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Supplementary figures 1209 

 1210 

Figure S1. Static D* fitting. (A) D* distribution (left) of the Cas8e strain (Figure 2B) fitted 1211 

with two static states with extracted D* value of each fraction on the right (relative 1212 

abundance). The slowest state (D1; brown) was fixed to 0 μm
2
/s. (B) Same as (A) but then for 1213 

three static states. (C) D* distribution (left) of the WT strain (Figure 2C). Cas8e distribution 1214 

from Figure S1B was taken and used to fit the distribution with additional three states for 1215 

Cascade diffusion. The relative abundance of Cas8e and Cascade estimated from static D* 1216 

fitting is similar to that found for dynamic fitting (60 and 40%), even though the distributions 1217 

of Cascade and Cas8e are different. Error estimation in (A-C) is based on bootstrapping (± 1218 

standard deviation). 1219 
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 1220 

Figure S2: Performance of analytical DDA. (A) Comparison of simulation to the theoretical 1221 

distribution (black line) found with the newly developed analysis method. 50.000 particles 1222 

were simulated to move without boundaries and position was recorded for 4 consecutive 1223 

steps. Particles were simulated with 𝑫𝐟𝐫𝐞𝐞
∗ = 2 μm

2
/s and increasing on- and off-rates (from 0.3 1224 

to 300 s
-1

). The theoretical model (black line) is directly plotted on top of the histogram of 1225 

simulated D* values. A localization error drawn from a Gaussian distribution with σ = 40 nm 1226 

was added to both the model and the simulation. (B) Influence of localization error. 1227 

Distribution of an average of consecutive displacements that are offset by a localization error 1228 

are correlated, which is why in the absence of localization error in the simulation (top) there is 1229 
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no requirement for correction. However immobile particles offset by localization error with 1230 

the same mean apparent diffusion coefficient are slightly differently distributed (middle). 1231 

Correction (described in Me) for the immobile particles is sufficient to restore the fit (bottom). 1232 

(C) Influence of confinement. Particles were simulated inside of a cell 4 μm long and of 1 μm 1233 

diameter. Simulations were run through analysis software to retrieve parameters. 𝑫𝐟𝐫𝐞𝐞
∗  1234 

estimates are influenced by confinement where fast moving particles appear to be slower. (D) 1235 

The off-rate is not as influenced by effects of confinement and stays the same even for the 1236 

fastest moving particles (purple). Estimates become more unreliable for much faster or slower 1237 

transitions than are measured in the integrated time of typical tracks.  1238 

 1239 

  1240 
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 1241 

Figure S3. D* Histograms other conditions. D* distributions for (A) Δcas3 strain, (B) 1242 

Δcas3 strain + pUC19, the empty variant of pTarget-RNAP and pCRISPR1-RNAP and (C) 1243 

Δcas3 strain + pCRISPR2. The amount of available Cascade complexes in the interference 1244 

assay for strain pCRISPR2 targeting (Figure 5H) were extracted from the relative amount of 1245 

Cascade complexes in this strain (51%) divided by the number of complexes in the WT strain 1246 

(60%). 1247 

 1248 
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 1249 

Figure S4. Plasmid copy number determination (A) Calibration curve of dxs and bla 1250 

primer amplification with dilution series of pMS11 (plasmid containing both dxs and bla 1251 

gene). The regression of six technical replicates was used to make the calibration curve for 1252 

both primer sets (regression parameters of bla and dxs gene in orange and purple 1253 

respectively). (B) The Ct values of bla and dxs gene amplifications were calculated from 1254 

biological triplicates. These Ct values were converted to absolute copy numbers (CN) by 1255 

using the regression values from the calibration curve. The plasmid copy number per 1256 

chromosome (PCN/chromosome) was calculated by dividing the copy number of the bla gene 1257 

by the copy number of the dxs gene. The plasmid copy number per cell was estimated by 1258 

multiplying PCN/chromosome by the expected number of chromosomes per cell (4) based on 1259 

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

 1261 
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 1262 

Figure S5. Strains and plasmids used. (A) Strains used in this study, strains were 1263 

constructed with lambda recombination and verified by sequencing. Only part of each 1264 

CRISPR array indicated (total 18 spacers). (B) Plasmids used in this study. Indicated are the 1265 

ori (red), antibiotic resistance marker (light blue) and other components on the plasmid. Only 1266 
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part of the total 18 spacers are indicated for pTarget, pCRISPR1 and pCRISPR2. For 1267 

sequences and descriptions see Table S3 and S4. 1268 

1269 
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Supplementary tables 1270 

 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 

ΔCas3 + pKEDR13 + pTarget + IPTG 31.8 ± 0.4 min 

 1271 

Table S1: Growth rate of E. coli strains used in this study. Growth rates were determined 1272 

in a plate reader where cells were inoculated in similar conditions as described in Methods. 1273 

The instantaneous growth rate was determined at t = 2.5 hours, which represented the growth 1274 

rate at the time of the microscope studies. Three independent cultures were measured to get 1275 

the mean and standard error values.   1276 
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 1277 

Name Description  Sequence (5’-3’) 

BG7128 PAmCherry (lox-cam-lox) insert fw (WT) GGAGGCTATTAAAGGTGCACAAT 

BG7129 PAmCherry (lox-cam-lox) insert fw 

(Δcas3) 

GTCTCTTCTTTGCAGGGAGG 

BG7130 

 

PAmCherry (lox-cam-lox) insert rv (WT) TATCGTCACGGGGCAAACT 

BG7131 PAmCherry (lox-cam-lox) insert rv 

(G160A) 

AGCAGGTATAGACTCATTGGACT 

BG7366 ΔCRISPR1 insert (lox-kan-lox) fw GCAGAGGCGGGGGAACTCCAAGT

GATATCCATCATCGCATCCAGTGC

GCCGGTGTCTTTTTTACCTGTTTGA

CC 

BG7367 ΔCRISPR1 insert (lox-kan-lox) rv GGTTGTTTTTATGGGAAAAAATGC

TTTAAGAACAAATGTATACTTTTA

GATTCCTACCTCTGGTGAAGGAGT

TG 

BG7368 ΔCRISPR2+3 insert (lox-kan-lox) fw TAAGTGAGAAGGCCGGGCGGGAA

ACTGCCCGGCCTGAACATACCTGA

ATTAGAGTCGGACTTCGCGTTCGC 

BG7369 ΔCRISPR2+3 insert (lox-cam-lox) rv GATTGTGACTGGCTTAAAAAATCA

TTAATTAATAATAGGTTATGTTTA

GAGCTAGTTATTGCTCAGCGGTGG 

BG8366 

 

Δ(cas11-cas6e) insert (lox-kan-lox) fw TTGAGTGGAATGGGATTAAGGGG

AAGCCAGGTCATTTTATTACACCT

CAAGGTGTCTTTTTTACCTGTTTGA

C 

BG8367 

 

Δ(cas11-cas6e) insert (lox-kan-lox) rv ACAAACATTTACGGGAGTTAAAA

CCGCAAGGAGGGCCATCAAATGG

CTGATTCCTACCTCTGGTGAAGGA

GTTG 

BG8677 qPCR bla fw CTACGATACGGGAGGGCTTA 

BG8678 qPCR bla rv ATAAATCTGGAGCCGGTGAG 

BG8679 qPCR dxs fw CGAGAAACTGGCGATCCTTA 

BG8680 qPCR 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 

rv 

AAGGATTCCTGATTTCCACAGTTC 

Table S2. Primers used in this study 1278 

1279 
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 1280 

Description  Sequence (5’-3’) 

PAmCherry 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 

Table S3. Synthetic DNA inserts used in this study 1281 
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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 

(qPCR) 

(Caforio et al., 2018) 

pSC020 pSC020 Plasmid containing Cre and lambda 

recombinase  

S. Creutzberg 

(unpublished) 

pTarget pTU256 Target plasmid containing all 18 

potential protospacers for flanked by 

5’-CTT-3’ 

This study 

pTarget-RNAP pTU150 Target plasmid containing all 18 

potential protospacers for flanked by 

5’-CTT-3’ and plac upstream  

This study 

pCRISPR1 pTU258 Target plasmid containing all 18 

potential protospacers for flanked by 

5’-CGG-3’ 

This study 

pCRISPR1-

RNAP 

pTU152 Target plasmid containing all 18 

potential protospacers for flanked by 

5’-CGG-3’ and plac upstream  

This study 

pCRISPR2_LC pTU158 Plasmid containing all 18 potential 

protospacers for flanked by repeat 

sequences; low copy backbone variant 

of pSC101 

This study 

pCRISPR2 pTU160 Plasmid containing all 18 potential 

protospacers for flanked by repeat 

sequences; high copy backbone variant 

of pSC101 

This study 

pControl 

 

pTU254 High copy backbone variant of 

pSC101 

This study 

pCas3 

 

pTU255 Expression plasmid Cas3  This study 

Table S4. Plasmids used in this study 1284 
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Glossary 1287 

Full name Symbol Description 

Apparent diffusion coefficient  𝐷∗ Apparent due to confinement 

Bound state S1  

Dissociation constant KD Constant which is a measure for the 

binding affinity of two objects with 

each other 

DNA segments 𝑠𝑚𝐷𝑁𝐴 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 𝑡f Positions of simulated/measured 

particles are recorded for each 

frametime 

Free diffusion coeffcient 𝐷𝑓𝑟𝑒𝑒
∗  Diffusion coefficient in the absence of 

DNA binding. Apparent due to 

confinement. 

Integrated time 𝑡𝑖𝑛𝑡 Overall timescale: can be one or 

multiple frametimes 

Localization error σ Average error in determination of 

particle position  

Mobile state S2  

off-rate 𝑘𝑜𝑓𝑓 Rate DNA bound protein is released 

from DNA. Inverse of residence time 

pseudo-first order on-rate 𝑘𝑜𝑛
∗  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 

.CC-BY-NC 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 25, 2019. ; https://doi.org/10.1101/589119doi: bioRxiv preprint 

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


 74 

of pTarget and pGFPuv (Eq. 1) 

Time step 𝑡𝑠𝑡𝑒𝑝 Displacements of simulated particles are 

calculated for each time step 

Total number of segments 𝑠𝑚𝑡𝑜𝑡 Total number of segments in the cell 
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Movie S1 Cascade diffusion through the cell. Real-time data from WT strain where on left 1290 

cumulative overlay of tracks (each track differently coloured) are plotted on top of a 1291 

brightfield image showing the outline of the cells and on the right the fluorescent signal of the 1292 

single molecules are depicted. Scale bar and time indicated at the bottom (total duration 50 s). 1293 

The movie shows only a small part of a normal FOV.   1294 
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