Holden et al., 2010; Uphoff et al.,
653 2013). The sSCMOS camera we used has pixel dependent offset, gain and variance, which we
654  took into account to minimize the detection of false positive localisations. We estimated these
655  parameters by measuring 60.000 dark frames and 20.000 homogeneously illuminated frames
656  with increasing levels of intensity (Vliet et al., 1998). To further optimize our detection, we
657  implemented a temporal median filter (time window 400 frames) for background estimation
658 (Hoogendoorn et al., 2015). The background estimate was not directly subtracted from the
659 image, but photon statistics were incorporated in a likelihood -ratio test that calculated the
660  probability of a scenario with and without an emitter for each pixel in every frame. Briefly, a
661 raw image was first converted into photon counts by using the camera offset and gain maps.
662  Subsequently for every pixel the intensity (ly:) of a potential emitter was estimated by
663  Gaussian-weighted (o =1 pixel) summation of a 7x7 window to a background subtracted
664  image. Subsequently, potential emitters of more than 50 photons were preselected and were
665  further subjected to a ratio test. The ratio test uses the probability defined for pixel i to have a
666 transformed value v in the 7x7 region around the preselected pixels as previously described

667 (Huang et al., 2013):
Psemos(V = [(d; — 0;)/9; + vari/gf]|u;, var, g, 0;)

~ e_(yi+vari/gi2)(MHvaTi/giz)v ?
rv+1)

668  Where d; is the raw image value, g; is the gain, var; the variance and o; the offset for pixel i.
669  The ratio test calculates the product of the probability of all pixels in the subregion in case of
670 an emitter u; = b; + I;, where b; is the estimated background an I; is the estimated intensity

671  of the emitter at pixel i (which was estimated by a Gaussian from the center of the 7x7
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672  subregion with emitter intensity li) divided by the product of the probability of all pixels in
673  the subregion in case of absence of an emitter u; = b;.

674  We set the likelihood to a level that achieved approximately one false positive per frame of
675 512 x 512 pixels. This method allowed the detection efficiency to be more robust across and
676  between FOVs and independent of manual thresholding for each measurement. Detected
677  particles were subsequently localized with MLE-sCMOS software as previously described
678 (Huang et al., 2013).

679  The localized particles were subsequently linked. Localizations in subsequent frames that
680  were closer to each other than 6 pixels in length (0.78 um) were assigned as a track. Particles
681  were allowed to disappear for one frame (due to blinking/moving out of focus), but these
682  steps were not used in the calculation of the apparent diffusion coefficient, D*.

683

684  Determination of diffusion coefficients

685  Several methods were employed to extract diffusion states and their abundances from the
686 analysed tracks. The distribution of the apparent diffusion coefficients can be fitted to an
687  analytical equation as reported earlier (Stracy et al., 2015; Vrljic et al., 2002). These equations
688  depend on the number of steps that is used to generate the average diffusion coefficients of
689  each particle. We used tracks containing a minimum of four steps and only four steps were
690 used in longer tracks.

691  For asingle diffusion coefficient fitting becomes:

nx

n —_—
(D + zz/dt) K le b

(n—1)!

@)

fD(x; D,n) =

692  With multiple states this equation becomes:
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nx

n ——
(L) x"=1p D+ o%/dt
D; + o?/dt

(n—1)!

(4)

N
fo(x;A;, Dy,n) = z A;
i=1

693  Where A; are the fractions (3} A; = 1), Di* are the apparent diffusion coefficients of the
694  different states and n are the number of steps. The localization error (c) was found to be 40
695 nm, based on the apparent diffusion of the slowest moving fraction in our global data set and
696  similar to other studies using the same fluorescent protein (Stracy et al., 2015; Uphoff et al.,
697  2013) or set-up (Martens et al., 2018). This equation was fitted to our track distributions with
698 a Maximum Likelihood Estimation algorithm. The uncertainty in the fit was estimated with
699  Bootstrap resampling. The list of D* values was resampled 20.000 times with replacement to
700 the size of the original data set. Each resample was then fitted with the same Maximum
701  Likelihood Estimation algorithm.

702

703  Analytical Diffusion Distribution Analysis (DDA)

704  D* Distributions have been fitted in numerous studies of DNA binding proteins (see above)
705  (Stracy et al., 2015; Vrljic et al., 2002), making use of distributions developed by Qian et al.
706  (Qianetal., 1991). The goal is to find the distribution of measured D* values (x), for a certain
707  number of underlying states that each have a probability A;j and a diffusion coefficient D;. It is
708  derived from repeated convolution of the exponential distribution of displacement, resulting
709 in a gamma function for each state. These distributions assume, however, that there is no
710  transitioning occurring between states.

711

712  In order to incorporate dynamics of state transitions into our fitting, we incorporated statistics
713  coming from photon distribution analysis (PDA) that is used for single molecule FRET
714  diffusion coefficient distributions (Antonik et al., 2006; Kalinin et al., 2008; Palo et al., 2006).

715  This method, that we term Diffusion Distribution Analysis (DDA), describes the distribution
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716  of time spent in each state given a certain k;,, kofand the integrated time t;,.. Here we
717  discuss the analytical way to find this distribution.
718  Firstly, the probability distribution function for time can be calculated by three equations
719  corresponding to 0, an odd and an even number of transitions (Palo et al., 2006):
Weonts1(ts1 = tintlkoge ting) = e~ Fefttint )
Wodds1 (Es1 Kot Kan, tint) = Kotre ™efttsr*onts2 [o (24[koftkgntsa ts2) (6)
Wevens1 (Es1lkofe Kon tint) =

v Koftkintsy /tspe Fotttsikonts2 ) (2 kottkdntsitsz)

720  Where tg, and tg, are times spent in state S1 and state S2 and I and I, are Bessel functions of

()

721  order zero and one respectively. Note that tg; + ts, = t; . Equations for starting in state 2
722 (Weonts2, Wodds2 and Weyens2), can be found by exchanging k¢ for kg, and ts; for ts, and vice
723  versain equations 5-7.

724 We can convert the time spent in the mobile state (ts,) to the diffusion coefficient by the

725  following equation:

Dfreet
D = freets2 (8)
tint
726 It follows that the probability distribution functions can be converted by:
Dt
W) = w(tn = 5) ©
free
727  Furthermore, the chance that the particle at the start is in state 1 or state 2 is provided by:
Kon
=— 10
Ps1 kSn + koff ( )
koff
= 11
Ps kgn + koff ( )

728  To correctly describe the distribution over a certain number of frames, we first calculated the

729  distribution over a single time frame t;. Within a single frame, a particle started in that state

39


https://doi.org/10.1101/589119
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/589119; this version posted March 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

730 can either end in the same state or in a different state. Therefore, in a two-state system the

731  probability function for four scenarios have to be calculated:

W (Dlkott, kons tr)sios1 = Wevensi(D) + Weonest (12)
W (D|kotr Kons tr)s1>s2 = Wodas1(D) (13)
W (D|kotr, Kons tr)s2>s1 = Wodas2(D) (14)
W (Dlkott, kons tr)s25s2 = Wevens2(D) + Weones2 (15)

732 Subsequently the probability to find a certain diffusion coefficient (x) for a single time step
733 given the underlying average diffusion coefficient (D) is given by f,(x|D,1) (Eq. 3). Then

734 we find the distribution of measured diffusion coefficients for a single frame by:

W(xlkoff, k(*)n' tf)Si%Sj = fD (.'X'lD, 1) W(leOff’ k:m’ tf)Si%Sj
(16)
i=j=1.2
735  Now that we have the distribution for a single time step, we need to find the distribution for
736  the average of multiple frames. For this we use the same method as Qian et al. (Qian et al.,

737 1991), namely repeated convolution of the distribution for a single frame, while keeping track

738  of the start and end state. The probability distributions are therefore:

W(x|2tf)s13s1 = iZ:Z(W(xltf)SHSi * W (x[tr)si>s1) (17)
W (x|2tr)s15s2 = iZZ(W(Xltf)SHSi * W (x|tr)si>s2) (18)
W (x|2tf)sz3s51 = iZ:Z(W(xltf)szesi * W (x[tr)si>s1) (19)
W (x|2tr)s2>s2 = iZZ(W(xltf)szeSi * W (x|tr)si>s2) (20)
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739  For 4 frames, the distributions found for 2 frames can be convoluted again. The full
740  distribution is then found by summing up each of the partial distributions multiplied by the

741  chance they start in S1 or S2:

Wiot = ps1(W(x|4tr)s15s2 + W (x[4t) L)
(21)

+ D2 (W (x]4tr)s25s1 + W (x]4tr)s25s2)

742  We then have to further correct for the broadening of the distribution of immobile particles
743  where the apparent step size comes from localization error (Figure S3). As localization error,
744 in contrast to diffusion, is correlated (Michalet, 2010), the distribution is not described by a
745  gamma distribution, or any other known exact solution. We find very close agreement with
746  simulations when we subtract the fraction of immobile particles after four time steps
747 (Weones1(ts1 = 4tr), Eq.5 ) multiplied with the distribution of expected D* for four time
748  steps fp(x|0,4) (Eq. 3) and replace it with the same fraction of immobilized particles
749  multiplied with the distribution of expected D* for 2.9 time steps f(x|0,2.9). This value
750  stems from the variance found for correlated MSD values due to localization error (Michalet,
751  2010).

752
753  Copy number determination

754  The copy number of the Cascade complex was determined by generating cell outlines from
755  brightfield images (only well separated cells were chosen). The cell outlines were made with
756  the Oufti software (Paintdakhi et al., 2016). The total number of tracks that were found in the
757  outlined cells generated a copy number (Figure 1D). Because single localization events can
758  partly stem from false positives, the total amount of tracks was estimated based on the
759  distribution of tracks longer than 1 step and subsequently this distribution was fitted with an
760  exponential to calculate the amount of particles that only had a single localization before

761  bleaching. Similarly, as we know the false positive rate was approximately one per frame, we
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762  could also subtract the number of frames from the single step tracks and in this way estimate
763  the total number of tracks. This approach yielded comparable results.

764  The copy number of proteins in cells are hard to quantify (Lee et al., 2012). Currently, protein
765  copy numbers can be estimated either by western blot or by single-molecule fluorescence
766  based methods both of which have specific drawbacks. Although single molecule studies are
767  regarded as the most accurate method, especially at low copy numbers (Huang et al., 2007),
768  there are a lot of variables that can lead to over- or underestimation. Underestimation can
769  originate from maturation time of the protein, misfolded/inactivated protein, false negative
770  detections, overlap of PSFs and linking of two separate molecules in a single track.
771  Overestimation can come from failed linking of tracks, false positive detections and blinking
772  fluorescent proteins.

773  As has been done in previous studies, we take the underestimations stemming from
774 maturation time (23 min for PAmCherry (Subach et al., 2009)), close to growth rate of 31
775 min) and estimated in vivo folding efficiency (50% (Durisic et al., 2014)) into account
776 (Uphoff et al., 2013). We also consider that an estimated 40% of the particles we observed
777  come from Cas8e subunits not active complexes. Taken together, the number of particles we
778  observe are subtracted by the amount of estimated autofluorescent particles and subsequently
779  multiplied by a compensation factor of two to reach our estimated copy number values.

780  We believe that the assumptions made in this study could maximally lead to over- or
781  underestimating our estimated copy numbers by two to three-fold. We note that the relative
782  amounts we observed between the different expression levels will be independent of these
783  assumptions.

784

785

786
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787  Cascade in DNA-containing/DNA-free regions

788  To get an independent measure of the total time fraction spent probing DNA, Cascade was
789  visualized in cells that were elongated by addition of cephalexin. The drug cephalexin
790 disabled the ability of the cells to divide, creating elongated cells where nucleoids were
791  separated by DNA-free spaces (Reyes-Lamothe et al., 2014). Subregions of cell outlines were
792  manually selected and further refined with the Oufti software (Paintdakhi et al., 2016). The
793  relative amount of localizations of DNA-free and DNA-containing regions was not calculated
794  for entire cells, as differences in illumination intensity between parts of the FOV could also
795 change the amount of localizations detected for different parts of the cell. Each subregion
796  contained one nucleoid free region, flanked by two nucleoid containing regions with a total
797  length of around 4 pm. Segments of 0.1 um divided along the long axis of the cell are
798  separated into nucleoid or DNA-free segments based on the sum of the DAPI fluorescence
799  within each segment. The average number of localizations of Cascade molecules in nucleoid
800 segments divided by the average number of localizations Cascade molecules in DNA-free
801 segments could be used to infer the DNA bound time fraction (see below, fonpna from
802  nucleoid enrichment).

803

804  Persistence sustained binding events for different integrated times

805 To estimate how long binding events last, one could plot the number of particles remaining
806  within a certain radius from the first frame position for different number of steps. However,
807  particles can diffuse away when they are released from DNA or be lost due to photobleaching.
808  To account for bleaching rates, previous studies increased dark time between exposures, while
809  keeping exposure times the same (Ho et al., 2018; Knight et al., 2015). This approach uses the

810  data of all time steps, including only single time steps.
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811  As we are investigating lifetime of binding events on a subsecond timescale this approach
812  fails, as single steps of slow-moving particles, which can be clearly separated from bound
813  particles on larger timescales (tix > 1 s), will be counted as bound particles leading to
814  overestimated off-rates. At these timescales, it is more reliable to use tracks of at least 5 steps
815  to distinguish bound from moving particles. As we are interested in how many of these events
816  we observe, depending on the framerate, normalization is required.

817  For this we cannot use the sum of all tracks observed at each frametime, as a larger amount of
818 fast moving molecules diffuse further than the maximum tracking distance of 0.78 pum
819  between two exposures, and are also more affected by confinement with increasing integrated
820 time. Therefore, the number of moving particles of certain track length is not an accurate
821  normalization when comparing different frame times. However, as we used similar exposure
822  for all frame times, the number of detected localizations per protein is unaffected.
823  Furthermore, bound molecules are not affected by confinement or linking errors with
824  increasing frame rates.

825

826  The most robust normalization procedure was therefore to normalize the number of
827 localizations within sustained bound tracks (all localizations within 1 pixel of the mean
828 location of the track) to the total number of localizations, as those do not depend on the length
829  of introduced dark time between exposures. A further increase of the dark time was not
830 possible as on longer time scales the movement of the plasmid (Df... = 0.06 um?/s) made
831  plasmid bound particles diffuse further than 1 pixel.

832

833  Confinement and localization error simulation

834  To verify whether our new transitional D* analysis yielded accurate parameter predictions

835 and investigate the influence of localization error and confinement on the parameters of the
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836  fit, we simulated particles moving and transitioning between bound and free moving states
837  within the dimensions of an E. coli cell, adapted from methodology used in (34). At every
838  time step particles were simulated to be either in a bound state S1 (D = 0 um?/s), or a mobile
839  state S2 (D = Dyee). At the starting time point, states were assigned to each particle according
840 to the equilibrium probability pg; and ps, (Eg. 10 + 11). Subsequently, at following time
841 steps of 0.1 ms, particles in state S1 were assigned to S2 with a probability of pg;_s, =
842 kortstep (Where tgep = 0.0001s) and particles in state S2 were assigned to S1 with a
843  probability of ps,_s1 = kontstep- Displacements in three dimensions at each time step were
844  taken from a standard normal distribution multiplied with m (where D is either O for
845  particles in state S1 or Dsee for particles in state S2). Steps beyond the boundaries of a cell
846  were rejected and new displacements were randomly drawn.

847 The 2D projection of five localizations at 10 ms time intervals for each molecule was
848 generated as output and was analysed in our tracking software. Localization error was
849 included in the simulation by addition of a random displacement for each position taken from
850 a Gaussian distribution (o = 40 nm). It was found that changes in outcome of the simulation
851  were not sensitive to cell length in the range of our bacteria (3-6 um), decreasing less than 5%
852  for the smallest size. Most of the confinement effect is caused by the cell width, which was
853 relatively constant between all the cells measured.

854

855  Cascade nucleoid enrichment simulation

856  The simulation above was adapted to simulate the movement in DNA-free and DNA-
857  containing regions. Particles were simulated to move inside of a cell of 10 um in length and 1
858 um in width consisting of 100 segments without endcaps (0.1 um per segment). Five
859  segments were modelled as DNA-free segments and the rest of the segments as DNA-

860  containing segments.
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861 Cascade molecules were randomly placed throughout the cell and subsequently were
862  simulating with similar time steps as described above, except that moving particles were only
863 allowed to transition to S1 (bound state) inside of the nucleoid containing regions. Before
864  recording the position of the simulated particles, the simulation ran for 100.000 time steps (10
865 s) so that equilibrium was reached. Localization error was added in the same way as described
866  above.

867
868  Expected free diffusion coefficients

869  The diffusion coefficient of molecules in classic (Newtonian) fluids can generally be
870  estimated by the Stokes-Einstein equation. A study measuring the diffusion of GFP multimers
871 inside the E. coli cytoplasm has shown good agreement with the predictions of this equation
872  (Nenninger et al., 2010), whereas a second study found a different relation attributed to the
873  complex nature of the cytoplasmic fluid (Mika and Poolman, 2011). To compare our findings
874  of the apparent free diffusion coefficient of Cas8e (~3.5 um?/s) and Cascade (~ 1.0 um?%/s), we
875  therefore looked for reported free cytoplasmic diffusion coefficient values of proteins of
876  similar size inside E. coli cells. For Cas8e, two proteins have been studied with a similar size
877  to PamCherry-Cas8e (82 kDa), namely CFP-CheR-YFP (86 kDa) (Kumar et al., 2010) and
878  TorA-GFP3 (84 kDa) (Nenninger et al., 2010), which have reported values of 1.7 um®/s and 6
879  um?®s. Our estimate for Cas8e lies within the range of these values. For Cascade (430 kDa),
880  the closest reported protein in size is RNA polymerase, for which the Dg... was found to be
881 1.1 um?/s (400 kDa core enzyme, 470 kDa holoenzyme) (Stracy et al., 2015). Furthermore
882 larger proteins such B-Gal-GFP, (582 kDa; 0.6 um%/s ) (Mika et al., 2010), and 30S ribosome
883  subunits (900 kDa 0.4 me/S) (Sanamrad et al., 2014) were reported with lower diffusion
884  coefficients as expected. These findings support the free apparent diffusion value we found

885  for Cascade (~ 1.0 um?%s).
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886
887  f,npna from nucleoid enrichment

888  The distribution of Cascade in nucleoid-free and nucleoid containing regions depends on the
889  time Cascade spends on DNA. We divided the cell up along the long axis into segments of
890 100 nm wide. During the time Cascade is bound to DNA it can only be inside of the nucleoid
891  regions whereas, when it is not bound to DNA Cascade can be anywhere within the cell.

892  Therefore, the average number of particles in a DNA-containing segment is given by:

fonDNA n 1- fonDNA) Ny, (22)

Npna = (
SMpNa SMiot

893 and the average number of particles in a DNA-free segment is given by

Npna-free = ——— Niot (23)

894  Where fonpna iS the fraction of time bound to DNA, smpna and smyt are the number of DNA
895 segments and the total number of segments respectively and Ny is the total number of
896  particles in a cell. The ratio, which is equal to the enrichment factor EF, can then be expressed

897 as:

EF = Npna  _ (fonDNA n (1—fonDNA)) 1-fonDNA (24)

NDNA-free SMpNA SMtot SMyot

898 If the number of DNA-free segments is much less than the number of DNA segments

899 smpna ® SMy: the expression above can be simplified to:

EF = ——— (25)

1-fonDNA

900  This equation allows extraction of fonpna from EF directly and implies that this value does not
901  depend on the diffusion coefficients of the mobile population.

902
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903  Invivo Kp values
904  The Kp value is a commonly calculated affinity constant used for binding kinetics of proteins
905 and assembly of multicomponent systems (McGuigan et al., 2006), but the Kp has also been

906 used as an estimate for in vivo binding affinity (Zawadzki et al., 2015). In the reaction scheme
907 A+ B = AB, the Kp is calculated as

Kp = [A][B]/[AB] (26)
908 For Cascade the reaction scheme is as follows: [Cascade (probing)] + [free target sites] =

909 [Cascade (bound)]. The concentration of a single entity inside of a cell of length 4 um and
910  width 1 um with hemispherical endcaps is approximately 0.5 nM. The copy number for
911 pTarget was estimated by qPCR to be approximately 100 plasmids per chromosome. As the
912  number of chromosomes in actively dividing cells is generally higher than one, we used
913 literature values for the number of chromosomes/cell found in (Wallden et al., 2016),
914  providing 4/cell which also used a glucose and amino acid enriched M9 medium as growth
915  medium. This brings the copy number of pTarget to 400/cell, which is equal to 200 nM. For a
916  Cascade complex carrying one of several crRNAs in the cell, the amount of free target sites is
917  equal to the copy number of the plasmid pTarget minus the amount of already occupied target
918  sites of that crRNA, but as the copy number of each target (400) is much higher than the
919  number of Cascade complexes potentially carrying that crRNA (on average 130/18 = 7), [free
920 targets] = [pTarget].The Kp value was then calculated as:
K, = [pTarget][Cascade(probing)]/[Cascade(bound)]
= 200 nM [Cascade(probing)]/[Cascade(bound)] 0

921
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922  Theoretical model interference level vs copy number
923 In the case where the interference level is limited by the target search of the proteins, we can
924  model the relation based on the distribution of search times of single proteins. The search time
925  for each Cascade protein individually is exponentially distributed:

pi(ts) = 1/<ts > e7t/<t> (28)
926  The chance that one of n proteins finds the target at search time t; while the other proteins

927  have not yet found the target is:

pn(ts) = npy (ts)( P1 (t)dt)n_l =n/<t; > e nts/<ts> (29)

ts
928  The establishment probability of the plasmid is equal to the likelihood for all search times
929  larger than tgiticar (tc), the time point at which the cell can no longer clear the invader.

930 Therefore:

Pesabishmen(t0) = | a0t = o7/ (30)
931  As the chance of targeting after replication is low, we assume in our model that Cascade is
932  only able to clear the foreign DNA before replication. Therefore t,. is equal to the replication
933  time of the plasmid tg.
934  As we found that 20 copies of Cascade reduce interference level by half, this leads to
In(0.5) = =20tz /< &, > (31)
935 or
tg/<ts >= 0.035 (32)
936  Right after transformation, the negative regulators of copy numbers are absent, so replication
937 in that instant is faster than the growth rate of the cell. Replication time of pTarget has not

938  been measured so far, but by using a temperature-dependent ori, Olsson et al. measured a

939 replication time of 3 min for a slightly larger plasmid in the absence of copy number control
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940 (Olsson et al., 2003b). If we assume pTarget replication occurs on a similar time scale, we get
941 an estimated search time for one Cascade to find a single target of ~90 minutes.

942
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943  Data availability
944  The data that support the findings of this study are available within the paper.
945
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1209  Supplementary figures
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1211  Figure S1. Static D* fitting. (A) D* distribution (left) of the Cas8e strain (Figure 2B) fitted
1212  with two static states with extracted D* value of each fraction on the right (relative
1213 abundance). The slowest state (D1; brown) was fixed to 0 pm?/s. (B) Same as (A) but then for
1214  three static states. (C) D* distribution (left) of the WT strain (Figure 2C). Cas8e distribution
1215  from Figure S1B was taken and used to fit the distribution with additional three states for
1216  Cascade diffusion. The relative abundance of Cas8e and Cascade estimated from static D*
1217  fitting is similar to that found for dynamic fitting (60 and 40%), even though the distributions
1218 of Cascade and Cas8e are different. Error estimation in (A-C) is based on bootstrapping (=

1219  standard deviation).
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Figure S2: Performance of analytical DDA. (A) Comparison of simulation to the theoretical
distribution (black line) found with the newly developed analysis method. 50.000 particles
were simulated to move without boundaries and position was recorded for 4 consecutive
steps. Particles were simulated with D;,...= 2 um?/s and increasing on- and off-rates (from 0.3
to 300 s). The theoretical model (black line) is directly plotted on top of the histogram of
simulated D* values. A localization error drawn from a Gaussian distribution with o = 40 nm
was added to both the model and the simulation. (B) Influence of localization error.
Distribution of an average of consecutive displacements that are offset by a localization error

are correlated, which is why in the absence of localization error in the simulation (top) there is
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no requirement for correction. However immobile particles offset by localization error with
the same mean apparent diffusion coefficient are slightly differently distributed (middle).
Correction (described in Me) for the immobile particles is sufficient to restore the fit (bottom).
(C) Influence of confinement. Particles were simulated inside of a cell 4 pum long and of 1 um
diameter. Simulations were run through analysis software to retrieve parameters. Dj,..
estimates are influenced by confinement where fast moving particles appear to be slower. (D)
The off-rate is not as influenced by effects of confinement and stays the same even for the
fastest moving particles (purple). Estimates become more unreliable for much faster or slower

transitions than are measured in the integrated time of typical tracks.
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Figure S3. D* Histograms other conditions. D* distributions for (A) Acas3 strain, (B)
Acas3 strain + pUC19, the empty variant of pTarget-RNAP and pCRISPR1-RNAP and (C)
Acas3 strain + pCRISPR2. The amount of available Cascade complexes in the interference
assay for strain pCRISPR2 targeting (Figure 5H) were extracted from the relative amount of

Cascade complexes in this strain (51%) divided by the number of complexes in the WT strain

(60%).

63


https://doi.org/10.1101/589119
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/589119; this version posted March 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A
207 Slope = - 3.08 bla
18 | . R2 = 0.941 ds o
16 7 bla fit
g
3 147 dxs fit ——
5 12 1
10 - :
8 N [ ]
6 -
108 108 107 108 108 10™
Copy number pMS11
B

Ct(CN)bla  Ct(CN)dxs PCN

Acas3 +pTarget 8§82 +0.09 15.15+ 0.11 102+ 10
(10379) (10776

Acas3 8.85+0.07 1520+022 104+15
+pCRISPR1 (10578) (10778)

1249

1250 Figure S4. Plasmid copy number determination (A) Calibration curve of dxs and bla
1251  primer amplification with dilution series of pMS11 (plasmid containing both dxs and bla
1252  gene). The regression of six technical replicates was used to make the calibration curve for
1253  both primer sets (regression parameters of bla and dxs gene in orange and purple
1254  respectively). (B) The Ct values of bla and dxs gene amplifications were calculated from
1255  biological triplicates. These Ct values were converted to absolute copy numbers (CN) by
1256  using the regression values from the calibration curve. The plasmid copy number per
1257  chromosome (PCN/chromosome) was calculated by dividing the copy number of the bla gene
1258 by the copy number of the dxs gene. The plasmid copy number per cell was estimated by
1259  multiplying PCN/chromosome by the expected number of chromosomes per cell (4) based on

1260 a literature value (Wallden et al., 2016).

1261

64


https://doi.org/10.1101/589119
http://creativecommons.org/licenses/by-nc/4.0/

1262

1263

1264

1265

1266

bioRxiv preprint doi: https://doi.org/10.1101/589119; this version posted March 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A
Cascade
WT Cas3 Tag Cas8e Casl11 Cas7 Cas5 Cas6

—oLoméTO—/ > 0 ) ) ——omOTOI¢-

Cas8e (A(cas11-cas6e))

—o0omene—/1___ > D F—omene®-
ACas3 (Acas3)

s (I o L O emeTene-
Cascade - PAM binding (Acas3,cas8e(G160A))

7 T T T L O —enenele-
ACRISPR (Acas3,ACRISPR)

# [ D
B

RK2

pUC pUC

Lacl LeuO

pKEDR13

p15A

KAN pUC

R

pGFPuv pControl

puc AMP pSC101*

Figure S5. Strains and plasmids used. (A) Strains used in this study, strains were
constructed with lambda recombination and verified by sequencing. Only part of each
CRISPR array indicated (total 18 spacers). (B) Plasmids used in this study. Indicated are the

ori (red), antibiotic resistance marker (light blue) and other components on the plasmid. Only
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1267  part of the total 18 spacers are indicated for pTarget, pCRISPR1 and pCRISPR2. For
1268  sequences and descriptions see Table S3 and S4.

1269
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1270  Supplementary tables

Doubling time
K12 BW25113 24.9 0.1 min
WT + pKEDR13 24.5 0.4 min
WT + pKEDR13 + IPTG 31.7 £ 0.6 min
WT + pCas3 + pKEDR13 + IPTG 33.3+£0.2 min
ACas3 + pKEDR13 + pTarget + IPTG 31.8 + 0.4 min

1271

1272  Table S1: Growth rate of E. coli strains used in this study. Growth rates were determined
1273  in a plate reader where cells were inoculated in similar conditions as described in Methods.
1274  The instantaneous growth rate was determined at t = 2.5 hours, which represented the growth
1275 rate at the time of the microscope studies. Three independent cultures were measured to get

1276  the mean and standard error values.
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Name Description Sequence (5°-3°)

BG7128 PAmMCherry (lox-cam-lox) insert fw (WT) | GGAGGCTATTAAAGGTGCACAAT

BG7129 PAmMCherry (lox-cam-lox) insert fw | GTCTCTTCTTTGCAGGGAGG

(Acas3)
BG7130 PAmMCherry (lox-cam-lox) insert rv (WT) | TATCGTCACGGGGCAAACT
BG7131 PAmMCherry (lox-cam-lox) insert rv | AGCAGGTATAGACTCATTGGACT
(G160A)

BG7366 ACRISPRL1 insert (lox-kan-lox) fw GCAGAGGCGGGGGAACTCCAAGT
GATATCCATCATCGCATCCAGTGC
GCCGGTGTCTTTTTTACCTGTTTGA
CcC

BG7367 ACRISPRL1 insert (lox-kan-lox) rv GGTTGTTTTTATGGGAAAAAATGC
TTTAAGAACAAATGTATACTTTTA
GATTCCTACCTCTGGTGAAGGAGT
TG

BG7368 ACRISPR2+3 insert (lox-kan-lox) fw TAAGTGAGAAGGCCGGGCGGGAA
ACTGCCCGGCCTGAACATACCTGA
ATTAGAGTCGGACTTCGCGTTCGC

BG7369 ACRISPR2+3 insert (lox-cam-lox) rv GATTGTGACTGGCTTAAAAAATCA
TTAATTAATAATAGGTTATGTTTA
GAGCTAGTTATTGCTCAGCGGTGG

BG8366 A(casll-cas6e) insert (lox-kan-lox) fw TTGAGTGGAATGGGATTAAGGGG
AAGCCAGGTCATTTTATTACACCT
CAAGGTGTCTTTTTTACCTGTTTGA
C

BG8367 A(casll-cas6e) insert (lox-kan-lox) rv ACAAACATTTACGGGAGTTAAAA
CCGCAAGGAGGGCCATCAAATGG
CTGATTCCTACCTCTGGTGAAGGA
GTTG

BG8677 gPCR bla fw CTACGATACGGGAGGGCTTA

BG8678 gPCR bla rv ATAAATCTGGAGCCGGTGAG

BG8679 gPCR dxs fw CGAGAAACTGGCGATCCTTA

BG8680 gPCR dxs rv CTTCATCAAGCGGTTTCACA

BN370 pCRISPR2 (array2.3) rv GTGAGCTGATACCGCTCGCCTGAA
CCTCTC TGGCATGGA

BN383 pCRISPR2 (array2.1) fw TGCTTTAAGAACAAATGTATACTT
TTAG

BN384 pCRISPR2 (array2.1) rv TCTAAACATAACCTATTATTACCA
AGTGATA TCCATCATCGC

BN385 pCRISPR2 (array2.3) fw GCGATGATGGATATCACTTGGTAA
TAATAG GTTATGTTTAGA
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BN373 Site-directed mutagenesis RepA HC fw TGGTTAAAGGCTTTCGGATCTTCC
AG
BN374 Site-directed mutagenesis RepA LC fw TGGTTAAAGGCTTTGAGATCTTCC
AG
BN375 Site-directed mutagenesis RepA HC+LC | AAGGATTCCTGATTTCCACAGTTC
rv

1278  Table S2. Primers used in this study
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1280

Description Sequence (5°-3°)

PAmMCherry ins TGGCGTTAAGCATTCGCGAGGTTCCAGATGGACAAAAGCCCCAGGC
GATATTTCTATCAACCTGAGGCCAGCGTTCGAACCCAAACAATTCG
AATGTTAGTCTCTTCTTTGCAGGGAGGCAAGACATGTGTATATCACT
GTAATTCGATATTTATGAGCAGCATCGAAAAATAGCCCGCTGATAT
CATCGATAATACTAAAAAAACAGGGAGGCTATTAAAGGTGCACAAT
GTACATCTTCTTTTAATTTCCCGGTATGAGATTTTATATTCACAGTAT
GAATATTTTATGTAATAAAATTCATGGTAATTATTATAACTAAAAGT
TTCTTTAATAATAAGGCGCCCCTAGGTACCGTTCGTATAATGTATGC
TATACGAAGTTATGAGCTGTTGACAATTAATCATCGGCTCGTATAAT
GTGTGGGCAATGAGCTTGCACTGCAGAACTTTGATATACCATGGAG
AAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATC
GTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTAT
AACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAA
AGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCC
CGCCTGATGAATGCTCATCCGGAATTCCGTATGGCAATGAAAGACG
GTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTC
CATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACG
ACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGT
TACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATAT
GTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTT
AAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACTATGG
GCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGAT
TCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGC
TTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTA
AATAACTTCGTATAATGTATGCTATACGAACGGTATCTAGACTTCGG
GAATGATTGTTATCAATGACGATAATAAGACCAATAACGGTTTATC
CCTACTTAAGTAGGGAAGGTGCACAATGTACATCTTCTTTTAATTTC
CCGGTATGAGATTTTATATTCACAGTATGAATATTTTATGTAATAAA
ATTCATGGTAATTATTATAACTAAAAGTTTCTTTAATAATAAAACGA
ATAACTTGCAGATTTGAAATGCATGCATTATTGTCTTTAAACAATTC
AACACATCTTAATATATGTATAGGTTAATTGTATTAAACCAATGAAT
ATATTTTTGCAGTGAATGTGATTATTGAATTAATTACGCCGTATTTTT
TCTTTGTTTTTACCGATAACGGAAGTGTGCCGACGTATAGAAATGCA
GGAGAAATGTCGGAGCATATGAAGGAGAACAAATGGTGAGCAAGG
GCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAA
GGTGCACCTGGAGGGGTCCGTGAACGGCCACGAGTTCGAGATCGAG
GGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAG
CTGAAGGTGACCAAGGGTGGCCCCTTGCCCTTCGCCTGGGACATCC
TGTCCCCTCAGTTCATGTACGGCTCCAATGCCTACGTGAAGCACCCC
GCCGACATCCCCGACTACTTTAAGCTGTCCTTCCCCGAGGGCTTCAA
GTGGGAGCGCGTGATGAACTTCGAAGACGGCGGCGTGGTGACCGTG
ACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGA
AGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAA
GAAGACCATGGGCTGGGAGACCCTCTCCGAGCGGATGTACCCCGAG
GACGGCGCCCTGAAGGGAGAGCTCAAGGCGAGGACGAAGCTGAAG
GACGGCGGCCACTATGACACTGAGGTCAAGACCACCTACAAGGCCA
AGAAGCCCGTGCAGTTGCCCGGCGCCTACAACGTCAACCGCAAGTT
GGATATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTAC
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GAACGTGCCGAGGGCCTCCACTCCACCGGCGGCATGGACGAGCTGT
ACAAGCCCGGGGCGCTCATGGCTAATTTGCTTATTGATAACTGGATC
CCTGTACGCCCGCGAAACGGGGGGAAAGTCCAAATCATAAATCTGC
AATCGCTATACTGCAGTAGAGATCAGTGGCGATTAAGTTTGCCCCG

TGACGATATGGAACTGGCCGCTTTAGCACTGCTGGTTTGCATTGGGC
AAATTATCGCCCCGGCAAAAGATGACGTTGAATTTCGACATCGCAT

AATGAATCCGCTCACTGAAGATGAGTTTCAACAACTCATCGCGCCG

TGGATAGATATGTTCTACCTTAATCACGCAGAACATCCCTTTATGCA
GACCAAAGGTGTCAAAGCAAATGATGTGACTCCAATGGAAAAACTG
TTGGCTGGGGTAAGCGGCGCGACGAATTGTGCATTTGTCAATCAAC

CGGGGCAGGGTGAAGCATTATGTGGTGGATGCACTGCGATTGCGTT
ATTCAACCAGGCGAATCAGGCACCAGGTTTTGGTGCCGGTTTTAAA

AGCGGTTTACGTGGAGGAACACCTGTAACAACGTTCGTACGTGGGA
TCGATCTTCGTTCAACGGTGTTACTCAATGTCCTCACATTACCTCGT

CTTCAAAAACAATTTCCTAATGAATCACATACGGAAAACCAACCTA

CCTGGATTAAACCTATCAAGTCCAATGAGTCTATACCTGCTTCGTCA
ATTGGGTTTGTCCGTGGTCTATTCTGGCAACCAGCGCATATTGAATT
ATGCGATCCCATTGGGATTGGTAAATGTTCTTGCTGTGGACAGGAA

AGCAATTTGCGTTATACCGG

pTarget insert TCTAGAGAATTCGACAGAACGGCCTCAGTAGTCTCGTCAGGCTCCTT
CTGTTTTCGCAAATCTATGGACTATTGCTATTCTTGGGCGCACGGAA
TACAAAGCCGTGTATCTGCTCTTTGGCTCTGCAACAGCAGCACCCAT
GACCACGTCTTGAAATGCTGGTGAGCGTTAATGCCGCAAACACCTT

ATTACGCCTTTTTGCGATTGCCCGGTTTTTGCCTTCCATGGCAGCGTC
AGGCGTGAAATCTCACCGTCGTTGCCTTTCGGTTCAGGCGTTGCAAA
CCTGGCTACCGGGCTTGTAGTCCATCATTCCACCTATGTCTGAACTC
CCTTCCGGGGGATAATGTTTACGGTCATGCGCCCCCCTTTGGGCGGC
TTGCCTTGCAGCCAGCTCCAGCAGCTTAAGCTGGCTGGCAATCTCTT
TCGGGGTGAGTCCTTTAGTTTCCGTATCTCCGGATTTATAAAGCTGA
CTTGCAGGCGGCGACGCGCAGGGTATGCGCGATTCGCTTGCGACCG
CTCAGAAATTCCAGACCCGATCCAAACTTTCAACATTATCAATTACA
ACCGACAGGGAGCCCTTAGCGTGTTCGGCATCACCTTTGGCTTCGGC
TGCTTTGCGTGAGCGTATCGCCGCGCGTCTGCGAAAGCTTGGTACC

pCRISPR1 insert | TCTAGAGAATTCGACAGAACGGCCTCAGTAGTCTCGTCAGGCTCCG

GCTGTTTTCGCAAATCTATGGACTATTGCTATTCGGGGGCGCACGGA
ATACAAAGCCGTGTATCTGCTCGGTGGCTCTGCAACAGCAGCACCC

ATGACCACGTCGGGAAATGCTGGTGAGCGTTAATGCCGCAAACACC
GGATTACGCCTTTTTGCGATTGCCCGGTTTTTGCCGGCCATGGCAGC
GTCAGGCGTGAAATCTCACCGTCGTTGCCGGTCGGTTCAGGCGTTGC
AAACCTGGCTACCGGGCGGGTAGTCCATCATTCCACCTATGTCTGA

ACTCCCGGCCGGGGGATAATGTTTACGGTCATGCGCCCCCCGGTGG

GCGGCTTGCCTTGCAGCCAGCTCCAGCAGCGGAAGCTGGCTGGCAA
TCTCTTTCGGGGTGAGTCCGGTAGTTTCCGTATCTCCGGATTTATAA

AGCTGACGGGCAGGCGGCGACGCGCAGGGTATGCGCGATTCGCGG

GCGACCGCTCAGAAATTCCAGACCCGATCCAAACGGTCAACATTAT
CAATTACAACCGACAGGGAGCCCGGAGCGTGTTCGGCATCACCTTT

GGCTTCGGCTGCGGTGCGTGAGCGTATCGCCGCGCGTCTGCGAAAG

CGGGGTACC

1281  Table S3. Synthetic DNA inserts used in this study
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Name in study

Name in storage

Description

Source

pKEDR13 pKEDR13 Expression plasmid LeuO (Westra et al., 2010)
pGFPuv pGFPuv Expression plasmid GFPuv Clontech
pMS011 pMS011 Plasmid containing bla and dxs gene | (Caforio et al., 2018)
(aPCR)
pSC020 pSC020 Plasmid containing Cre and lambda | S. Creutzberg
recombinase (unpublished)
pTarget pTU256 Target plasmid containing all 18 | This study
potential protospacers for flanked by
5°-CTT-3’
pTarget-RNAP | pTU150 Target plasmid containing all 18 | This study
potential protospacers for flanked by
5°-CTT-3’ and plac upstream
pCRISPR1 pTU258 Target plasmid containing all 18 | This study
potential protospacers for flanked by
5’-CGG-3’
pCRISPR1- pTU152 Target plasmid containing all 18 | This study
RNAP potential protospacers for flanked by
5’-CGG-3’ and plac upstream
pCRISPR2_LC | pTU158 Plasmid containing all 18 potential | This study
protospacers for flanked by repeat
sequences; low copy backbone variant
of pSC101
pCRISPR2 pTU160 Plasmid containing all 18 potential | This study
protospacers for flanked by repeat
sequences; high copy backbone variant
of pSC101
pControl pTU254 High copy backbone wvariant of | This study
pSC101
pCas3 pTU255 Expression plasmid Cas3 This study

Table S4. Plasmids used in this study
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1287  Glossary

Full name Symbol Description

Apparent diffusion coefficient D* Apparent due to confinement

Bound state S1

Dissociation constant Kb Constant which is a measure for the
binding affinity of two objects with
each other

DNA segments SMpya Amount of segments defined as

containing DNA by DAPI staining

Enrichment Factor EF The number of localizations in DNA-
containing segments divided by the
number of localizations in DNA-free
segments

Fraction DNA bound fonDNA Fraction of the time DNA binding
proteins spend on DNA is calculated
from the off- and on-rate (Figure 1).

Frametime ts Positions of simulated/measured
particles are recorded for each
frametime

Free diffusion coeffcient Dfyee Diffusion coefficient in the absence of

DNA binding. Apparent due to
confinement.

Integrated time tinte Overall timescale: can be one or
multiple frametimes

Localization error c Average error in determination of
particle position

Mobile state S2

off-rate kogr Rate DNA bound protein is released
from DNA. Inverse of residence time

pseudo-first order on-rate kin Rate mobile protein is binding to DNA.
As the amount of potential DNA
probing sites is very large, on-rate is
independent of DNA concentration
(pseudo-first order)

pTarget establishment Pestablishment Measure  for interference  level

calculated from the transformation ratio
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of pTarget and pGFPuv (Eg. 1)

Time step tstep Displacements of simulated particles are
calculated for each time step

Total number of segments SMyot Total number of segments in the cell

1288
1289
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1290  Movie S1 Cascade diffusion through the cell. Real-time data from WT strain where on left
1291  cumulative overlay of tracks (each track differently coloured) are plotted on top of a
1292  brightfield image showing the outline of the cells and on the right the fluorescent signal of the
1293  single molecules are depicted. Scale bar and time indicated at the bottom (total duration 50 s).
1294  The movie shows only a small part of a normal FOV.

1295

75


https://doi.org/10.1101/589119
http://creativecommons.org/licenses/by-nc/4.0/

