
Light-dependent modulation of protein localization 1 

and function in living bacteria cells 2 

Ryan McQuillen* (ORCID 0000-0002-0399-5248), Xinxing Yang (ORCID 0000-0002-3 

2101-9881), Christopher H. Bohrer, Joshua W. McCausland (ORCID 0000-0001-6585-4 

0506), & Jie Xiao† (ORCID 0000-0003-1433-5437) 5 

Department of Biophysics & Biophysical Chemistry, The Johns Hopkins University 6 

School of Medicine, Baltimore, MD, USA. 7 

*Current address: ryan.mcquillen@jhuapl.edu 8 

†Correspondence should be addressed to xiao@jhmi.edu 9 

 10 

Abstract 11 

Most bacteria lack membrane-enclosed organelles to compartmentalize cellular 12 

processes. In lieu of physical compartments, bacterial proteins are often recruited to 13 

macromolecular scaffolds at specific subcellular locations to carry out their functions. 14 

Consequently, the ability to modulate a protein’s subcellular location with high precision 15 

and speed bears the potential to manipulate its corresponding cellular functions. Here 16 

we demonstrate that the CRY2/CIB1 system from Arabidopsis thaliana can be used to 17 

rapidly direct proteins to different subcellular locations inside live E. coli cells including 18 

the nucleoid, the cell pole, membrane, and the midcell division plane. We further show 19 

that such light-induced re-localization can be used to rapidly inhibit cytokinesis in 20 

actively dividing E. coli cells. Finally, we demonstrate that the CRY2/CIBN binding 21 
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kinetics can be modulated by green light, adding a new dimension of control to the 22 

system.  23 

INTRODUCTION 24 

Compartmentalizing biological processes at specific subcellular locations for specialized 25 

functions is a general strategy employed by cells across all domains of life. Eukaryotic 26 

cells often achieve subcellular localization using membrane-enclosed organelles. 27 

Bacteria cells generally lack membranous organelles, but can also achieve subcellular 28 

localization by directing molecules to different scaffolds made of protein, DNA, RNA, or 29 

the plasma membrane to form stable assemblies and/or phase-separated 30 

condensates1. These subcellular scaffolds underlie a number of fundamental cellular 31 

processes including partitioning of cellular content, chromosome organization and 32 

segregation, cell elongation and division, as well as appendage growth and receptor 33 

clustering1,2. Controlling the recruitment of proteins to subcellular scaffolds and/or 34 

modulating scaffolds’ assembly states has proven to be a useful tool to probe and 35 

manipulate their functions3. 36 

 37 

Previously, chemically induced protein dimerization platforms such as rapamycin-based 38 

FKBP4, coumermycin-based GyrB5 and gibberellin-based6 systems have been 39 

employed to manipulate subcellular localizations of various proteins in both bacteria7 40 

and eukaryotic8 cells. While relatively fast and robust, these methods lack the precise 41 

spatial targeting ability and are often irreversible on fast timescales4. In contrast, 42 

optogenetic-based systems use light-modulated binding of a photoreceptor either with 43 

itself or with its associated protein ligand and is reversible9,10; the application of light 44 
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activation can be precisely defined in space to target specific cell subpopulations and 45 

even within a single cell’s volume11–16. Currently available light-induced protein-protein 46 

interaction systems have been extensively characterized in mammalian cell systems3 47 

and have kinetic rates on timescales ranging from milliseconds to hours17. Despite the 48 

widespread use of optogenetic systems in eukaryotic cells, their use in bacteria is only 49 

beginning to emerge3. The major difficulty of their implementation resides in the bacteria 50 

cell’s 1000-fold smaller cellular volume compared to that of a mammalian cell18. Such a 51 

small cytoplasmic volume imposes strict requirements on the concentration and kinetic 52 

ranges of the optogenetic systems in order to achieve a high signal contrast and spatial 53 

resoltuion18,19. 54 

 55 

One particular system, the CRY2/CIB1 system from Arabidopsis thaliana, can be 56 

induced by a low dose of blue light (peak activation wavelength at 468 nm) and exhibits 57 

rapid heterodimerization kinetics with tight20, but reversible19, binding. These properties 58 

make it an attractive candidate for use in model bacterial systems. The system is 59 

composed of the N-terminal domain (amino acids 1-170) of AtCIB1 (CIBN) and the 60 

photolyase homology region21 (amino acids 1-498) of AtCRY2 (CRY2)19,22. Here we 61 

show that this optogenetic system can be used to rapidly target proteins to major 62 

subcellular compartments in living Escherichia coli cells (Fig. 1a, left). We further 63 

demonstrate that such an optogenetically controlled system can be used to inhibit 64 

cytokinesis in living E. coli cells. Finally, we show that the association and dissociation 65 

kinetics of the system can be modulated by green light, adding a new dimension of 66 

control to suit different synthetic biological systems. 67 
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 68 

 69 

 70 

RESULTS 71 

General considerations for using the CRY2/CIBN system in Escherichia coli cells 72 

Previous studies have shown that CIBN can be tagged at either its N- or C-terminus 73 

without impeding its binding to CRY2, whereas CRY2 functions the best with its N-74 

terminus free23. Therefore, in the following experiments, we fused CIBN at its N- or C-75 

terminus to an array of proteins that localize to a subcellular compartment of interest to 76 

serve as the bait for the recruitment platform and fused a fluorescent reporter, mCherry, 77 

to the C-terminus of CRY2 to serve as a universal prey (Fig. 1a, right). The use of the 78 

same CRY2-mCherry reporter to a variety of subcellular recruitment platforms allows us 79 

to compare recruitment kinetics between different systems. 80 

Next, to attain the desired control of CRY2/CIBN expression levels inside small bacterial 81 

cells in a variety of experimental scenarios, we exogenously expressed the CRY2/CIBN 82 

fusion proteins either co-transcriptionally from a single plasmid where the two fusions 83 

were coupled under the control of a lac-inducible promotor, or independently from a 84 

two-plasmid system where the CRY2 and CIBN fusions were under the control of 85 

arabinose- and lac-inducible promoters, respectively (Fig. 1b). Whether the one- or two-86 

plasmid expression system was employed depended on specific considerations for 87 

each experiment outlined below. We found that the flexibility in modulating the 88 

expression levels of the CRY2 and CIBN fusion proteins is important for minimizing 89 
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light-independent background interaction19 while maintaining a fast light-dependent 90 

recruitment speed (discussed below). 91 

Rapid, reversible and light-dependent recruitment of cytoplasmic protein to 92 

chromosomal DNA 93 

In bacterial cells, the nucleoid is the major subcellular location for all DNA-related 94 

processes. The ability to optically control chromosomal DNA topology (e.g., the 95 

formation of DNA loops or topological domains) or the binding of transcription factors on 96 

specific DNA sequences has proven useful to study transcription dynamics and gene 97 

expression19,24,25 in mammalian and bacterial cells24,26–29. Therefore, we chose the 98 

chromosomal DNA as the first platform to develop a light-dependent recruitment assay 99 

of cytoplasmic proteins.  100 

To visualize the light-dependent chromosomal recruitment process, we used an E. coli 101 

strain harboring a 240X tetO array sequence inserted near oriC in its chromosome30 102 

(Fig. 2a). The presence of tandem tetO arrays enhances the mCherry signal strength 103 

and facilitates the characterization of the recruitment kinetics. We then fused CIBN to 104 

the C-terminus of TetR, the tetracycline repressor that binds tightly to its cognate tetO 105 

operator sequence31 and co-transcriptionally expressed the TetR-CIBN and CRY2-106 

mCherry reporter fusions exogenously from a single plasmid (Fig. 1c, left). The use of 107 

the coupled expression system helps to maintain a low and near equimolar expression 108 

of the two fusions proteins to best accommodate the 1:1 binding ratio of TetR-CIBN and 109 

CRY2-mCherry, effectively minimizing the background signal that would arise from 110 

excess CRY2-mCherry reporter. In the absence of the blue (488 nm) activation light, 111 
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CRY2-mCherry remained homogenously distributed in the cytoplasm as expected for 112 

freely diffusing CRY2-mCherry in its unbound state (Fig. 2b, left). Upon exposure to 488 113 

nm activation light pulses (30 ms pulses at 84.6 W/cm2 delivered every 5 s over a 200 s 114 

period), we observed rapid formation of CRY2-mCherry foci at locations representative 115 

of individual oriC sites in almost all cells in the view field (96 ± 1.3 %, μ ± s.e.m., mean ± 116 

standard error of the mean, N = 3 independent experiments of 1359 cells in total, Fig. 117 

2b, right, Fig. 2c, top, Supplementary Video 1) across a large range of CRY2-mCherry 118 

expression levels in individual cells. Notably, the cytoplasmic distribution of CRY2-119 

mCherry remained unchanged in control cells exposed to the 488 nm light but that did 120 

not contain the 240X tetO array (Fig. 2c, middle panel, Supplementary Video 2), or in 121 

cells that contained the tetO array but not exposed to the 488 nm activation light (Fig. 122 

2c, bottom panel, Supplementary Video 3). Quantification of the CRY2-mCherry signal 123 

(percentage of fluorescence increase compared to that before activation) at foci 124 

positions over time showed that 90% recruitment was reached within 85 s (τ0.9 = 85 ± 9 125 

s, μ ± s.e.m., N = 3 independent experiments of 442 cells in total, τ0.9 was used to show 126 

the extent of reaction completion as the curve was not well described by an exponential 127 

function, Fig. 2d). These results demonstrate that the formation of CRY2-mCherry foci 128 

is rapid and both light- and target-dependent. 129 

In addition to its rapid association kinetics, the CRY2/CIBN system is also reversible in 130 

the absence of blue light19. When we allowed the CRY2/CIBN system to relax in the 131 

absence of blue light following the complete localization of CRY2-mCherry to oriC foci 132 

(Fig. 2e, first blue shaded region), we observed an almost complete reversion of CRY2-133 

mCherry foci back to a uniform cytoplasmic distribution after ~ 40 minutes (Fig. 2e, 134 
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Supplementary Figure 1). The decay curve was well described by an exponential 135 

function with a relaxation time constant of ~ 9 minutes (�rev = 9 ± 5 min, μ ± s.e.m., N = 3 136 

independent experiments of 150 cells, Fig. 2e, shaded grey region). This relaxation time 137 

scale is consistent with the reversion times measured previously in mammalian cells17,19. 138 

Additionally, relaxed cells could be activated once again17,19 to re-form the same oriC 139 

foci with the same recruitment rate and final plateau (Fig. 2e, second blue shaded 140 

region and Supplementary Video 4). In summary, these results clearly demonstrate 141 

that the CRY2/CIBN system can be used to induce reversible recruitment of a 142 

cytoplasmic protein to chromosomal DNAs rapidly and efficiently in live E. coli cells. 143 

Rapid, light-dependent recruitment of cytoplasmic protein to cell pole 144 

In bacteria, asymmetric cell division is often achieved by partitioning proteins to each 145 

incipient daughter cell via cell pole localized protein scaffolds32. In symmetrically dividing 146 

bacteria such as E. coli, the two poles are also differentiated in age, and proteins can be 147 

targeted specifically to the old cell pole to produce a dimorphic cell population33,34.  148 

Furthermore, the cell pole can be engineered into an optically controlled apical protein 149 

sink to present an inert space away from the cytoplasmic environment35. 150 

To develop a light-triggered cell pole recruitment platform, we took advantage of a 151 

protein called PopZ from Caulobacter crescentus. PopZ forms a stable, liquid droplet-152 

like matrix enriched at the old cell pole when heterologously expressed in E. coli cells36–153 

38 (Fig. 2f).  To visualize the cell pole localization of PopZ, we fused CIBN-GFP to the N 154 

terminus of PopZ and placed the fusion gene under a lac-inducible promoter on a 155 

plasmid (Fig. 1b, right). After optimizing the expression of the PopZ fusion, we observed 156 
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large, stable CIBN-GFP-PopZ foci at the cell poles of nearly every cell (Supplementary 157 

Fig. 2). We then expressed the CRY2-mCherry fusion under the control of an 158 

arabinose-inducible promoter from a separate vector (Fig. 1b, right). Here we used the 159 

two-plasmid system for independent expression control of the two fusion proteins, 160 

because the liquid droplet nature of the PopZ foci can accommodate a very high 161 

expression level of CIBN-GFP-PopZ, which ensures a stable cell pole localization and 162 

to provide a sufficient number of binding sites for CRY2-mCherry.  163 

As shown in Fig. 2g and Supplementary Video 5, following a single 100 ms blue light 164 

activation pulse (P488 = 8.5 W/cm2), we observed rapid formation of CRY2-mCherry foci 165 

at the cell poles. Importantly, in cells exposed to blue light only expressing GFP-PopZ, 166 

but not CIBN-GFP-PopZ (Fig. 2h, middle panel and Supplementary Video 6), or in 167 

cells without blue light activation (Fig. 2h, bottom panel and Supplementary Video 7), 168 

we observed unchanged, homogenous distribution of CRY2-mCherry signal in the 169 

cytoplasm throughout the time course of the experiment. Quantification of the percent 170 

increase in CRY2-mCherry signal at the cell poles revealed that 90% recruitment was 171 

achieved within ~8 s (τ0.9 = 8.3 ± 0.9 s, μ ± s.e.m., N = 3 repeats of 315 cells in total, 172 

Fig. 2i). Note that in this system, the recruitment of cytoplasmic CRY2-mCherry was 173 

sped up to ~10-fold compared to that in the DNA recruitment assay. The faster kinetics 174 

are most likely driven by the higher expression levels of both CIBN-GFP-PopZ and 175 

CRY2-mCherry in the system.  176 

Recruiting protein cargo to the inner membrane using CRY2/CIBN 177 
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In many cell types, the inner membrane (IM) is the site where a diverse array of signaling 178 

pathways begin. In bacteria, the IM also serves as the site of assembly for a number of 179 

macromolecular structures including the divisome39, the flagellum40, and chemotaxis receptor 180 

clusters41. In mammalian cells, synthetic activation of membrane-based signaling cascades be 181 

achieved using cytoplasmic CRY2-tagged proteins that are recruited to the plasma membrane 182 

by membrane-anchored CIBN16,19,23,42,43.  To develop a light-dependent membrane 183 

recruitment assay in bacteria, we fused CIBN-GFP to an amphipathic helix from Bacillus 184 

subtilis (BsMTS)44 and expressed it from a lac-inducible promotor independently from 185 

the arabinose-inducible CRY2-mCherry on a second plasmid. Here we used an 186 

exogenous membrane anchor to avoid potential interference with endogenous E. coli 187 

membrane proteins. BsMTS-GFP-CIBN showed uniform membrane localization as 188 

expected (Supplementary Fig. 3a, left). Upon blue light activation (50 ms pulses at 189 

84.6 W/cm2 delivered every 5 s), we observed the formation of dynamic CRY2-mCherry 190 

puncta that co-localized with CIBN-GFP-BsMTS puncta along the IM (Supplementary 191 

Fig. 3b, & Supplementary Video 8). The distributions of these puncta were distinct 192 

from the near- uniform distribution of CIBN-GFP-BsMTS along the IM surface prior to 193 

activation with blue light (Supplementary Fig. 3a, left), or that of directly membrane-194 

targeted CRY2-GFP-BsMTS (Supplementary Fig. 3a, right). We reason that the 195 

puncta formation along the IM of BsMTS-CIBN-GFP and CRY2-mCherry upon light 196 

activation is likely indicative of the formation of individual membrane-tethered CIBN-197 

CRY2 hetero clusters as previously predicated12,23,45. Interestingly, despite a large 198 

number of strategies employed (Supplementary Table 1, reference 46 ), we did not 199 

observe uniform co-localization of CRY2 and CIBN on the IM of E. coli cells in contrast 200 
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to what was observed previously in mammalian cells12,19. Further experiments are 201 

required to investigate this phenomenon.  202 

 203 

Rapid, light-dependent recruitment of cytoplasmic proteins to the midcell 204 

In almost all bacteria studied to date, the essential process of cytokinesis is mediated by 205 

the formation of a large macromolecular complex, termed the divisome, at the future 206 

division plane of the cell47. In E. coli, the divisome is comprised of more than 30 different 207 

proteins, which are recruited to the midcell by the essential tubulin homologue, FtsZ39,48. 208 

FtsZ polymerizes at the midcell to assemble into a ring-like structure, and new data 209 

suggests that the dynamics of the Z-ring are essential to coordinate the action of the 210 

divisome for cell wall constriction and septum morphogenesis during cell division49–51. 211 

Achieving a means to rapidly and reversibly deliver proteins to the divisome and/or 212 

modulate the assembly of the divisome at different cell division stages would provide a 213 

new way to probe the dependence of different divisome proteins and their functions on 214 

the assembly state of the divisome specifically at the division site52. 215 

To achieve optically controlled delivery of proteins to the cell division plane, we first 216 

tested the ability to recruit CRY2-mCherry to the Z-ring by creating a C-terminal fusion 217 

of CIBN to ZapA (Fig. 3a). ZapA is a conserved Z-ring-associated protein, which has 218 

served as a faithful Z-ring marker in previous studies53–56. Similar to the pole-recruitment 219 

platform, we expressed the ZapA-CIBN fusion independently from the CRY2-mCherry 220 

reporter using the two-plasmid expression system so that their expression levels could 221 
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be optimized separately. Upon exposing cells to a single 100 ms pulse of 488 nm 222 

activation light (P488 = 8.5 W/cm2), we observed rapid midcell localization of CRY2-223 

mCherry fluorescence (τ0.9 = 9.3 ± 0.15 s, μ ± s.e.m., N = 3 repeats of 443 cells in total, 224 

Fig. 3b-d, Supplementary Video 9). Similar to what was observed in the chromosomal 225 

DNA and cell pole recruitment assays, the midcell localization of CRY2-mCherry was 226 

dependent on the blue activation light (Fig. 3c). These results demonstrate that 227 

cytoplasmic proteins can be recruited to the Z-ring at the midcell rapidly and specifically 228 

using the CRY2/CIBN system. 229 

Light-dependent destabilization of the Z-ring and inhibition of cell division 230 

We next used the midcell recruitment platform to develop a Light-induced Inhibition of 231 

Cytokinesis (LInC) assay in live E. coli cells (Fig. 3e). In the LInC assay, we kept the 232 

same ZapA-CIBN fusion as the bait, but fused a Z-ring antagonist, MinC, to CRY2 to 233 

generate a CRY2-MinC fusion. MinC inhibits FtsZ polymerization in vitro and prevents 234 

Z-ring assembly at the cell poles by forming a high to low concentration gradient from 235 

the cell pole to the midcell with its membrane binding partner ATPase MinD57. When 236 

highly overexpressed by itself, MinC antagonizes Z-ring assembly at the midcell as 237 

well57–59. We verified that the CRY2-MinC fusion is fully functional as it complemented a 238 

minC deletion background (Supplementary Fig. 4). Therefore, by recruiting CRY2-239 

MinC to FtsZ-associated ZapA-CIBN, we expect to increase the local concentration of 240 

MinC at the Z-ring, which may result in the destabilization of the Z-ring and subsequent 241 

inhibition of cell division (Fig. 3e). To visualize the progress of Z-ring destabilization in 242 
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the LInC assay, we tagged the endogenous chromosomal copy of ZapA with mCherry 243 

as the Z-ring marker53,54. 244 

We first established a growth and expression conditions under which cells ectopically 245 

expressing the LInC system (ZapA-CIBN and CRY2-MinC) exhibited a near-WT midcell 246 

Z-ring morphology and underwent successful cell division cycles in the absence of blue 247 

light (Supplementary Note 1). Notably, these cells were moderately longer than 248 

uninduced cells due to the presence of higher than WT CRY2-MinC concentrations (L = 249 

3.04 ± 0.17 μm, μ ± s.e.m., N = 3 repeats of 638 cells in total compared to L = 2.45 ± 250 

0.024 μm, μ ± s.e.m., N = 3 repeats of 223 cells in total for uninduced cells). We then 251 

imaged the Z-ring morphology of these cells before and after exposing them to 100 ms 252 

blue light pulses (P488 = 84.6 W/cm2) every 10 seconds for a period of 5 minutes (Fig. 253 

3f). Before the activation light exposure, we quantified that on average ~ 46% of all the 254 

cells harbored clear ZapA-mCherry localization at midcell, consistent with previous 255 

reports that the Z-ring only assembles after a significant portion of the chromosome is 256 

segregated60. About 52% of these cells (51.9 ± 0.4%, μ ± s.e.m., N = 1658 cells) 257 

exhibited significantly broader and more diffuse ZapA-mCherry midcell fluorescence 258 

upon exposure to blue light compared to that prior to light exposure (Fig. 3f & g), 259 

indicating the destabilization of the Z-ring. In control cells with only the CRY2-MinC 260 

fusion or without blue light activation, we observed significantly lower, ~ 37% (36.5 ± 261 

0.8%, μ ± s.e.m., N = 379 cells) or ~ 44%, (43.8 ± 0.4%, μ ± s.e.m., N = 1465 cells), 262 

cells exhibiting diminished ZapA-mCherry midcell fluorescence after a 5 min period, 263 

indicative of the natural disassembly process of the Z-ring during cell division. 264 

Interestingly, the extend of the Z-ring destabilization appeared to be dependent on the 265 
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cell division stage (Fig. 3h, Supplementary Table 2). We observed that after Z-ring 266 

assembly, cells of relatively short lengths (indicative of earlier cell division stages) 267 

showed significant destabilization of the Z-ring (Fig. 3h, blue) compared to cells of 268 

longer lengths, or cell of similar lengths but without the activation light (Fig. 3h, grey). 269 

Previous studies have shown that when the divisome matures and cell wall constriction 270 

initiates, the Z-ring becomes denser and denser until it finally and rapidly disassembles 271 

toward the end of the cell cycle61,62. Therefore, it is possible that the LInC assay 272 

destabilizes the Z-ring effectively only before the Z-ring becomes too dense to be 273 

effectively depolymerized by MinC.   274 

While we were able to achieve efficient and rapid Z-ring destabilization in cells judged 275 

by their widened Z-ring morphology and the reduction in the midcell localization 276 

percentage of FtsZ, it remained unclear whether these destabilized Z-rings were indeed 277 

defective in cell division. To address this, we monitored cell division for a long period of 278 

time in cells harboring the LInC system after induction of the system with blue light. As 279 

shown in Fig. 3i, when we subjected LInC cells to 100 ms pulses of 488-nm activation 280 

light (P488 = 8.5 W/cm2) and 561-nm imaging light (P561 = 8.7 W/cm2) every 5 minutes 281 

for a twelve-hour period, we observed that the majority of these cells ceased division 282 

and grew into long filaments instead. On average, ~ 76% (N = 33 cells) were unable to 283 

divide during the 12-h period. Additionally, the average division time (�LInC = 355 ± 120 284 

min, μ ± s.e.m., N = 3 repeats of 33 cells in total) of the remaining ~ 24% cells that were 285 

able to divide eventually was nearly 1.5 times longer than the mean division time of the 286 

control group where the ZapA-CIBN bait fusion was absent (�control = 232 ± 54 min, μ ± 287 

s.e.m., N = 3 repeats of 31 cells in total). These observations indicated significant 288 
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deficiency of LInC cells in division. The inhibited cell division also correlated with 289 

significantly destabilized Z-rings—in all long, filamentous cells, the midcell fluorescence 290 

of ZapA-mCherry exhibited a wider spread, in contrast to the sharp midcell localization 291 

prior to light exposure (Fig. 3j). Note that the inhibition of cell division in these cells was 292 

not caused by photodamage due to the continuous illumination of the 488-nm activation 293 

light and the 561-nm imaging light, because cells under the same induction and 294 

illumination condition but ectopically expressing only CRY2-MinC grew and divided as 295 

wild type cells (Fig. 3i, top row rightmost panel). Furthermore, the inhibition was 488-nm 296 

light-dependent because cells expressing both CRY2-MinC and ZapA-CIBN in the 297 

absence of the blue light grew normally as WT cells (Fig. 3i, bottom row rightmost 298 

panel). Taken together, these results show that the CRY2/CIBN system can be used to 299 

destabilize the Z-ring rapidly and inhibit cell division in living E. coli cells in a light-300 

dependent manner. 301 

CRY2/CIBN complex dissociation and activated CRY2 concentration are sensitive 302 

to green light 303 

Previous studies have shown that the light sensitivity of CRY2 is imparted by its flavin 304 

adenine dinucleotide (FAD) cofactor through a photocycle52,53 (Fig. 4a). In this cycle, 305 

the redox state of CRY2’s FAD is thought to mediate a conformational change in CRY2 306 

to form a signaling-active state that is competent to bind CIB63. Briefly, the fully oxidated 307 

FADox cofactor is in the resting inactive state. Following photoexcitation by blue light, 308 

FADox accepts an electron from a nearby tryptophan followed by protonation from an 309 

aspartic acid to become the semi-reduced, stable semiquinone radical (FADHo). This 310 

redox state is thought to trigger a conformational change in CRY2 (denoted as CRY2*) 311 
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that allows for its binding to CIB64,65. To complete the photocycle, semi-reduced FADHo 312 

is reduced slowly to become FADH-, reversing the conformation change, after which it is 313 

oxidated rapidly back to its fully-oxidated resting state (FADox). Previous studies have 314 

indicated that the semiquinone form FADHo is the only green-absorbing species in 315 

FAD’s photocycle and that green light can deplete FADHo in vitro65. In short-day 316 

entrained plants, green light leads to a delay in flowering, likely due to the increased 317 

reduction of FADHo to FADH- under green light exposure54,55. However, previous 318 

characterization of CRY2/CIBN complex formation in vivo in heterologous expression 319 

systems showed no sensitivity to green light19. 320 

We reason that if the association/dissociation kinetics of the CRY2/CIBN are indeed 321 

sensitive to green light, we could use green light (561 nm) in combination with blue 322 

activation light to fine tune the kinetic behavior of the CRY2/CIBN system. To 323 

investigate this possibility, we swapped the mCherry reporter with Halo66, which can be 324 

covalently labeled with a bright, photostable far-red organic dye67 (JF646), allowing us to 325 

avoid using green light to image the reporter. We verified that the extent of CRY2/CIBN 326 

association indicated by the percentage increase in cells expressing the Halo-labeled 327 

system exhibited a blue-light activation dose dependence (Fig. 4b) as expected19, and 328 

that the final association plateau could be further increased using subsequent multiple 329 

pulses of activation to recruit additional CRY2-Halo to the pole (Supplementary Fig. 5). 330 

These results indicate that CRY2-Halo can be activated in a similar manner as CRY2-331 

mCherry by a 100 ms blue pulse, and that the final pole-enrichment of CRY2 is 332 

dependent on the available level of activated CRY2, which can be modulated by the 333 

intensity of the activation pulse. 334 
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Next, to investigate the influence of green light on CRY2/CIBN association, we 335 

monitored CRY2/CIBN complex formation at the cell poles following a single 100 ms 336 

pulse of 8.5 W/cm2 blue activation light followed by a continuous pulse of green light of 337 

different intensities (561 nm, from 8.71 to 970 W/cm2) accompanying the imaging 647 338 

nm light (50 ms exposure for 15 seconds). We found that while the time constant τ0.9 339 

values did not appear to change significantly, the amount of CRY2 recruited to the cell 340 

pole decreased significantly with increasing green light intensity (Fig. 4c, right and left 341 

panels respectively, Supplementary Fig. 6, Supplementary Table 3). At the highest 342 

green light intensity (970 W/cm2), the pole-recruited CRY2 fraction was reduced to ~ 343 

50% compared to that in the absence of the green light. These observations indicate 344 

that green light can potentially drive activated CRY2* back to the inactivated state even 345 

before it forms a complex with CIBN, hence modulating the level of activated CRY2* 346 

and subsequently the amount of CRY2*-CIBN complex formation in live E. coli cells.  347 

 348 

To investigate whether green light also modulates CRY2/CIBN dissociation kinetics, we 349 

light-induced CRY2-CIBN complex formation using blue light and then monitored the 350 

dissociation kinetics of the complex in the presence or absence of green light (100 ms 351 

pulses at 561 nm light 473 W/cm2 delivered every 3 min). We found that the time 352 

constant of the dissociation reaction decreased ~ 30%, from 18.3 ± 8.18 min (N = 4 353 

repeats with 91 cells in total) to 12.7 ± 5.70 min (μ ± s.e.m., N = 4 repeats with 62 cells 354 

in total) in the presence of the green light, while the final plateau did not change 355 

dramatically (Fig. 4d, left and right panel respectively, Supplementary Fig. 7, 356 

Supplementary Table 3). This observation suggests that the green light can also act 357 
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upon activated CRY2* in complex with CIBN to drive it back to the inactivated from, 358 

effectively speeding up the dissociation of the CRY2*-CIBN complex, likely through the 359 

photoreduction of FADHo within the CRY2*-CIBN complex. 360 

Discussion (<200 words) 361 

The landscape of optogenetic systems to induce protein-protein interactions inside living 362 

cells is constantly growing3,68. Optogenetic systems are especially useful for live-cell 363 

imaging studies due to their rapid induction, reversible binding and spatial precision69,70. 364 

Here we demonstrate that the Arabidopsis thaliana CRY2/CIBN system (Fig. 1a), used 365 

extensively in mammalian cell systems, can be applied in living E. coli cells to target a 366 

protein cargo to different subcellular structures including the chromosomal DNA, cell 367 

pole, inner membrane and the division plane at the midcell (Fig. 1b). We found that the 368 

expression levels of CRY2/CIBN system in bacteria cells can be varied to achieve 369 

recruitment halftimes ranging from the seconds to minutes timescales similar to those 370 

observed in mammalian cells19,23. We then demonstrate that the CRY2/CIBN system 371 

can also be implemented to rapidly destabilize the cytokinetic ring and inhibit cell 372 

division in E. coli (Fig. 3), providing a rapid and spatially specific tool to manipulation 373 

bacterial cell division. 374 

During our characterization of the CRY2/CIBN system, we found that both the 375 

association and dissociation of CRY2 with CIBN can be modulated by green light (Fig. 376 

4c). This effect not only enables another layer of system tuning akin to the blue light 377 

dose-dependent activation behavior (Fig. 4b) that we and others19,25 have observed, but 378 

also provides direct evidence that green light inactivates CRY2 likely by acting on the 379 
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semi-reduced FADHo cofactor directly to reverse the active conformation of CRY2, 380 

hence lowering the amount of CRY2* available for complex formation and also speeding 381 

up the dissociation kinetics of previously formed CRY2*-CIBN complex. These results 382 

are consistent with previous experiments where green light exposure was found to 383 

rapidly convert CRY2’s cofactor from FADHo to FADox in vitro and inhibit CRY2/CIB1 384 

activity in vivo65. 385 

In mammalian cells the CRY2/CIBN system has already been employed to 386 

optogenetically control cellular pathways including Cre recombination71, Raf/MEK/Erk23, 387 

TGF-β72, NF-�B15, Wnt/β-catenin11, and RhoA11.  Most of these systems involve the 388 

binding of two proteins to initiate a signaling cascade. In bacteria, we envision that the 389 

CRY2/CIBN system can be similarly applied to a large number of processes to enable 390 

optogenetic control. For example, most of the two-component signaling (TCS) systems73 391 

in bacteria employ a histidine kinase that, upon stimulation, will recruit and 392 

phosphorylate its cognate response regulator resulting in the activation of downstream 393 

signaling73. These protein pairs could be tagged and controlled in a similar manner as 394 

done in eukaryotes to allow for the pathway regulation in real-time. Furthermore, a 395 

number of pre-existing chemically inducible systems could be transformed into 396 

optogenetic systems by modifying their dimerization platforms. Potential candidate 397 

systems could include split ClpXP adaptors for optical control of protein degradation7, 398 

split T7 RNAP for optical control of gene expression24 and split Cas9 for optical control 399 

of gene editing71. 400 

 401 
 402 
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METHODS 403 

Bacterial strains, plasmids and growth conditions 404 

All E. coli strains used for the cell pole recruitment, Z-ring recruitment, and cytokinesis 405 

inhibition experiments were derivatives of BW25113 (CGSC #7636) strain and were 406 

grown in M9+ Glucose minimal media (recipe is provided in Supplementary Table 4). 407 

The DNA recruitment background strain was previously constructed by the Sherratt 408 

Lab30 (CGSC #12294) and was grown in EZ Rich Defined Media (EZRDM, Teknova 409 

Bio.) as described in Supplementary Table 4. Antibiotic requirements are specified in 410 

Supplementary Table 4 and the corresponding concentrations for each were 411 

chloramphenicol (150μg/mL), streptomycin (50μg/mL) and gentamycin (5μg/mL). 412 

Inducer concentrations for respective strains and plasmid combinations are outlined in 413 

Supplementary Table 4 and described in more detail below. All bacterial cultures were 414 

grown in tubes covered in foil to minimize contact with ambient light. Plasmids 415 

expressing exogenous CRY2/CIBN fusion proteins with their associated sequences are 416 

described in Supplementary Table 4. 417 

Recruitment of CRY2-mCherry to the DNA via TetR-CIBN 418 

Cultures were started from a single colony of the strain RM187 and grown in 6mL EZ 419 

Rich Defined Medium (EZRDM, Teknova Bio.) containing chloramphenicol and 420 

gentamycin at 25ºC with shaking until the cells entered early log-phase (OD600 421 

between 0.1 and 0.2, approx. 19 hours). When the culture entered early log-phase the 422 

cells were induced with 60μM IPTG and supplemented with 240nM anhydrous-423 

tetracycline (ATC) to avoid a replication block induced by binding of TetR-CIBN similarly 424 
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as previously described. The cells were induced for 2 hours at 25ºC with shaking. At the 425 

end of the induction period the cells were centrifuged for 10 minutes at 4110k rpm and 426 

the pellet was resuspended in 6mL of EZRDM containing chloramphenicol and 240nM 427 

ATC and grown for an additional 30 minutes at 25ºC while shaking after which it was, 428 

again, centrifuged for 10 minutes at 4110k rpm and resuspended in 6mL EZRDM 429 

containing chloramphenicol and gentamycin and allowed to grow an additional 2.5 430 

hours at 25ºC while shaking to allow the mCherry fluorophore to mature. Following the 431 

outgrowth period, the cells were prepared for imaging by centrifuging 1mL of the culture 432 

at 13k rpm for 1 minute and then resuspending the pellet in 50uL of fresh EZRDM. 433 

Following this, 0.5uL of the resuspension was then placed on a gel pad and the pad and 434 

prepared for imaging as specified in the “Live cell imaging” section below. 435 

Recruitment of CRY2-mCherry to the cell pole via CIBN-GFP-PopZ and the Z-ring 436 

via ZapA-CIBN 437 

Cultures were started from a single colony of the strain of interest and grown in M9+ 438 

Glucose minimal medium containing chloramphenicol and streptomycin at 37ºC 439 

overnight until the cells reached stationary phase. The overnight culture was then 440 

diluted 1:100 in fresh of M9+ Glucose containing chloramphenicol and streptomycin and 441 

was allowed to grow at 37ºC until it reached log-phase (OD600 between 0.1 and 0.2, 442 

approx. 3 hours) at which point the culture was induced with 0.4% arabinose and either 443 

40μM IPTG (ZapA fusion) or 100μM IPTG (PopZ fusion). Following a 1-hour induction 444 

at 37ºC the cells were prepared for imaging by centrifuging 1mL of the culture at 13k 445 

rpm for 1 minute and then resuspending the pellet in 70uL of fresh M9+ Glucose. 446 

Following this, 0.5uL of the resuspension was then placed on a gel pad and the pad and 447 
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prepared for imaging as specified in the “Live cell imaging” section below. The cells on 448 

the gel pad were then assembled into the imaging chamber and allowed to equilibrate 449 

on the microscope in the dark for 2 hours at ambient room temperature (RT). 450 

Recruitment of CRY2-HaloTag to the cell pole via CIBN-GFP-PopZ using variable 451 

green (561nm) light  452 

Cultures were started from a single colony of the strain of interest and grown in M9+ 453 

Glucose minimal medium containing chloramphenicol and streptomycin at 37ºC 454 

overnight until the cells reached stationary phase. The overnight culture was then 455 

diluted 1:100 in fresh of M9+ Glucose containing chloramphenicol and streptomycin and 456 

was allowed to grow at 37ºC until it reached log-phase (OD600 between 0.1 and 0.2, 457 

approx. 3 hours) at which point the culture was induced. Following a 1-hour induction at 458 

37ºC the cells were prepared for imaging by centrifuging 1mL of the culture at 13k rpm 459 

for 1 minute and then resuspending the pellet in 100uL of fresh M9+ Glucose with 1uM 460 

Janelia Fluor® 646 HaloTag® ligand (Promega Corp.) and allowed to incubate at RT for 461 

2 hours covered in foil. Following this, 0.5uL of the resuspension was then placed on a 462 

gel pad and the pad and prepared for imaging as specified in the “Live cell imaging” 463 

section below. 464 

Rapid Z-ring decondensation experiments 465 

Cultures of strain RM077 and RM078 were started from a single colony and grown in LB 466 

at 37ºC overnight until the cells reached stationary phase. The overnight LB culture was 467 

then diluted 1:200 in 3mL of M9+ Glucose and grown overnight at room temperature 468 

(RT, 25ºC) until they reached log-phase (OD600 between 0.1 and 0.2) at which point 469 
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the culture was induced with 10uM IPTG and 0.2% arabinose. Following a 2-hour 470 

induction at RT. Cells were prepared for imaging by centrifuging 1mL of the culture at 471 

13k rpm for 1 minute and then resuspending the pellet in 100uL of fresh M9+ Glucose. 472 

Following resuspension, 0.5uL of the resuspension was transferred to a 3% M9+ 473 

Glucose agarose gel pad containing 10uM IPTG and 0.2% arabinose for imaging. 474 

Light induced inhibition of cytokinesis experiments 475 

Cultures were started from a single colony of the strain of interest (see Supplementary 476 

Table 4) and grown in LB containing chloramphenicol and/or streptomycin (depending 477 

on the strain background, see Supplementary Table 4) at 37ºC overnight until the cells 478 

reached stationary phase. The overnight culture was then diluted 1:100 in fresh of M9+ 479 

Glucose containing chloramphenicol and streptomycin and was grown overnight at 25ºC 480 

until it reached log-phase (OD600 between 0.1 and 0.2) at which point the culture was 481 

induced. Following a 2-hour induction at 25ºC the cells were washed into fresh M9+ 482 

Glucose media lacking inducer and allowed to outgrow at 24ºC for 2 hours. After the 483 

outgrowth, the cells were prepared for imaging by centrifuging 1mL of the culture at 13k 484 

rpm for 1 minute and then resuspending the pellet in 40uL of fresh M9+ Glucose. 485 

Following this, 0.5uL of the resuspension was then placed on a gel pad and the pad and 486 

prepared for imaging as specified in the “Live cell imaging” section below. Control cells 487 

were placed in a chamber, wrapped in foil, left at RT in next to microscope for the 488 

duration of the experiment and imaged after the experiment ended. 489 

Live cell imaging 490 
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Live cell imaging was performed on a custom-built optical setup routed to an Olympus 491 

IX71 inverted microscope with a 100X 1.49 NA oil-immersion objective (Olympus Inc.). 492 

The light was focused onto the chip of an EMCCD camera (iXon Ultra 897, Andor 493 

Technology) with a final pixel size of 160 x 160 nm. The imaging focal plane was 494 

controlled by a piezo-driven stage (ASI, Eugene, OR). The EMCCD camera, lasers and 495 

shutters were controlled by MetamorphTM software (Molecular Devices). 496 

Excitation light was provided by solid state 488nm (Coherent OBIS), 561 (Toptica 497 

Photonics) or 647nm (Coherent OBIS) lasers. The fluorescence emission signal was 498 

collected using either a ZET 488/561nm (Chroma Technology) or ZET 488/561/647nm 499 

(Chroma Technology) dual-band dichroic depending on the imaging conditions used. 500 

For two-color experiments, the emission light from the RFP and GFP channels were 501 

split using a 525/50 (Chroma Technology) and 650/50 (Chroma Technology) filter set 502 

mounted inside of an Optosplit II beam-splitter system (Cairn Research) prior to 503 

focusing on the EMCCD camera chip. The 488nm laser power used to activate the 504 

CRY2/CIBN system was the same as what was used to image GFP fusions 8.08 W/cm2 505 

measured 1cm from the objective for PopZ and ZapA experiments and 80.8 W/cm2 506 

measured 1cm from the objective for the TetR experiments measured using a Thor 507 

Labs Inc. Power Meter). The 561nm laser power used to image the mCherry fusions 508 

was 8.71 W/cm2 measured 1 cm from the objective for the PopZ and ZapA experiments 509 

and 93.3 W/cm2 measured 1 cm from the objective for the TetR experiments unless 510 

otherwise noted in the text. 511 

For two-color experiments using the 647nm laser, the emission light from the RFP and 512 

GFP channels were split using a 556nm long-pass filter (T556lpxr, Chroma Technology) 513 
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in the Optosplitter followed by 700/75 (Chroma Technology) filter for the RFP emission 514 

light prior to focusing on the EMCCD camera chip. 515 

To avoid activation of the CRY2/CIBN system by the LED bright-field lamp (LDB100F 516 

System, Prior Scientific Inc.), we placed a 715nm long-pass filter (RG715, Thor Labs 517 

Inc.) or a 665nm long-pass filter (ET665lp, Chroma Technology) filter after the 518 

condenser and the BF lamp intensity was adjusted such that the measured 488 nm light 519 

after the filter was measured to be ~200nW at 1cm from the sample plane. 520 

Gel pads used to support the living bacteria cells were prepared by melting 3% w/v 521 

solution of agarose powder (SeaPlaqueTM GTGTM, Lonza Scientific) and either ERDM or 522 

M9+ Glucose for 0.5-1 hour at 70ºC. The melted gel was then transferred to a gasketed, 523 

cover-glass (FCS2, Bioptechs Inc.) and allowed to polymerize while sandwiched 524 

between the cover-glass and a cleaned coverslip (40 CIR-1, VWR Inc.) for 4 hours at 525 

25ºC (room temperature). 0.5μL of the cells to be imaged were placed on the gel pad 526 

and allowed to dry (~3 minutes) before a fresh coverslip was placed on top and the 527 

imaging chamber (FCS2, Bioptechs) was assembled. 528 

For the DNA recruitment experiments, the cells were irradiated with 30 ms pulses of 488 529 

nm and 561 nm light delivered consecutively every 5 seconds using a 30 ms exposure 530 

time for each. 531 

For the cell pole and Z-ring recruitment experiments the cells were first imaged for 2.5 532 

seconds with 561 nm light after which they were irradiated with 488nm light for 100ms 533 

and then imaged with 56 nm light by streaming for 15 seconds using a 50ms exposure 534 

time. 535 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted May 1, 2022. ; https://doi.org/10.1101/2022.05.01.490209doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.01.490209
http://creativecommons.org/licenses/by-nc-nd/4.0/


For the cell pole recruitment experiments where the green (561 nm) light was varied: 536 

the cells were first imaged for 2.5 seconds with both 647 nm and 561 nm light after 537 

which they were irradiated with 488 nm light for 100 ms and then imaged with 647 nm 538 

and 561 nm light by streaming for 15 seconds using a 50 ms exposure time. 539 

For the fast Z-ring decondensation experiments, cells were initially imaged with 561nm 540 

light after which they were irradiated with 50ms pulses of 488nm light delivered 541 

consecutively every 10 seconds for a 5- minute period. The cells were then imaged 542 

again with 561nm light at the end of the 5-minute period. 543 

For the Light-induced Inhibition of Cytokinesis (LInC) experiments, cells were irradiated 544 

with alternating 100ms pulses of 488nm and 561nm every five minutes for a period of 545 

12 hours. 546 

 547 

Quantifying the RFP and/or GFP signal in cell pole and Z-ring recruitment 548 

experiments 549 

A variation on a previously published custom MATLAB script72 used to quantify FRAP 550 

data was created to measure the GFP and RFP signals in the live-cell recruitment 551 

experiments. Briefly, cells were manually selected and cropped using a maximum 552 

intensity projection image of the entire recruitment stream (created in ImageJ) to avoid 553 

any selection bias. The max intensity image was also used to manually crop both the 554 

total cell area as well as the recruitment site area (either Z-ring or cell pole). For the Z-555 

ring experiments the selected area was cropped manually cropped using a rectangular 556 
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selection. For the cell pole experiments the PopZ region was cropped using a fixed 557 

circle with a 2-pixel radius. 558 

We noticed that our experimental setup introduced a slight variation in the time between 559 

activation with blue light and acquisition with either green or far-red light. To accurately 560 

account for this delay, we created a custom MATLAB script that determined the true 561 

time delay between activation and acquisition frames using the imaging metadata 562 

obtained by Metamorph and then properly accounted for the delay when aggregating 563 

data and/or making measurements. 564 

Quantifying the percentage increase in the DNA recruitment experiments 565 

To quantitatively characterize the accumulation of CRY2-mCherry at chromosomal 566 

sites, we calculated the increase in the Weber contrast73 of single cells. We noticed that 567 

the DNA spots were able to diffuse in both the lateral and azimuthal directions (relative 568 

to the z-axis of our objective). This type of movement made it difficult to track individual 569 

spots and accurately estimate their intensities using the method we applied to our cell 570 

pole and midcell platforms (see above). Since the accumulation of CRY2-mCherry from 571 

a uniform distribution to a single concentrated location inside the cell body is equivalent 572 

to an increase in the Weber Contrast of a single cell image, we estimated the 573 

accumulation using the following method. First, we segmented the cells with observable 574 

spots in the last frame of the time lapse movie. There are normally 1 or 2 spots in a 575 

segmented cell region. Then we subtracted the background intensity of each image 576 

using ImageJ74. Finally, the normalized contrast for a single cell, j, in frame i is defined 577 

as: 578 
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Where Cnorm(i,j) reflects the extended accumulation of CRY2-mCherry in the DNA spot 579 

and Imax i,j and Imin i,j are the intensity of the brightest and darkest pixels in the cells, 580 

respectively. The contrast is normalized by the mean intensity, 〈Ii,j ⟩, of all the pixels in 581 

this region considering cell-to-cell variations in expression levels. 582 

The enrichment curve is obtained by averaging all the cells in the same frame and 583 

dividing by the initial value to obtain the fold-increase. The value of 1 is subtracted from 584 

the fold-increase and that value is multiplied by 100 to obtain the percent increase. The 585 

error bars indicate the standard error of the mean. The curve is then fit by a single 586 

exponential function to calculate the average accumulation time. 587 

Quantifying the Halo signal in cell pole dissociation experiments 588 

Individual well-isolated cells were cropped from whole field of view time-course image 589 

stacks starting 5 minutes after CRY2/CIBN association was activated using blue light. 590 

The individual cell image stacks were then registered in x-y space using the ImageJ 591 

StackReg75 plug-in to minimize the shifting of the cells over long timescales due to 592 

growth. The depletion of cell pole foci was then measured using the Weber contrast-593 

based methodology employed for the TetR recruitment platform described above. The 594 

resulting traces for individual cells were averaged together and the exponential decay 595 

curve was fit to 596 

���� 	 ��

� �

�������
�� � � 
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to extract the dissociation time constant (�off).  597 

Quantification of Z-ring decondensation  598 

Cells were segmented using the MiSiC deep learning-based cell segmentation 599 

algorithm76. After segmentation, the resulting cell masks were fed into MicrobeJ77 to 600 

quantify the mean ZapA-mCherry intensity at across the long axis of the cell and cell 601 

lengths. All cells were visually inspected to remove any cells that lacked a Z-ring at the 602 

start of the experiment. The midcell localization fraction of the Z-ring was measured by 603 

dividing the integrated ZapA-mCherry fluorescence intensity within a 3-pixel window 604 

(480 nm width) about the midcell maximum (approximate Z-ring position) by the total 605 

integrated ZapA-mCherry fluorescence intensity of the whole cell both before and after 606 

a 5-minute blue light induction. The change in the midcell localization fraction before 607 

and after blue light induction was calculated, normalized by the midcell fraction before 608 

induction and multiplied by a factor of 100 to obtain the percent change in Z-ring 609 

intensity at midcell. The percentage of cells that both harbored a Z-ring prior to induction 610 

with blue light and showed a reduction in the midcell fraction of ZapA-mCherry intensity 611 

at midcell greater than 4% were deemed as “decondensed”. This decondensation 612 

threshold was applied to every cell in each experimental population to determine the 613 

fraction of cell that underwent significant decondensation in each experimental 614 

condition. Bootstrapping was employed to estimate the standard error of the mean. 615 

Briefly, a subpopulation of cells (500 for the induced cells and 300 for the uninduced 616 

cells) were randomly sampled and used to calculate the percentage of cells that 617 

underwent decondensation. This calculation was repeated 100 times to obtain the 618 

standard error of the mean. 619 
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Quantification of inhibition of cytokinesis  620 

Cells were manually tracked throughout the duration of the experiment to determine if 621 

and when a successful division occurred. Cells were cropped and the average midcell 622 

intensity across the long-axis of the cells (long-axis projection) was calculated using a 623 

custom MATLAB script. 624 

Quantification of maximal enrichment and reduction of CRY2-mChery and CRY2-625 

HaloTag 626 

In order to reduce the effects of noise on the maximal fold enrichment and maximal fold 627 

reduction of CRY2-HaloTag signal at the cell poles (i.e., estimation of the plateau 628 

value), the final plateau value was calculated by taking the mean of the last ten 629 

datapoints of individual cell trajectories. 630 
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Fig. 1 | Light-induced recruitment scheme using CRY2 and CIBN. (a) CRY2 is targeted to
different subcellular localizations in live E. coli cells: the chromosomal DNA, cell pole, inner
membrane, and the midcell division plane. At each subcellular location, CIBN is fused to a bait
protein at the target either at the C or N terminus, and CRY2 is fused to the N terminus of mCherry
as a universal prey reporter for CIBN’s light (488 nm)-dependent association with CIBN-Target (inset
box). The association is reversible in dark. (b) CIBN and CRY2 fusion proteins can be expressed co-
transcriptionally (left) or independently (right) to suit different experimental needs.
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Fig. 2 | Rapid and reversible recruitment of cytoplasmic proteins to chromosomal DNA and Cell Pole. (a), Schematic depicting the relocalization of
cytoplasmic CRY2-mCherry to TetR-CIBN bound tetO sites near OriC to from foci after activation with blue light. (b), CRY2-mCherry is uniformly distributed
throughout the cell prior to blue light exposure (left panel). After blue light exposure CRY2-mCherry rapidly relocalizes to form foci (right panel). (c), Single cell time
course images demonstrating that the recruitment of CRY2-mCherry to DNA foci occurs only when blue light and the tetO array are both present (top row) but not
in the absence of the tetO target (middle row) or blue light activation (bottom row). (d), Averaged percent increase of CRY2-mCherry signal at DNA foci (N = 1359
cells) demonstrating that 90% recruitment is reached within 85 seconds. (e), Averaged percentage increase of CRY2-mCherry signal at DNA foci after activation
with blue light (first blue section), relaxation in the dark (middle grey section), and after a second activation sequence (second blue region) demonstrating that
CRY2/CIBN disassociation at DNA foci is reversible with a time constant of ~9 minutes. (f), Schematic depicting the relocalization of cytoplasmic CRY2-mCherry to
CIBN-GFP-PopZ foci at the cell pole after blue light activation. (g) CRY2-mCherry is uniformly distributed throughout the cell prior to blue light exposure (left
panel). After blue light exposure, CRY2-mCherry rapidly relocalizes to the cell poles and form foci (right panel). (h) Single cell time course images demonstrating
that the recruitment of CRY2-mCherry to the cell pole occurs only when both blue light and the CIBN are present (top row) but not in the absence of the CIBN
target (middle row) or blue light (bottom row). (i), Averaged percent increase of CRY2-mCherry signal at cell pole foci (N = 315 cells) demonstrating that 90%
recruitment is reached within ~8 seconds.



Fig. 3 | Recruitment of cytoplasmic protein to cell division plane and a Light-induced Inhibition of Cytokinesis (LInC) Assay. (a), Schematic depicting the
relocalization of cytoplasmic CRY2-mCherry to the ZapA-CIBN ring present at midcell after induction of CRY2/CIBN binding with blue light. (b), An example image of
cells showing CRY2-mCherry’s diffusive cytoplasmic localization before blue light activation (left) and midcell localization after blue light activation (right). (c), Single
cell time course images demonstrating that CRY2-mCherry recruitment to midcell occurs only after activation with blue light. (d), Averaged percent increase of CRY2-
mCherry signal at midcell demonstrating that 90% recruitment is reached within 9 seconds (N = 443 cells). (e), Schematic depicting the LInC assay on both short and
long time scales. Recruitment of CRY2-MinC to Z-rings via ZapA-CIBN by blue light activation results in instant destabilization of the Z-ring at a short time scale and
cell division inhibition at a long time scale. In the absence of blue light cells grow and divide like WT cells. (f), Short timescale LInC Assay. Cells harboring the LInC
system exhibited diffusive Z-rings (arrow heads) after blue light activation delivered every 10 s for 5 min. The projected fluorescence intensity of ZapA-mCherry (Z-
ring) along the cell long-axis before (grey) and after a 5-minute blue light induction (blue) for the cell labeled with a white arrow in f is plotted in (g) to demonstrate the
decondensation of the Z-ring. (h), Short timescale Z-ring destabilization by the LInC system is dependent on cell length. The percent reduction of ZapA-mCherry
intensity (μ ± s.e.m., Supplementary Table 2) at midcell in cells expressing the LInC system before and after a 5-minute period of blue light activation (blue
datapoints) or darkness (grey datapoints) plotted as a function of cell length. (i), Long timescale Linc assay. Time-lapse imaging shows that cells ectopically
expressing CRY2-MinC only (Control, top row) grew and divided normally while cells expressing both CRY2-MinC and ZapA-CIBN (LInC, bottom row) filamented when
both were exposed to 100 ms pulses of blue and green light every 5 minutes for a 12-hour period. Cells harboring only CRY2-MinC (right panel, top) or both CRY2-
MinC and ZapA-CIBN (right panel, bottom row) but were not exposed to blue light divided normally during the same period (right most panel). White arrows indicate
the position of cells that are enlarged in the insets. (j), Smoothed and averaged long axis projections of the Z-ring intensity measured by ZapA-mCherry at the 12-hour
timepoint after blue light activation demonstrated significant widening of Z-ring in cells harboring the LInC system (FWHM = 221 nm, N = 16 cells) compared with
those in the Control cells (FWHM = 102 nm, N = 33 cells).

blue 
light

30

P
e
rc

e
n
t 
In

cr
e
a
se

Time (s)
0 5 10 15

!0.9 ≈ 9 s
10

30

0

40

CRY2-mCherry

0.4s 4s 8s 12s 15s0s

+

-

488

i j

A
ve

. Z
-r

in
g 

P
ro

je
ct

io
n

0.025

0.020

0.015

0.010

0.005

-5 0 +5

Control
LInC

Cell Length (μm)

0

a b
ZapA-CIBN

CRY2-mCh

488 nm

c

d

f

5 
m

in
 P

os
t

Pr
e

BF ZapA-mCherry Merge g

0 1 2 3 4 5
0

0.005

0.01

0.015

0.02

0.0250.025

0.020

0.015

0.010

0.005

-2.5 0 +2.5

Pre
Post

Cell Length (μm)

0

Z-
rin

g 
P

ro
je

ct
io

n

Z-ring destabilization and 
cell division inhibition

ZapA-CIBN

488 nm

CRY2-MinC

ZapA-
mCherry

FtsZ

e

no 
light

short 
timescale

long
timescale

division

0 hr 4 hr 10 hr 12 hr

C
on
tro
l

LI
nC

No Light

h

0 2 4 6 8 10 12
Cell Length ( m)

-20

-10

0

10

Pe
rc

en
t R

ed
uc

tio
n 

in
 M

id
ce

ll 
In

te
ns

ity

With Activation Light
Without Activation Light

P
er

ce
nt

 C
ha

ng
e 

in
Z-

rin
g 

In
te

ns
ity

Cell Length (μm)

CRY2-mCherry before
blue light induction

CRY2-mCherry after
blue light induction



Fig. 4 | Green (561 nm) modulates the association and dissociation of CRY2-CIBN complex. (a), Schematic of CRY2 photoactivation pathway highlighting the redox
states of its flavin (FAD) cofactor along the path. Breifly, the fully oxidized FADox is photoexcited by a blue light photon and accepts an electron from the nearby tryptophan
(Trp397) to form a stable, semi-reduced neutral FADHo. This formation induces a conformational change in CRY2, which allows it to bind to CIBN. In the absence of green light,
the semi-reduced FADHo slowly decays to a fully reduced state (FADH-). As FADHo is the only species in the cycle that can absorb green light, it is likely that green light
speeds up the further reduction of FADHo to FADH-，which prevents CRY2 to associate or remain associated with CIBN. (b), The percent enrichment of cell pole-recruited
CRY2-Halo shows a stepwise dependence on the intensity of the 100ms blue (488 nm) light pulse used to trigger CRY2/CIBN complex formation. (error bars = s.d.) (c), The
maximal fold enrichment of cell pole-recruited CRY2-Halo under varying green light intensities relative to that in the absence of green light shows a green light dependent
reduction in a green-light dependent manner (left, error bars = s.d.), while the 90% recruitment time (!0.9) under varying green light intensities relative to that in the absence of
green light was not significantly altered (right, error bars = s.d.) indicating that green light can modulate the levels of activated CRY2 available for complex formation with CIBN.
(d), The change in the final fold reduction of cell pole-recruited CRY2-Halo dissociation under green light exposure relative to that in the absence of green light showed little
change (left, error bars = s.d.), while the 90% recruitment time (!0.9) under green light exposure relative to that in the absence of green light showed a green light dependent
reduction (right, error bars = s.d.) indicating that green light can modulate the dissociation rate of the CRY2/CIBN complex.
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