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Abstract 16 

Optogenetic clustering is a versatile method to control protein activity in living cells, tissues, and organisms. 17 

Here we show that the BcLOV4 photoreceptor both clusters and translocates to the plasma membrane in 18 

response to blue light, representing a new class of light-dependent behavior. We demonstrate that dual 19 

translocation and clustering can be harnessed for novel single-component optogenetic tools, including for 20 

activation of the entire family of epidermal growth factor receptor (ErbB1-4) tyrosine kinases. We further find 21 

that clustering and membrane translocation are causally linked. Stronger clustering increased the magnitude of  22 

translocation and downstream signaling, increased sensitivity to light by ~3-4-fold, and decreased the 23 

expression levels needed for strong signal activation. Thus light-induced clustering of BcLOV4 provides a 24 

strategy to generate a new class of optogenetic tools and to enhance existing ones.  25 

  26 
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Introduction 27 

Optogenetics enables optical control of proteins by coupling them to naturally evolved photoreceptors. 28 

These photoreceptors can undergo one of a handful of inducible behaviors, including conformational 29 

changes1,2, homo/hetero-dimerization3–8, clustering9,10, and membrane translocation11,12, each of which has 30 

been leveraged to control numerous aspects of cell physiology. In some cases, a photoreceptor can possess 31 

multiple such functions. One example is Arabidopsis Cry2, which, in addition to heterodimerizing with CIB1, 32 

also forms light-induced clusters8–10,13. 33 

BcLOV4 is a photoreceptor that translocates from the cytosol to the plasma membrane under blue 34 

light11.  BcLOV4 translocation has been leveraged for multiple probes of cell signaling, including of Rho 35 

GTPases, Ras, and PI3K signaling, and works across organisms including yeast, flies, zebrafish, and 36 

mammals11,14–16. While microscopy showed that, in cells, stimulated BcLOV translocates to the plasma 37 

membrane, experiments with purified protein found that BcLOV can also undergo light-induced aggregation11. 38 

However, clustering was only observed in the absence of lipid membranes. Within water-in-oil emulsions, light-39 

stimulated BcLOV localized to the membrane and did not visibly aggregate, although aggregation was still 40 

observed in the center of large emulsion droplets where the diffusive distance to the membrane was largest11. 41 

Collectively, these results suggested that BcLOV4 clustering and membrane association may be mutually 42 

exclusive. However, whether BcLOV4 forms clusters at the membrane, and whether clustering plays a role in 43 

BcLOV translocation, has not been formally tested.  44 

The inability to observe BcLOV4 clustering in cells could be explained if membrane-associated clusters 45 

were sufficiently small. Small clusters will not appear punctate under conventional fluorescence imaging due to 46 

measurement limitations including the diffraction limit of light and a low signal-to-noise of the aggregated 47 

fluorophore against the fluorescence background17. A similar effect can be observed with the bona fide 48 

clustering module Cry2, which clusters in response to blue light, but whose clusters can only be observed 49 

above an expression threshold9,17–20. Recently our group developed the CluMPS reporter to indicate the 50 

presence of protein clusters as small as trimers17. When applied to Cry2, CluMPS revealed the presence of 51 
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small Cry2 clusters at all expression levels, including at low expression levels where clusters could not be 52 

otherwise observed17.  53 

Clarifying the existence of BcLOV4 clustering in cells would be impactful for several reasons. 54 

Optogenetic clustering of Cry2 has been a powerful approach, for example in studies of cell signaling9,21, stem 55 

cell differentiation22,23, neurodegenerative aggregation24, and protein phase separation25. However, Cry2 56 

remains the only photoreceptor whose light-induced clustering has been used for optogenetic control. 57 

Additional such methods would expand the applications towards which optogenetic clustering could be applied. 58 

Further, understanding the molecular details of BcLOV activation may yield insights to understand and mitigate 59 

the unique temperature-sensitivity of BcLOV4, which spontaneously self-inactivates within ~ 1 hr of strong light 60 

stimulation above ~30 °C16.  61 

In this work, we find that BcLOV4 is a multifunctional protein that concurrently clusters and translocates 62 

to the membrane under light stimulation. We leverage this multifunctionality to generate new tools for the 63 

activation of the epidermal growth factor receptor (EGFR) kinase, which could not be activated by membrane 64 

translocation alone. We further apply this same strategy to activate the entire ErbB receptor family in a modular 65 

manner and find receptor-specific signal dynamics. Surprisingly, in contrast to previous evidence that 66 

clustering and translocation are antagonistic, we find that clustering potentiates BcLOV4 membrane 67 

translocation, sensitizes stimulation to lower levels of light, and diminishes temperature-dependent inactivation. 68 

Our work thus uncovers new features of BcLOV4 stimulation and provides a platform to engineer a unique 69 

class of optogenetic tools and to enhance existing ones.  70 

 71 

Results 72 

To examine whether BcLOV4 formed light-induced clusters at the membrane, we transiently 73 

transfected BcLOV-GFP in HEK 293T cells and observed its distribution after blue light stimulation (Figure 74 

1A).  As reported before11,14–16,26, fluorescence appeared mostly uniform at the membrane (Figure 1B). 75 

However, we noticed that in cells with high expression, light-induced fluorescent puncta could be observed at 76 
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the membrane (Figure S1A). Since cluster size depends on concentration, we reasoned that smaller clusters 77 

may be forming in low-expressing cells as well, but at a submicroscopic scale. To test this possibility, we 78 

repeated our imaging experiment in the presence of a CluMPS reporter. A CluMPS reporter amplifies small 79 

protein clusters through multivalent interactions that generate large fluorescent condensates in the presence of 80 

a clustered target 17 (Figure 1C). In cells that co-expressed BcLOV-GFP with a CluMPS reporter of GFP 81 

clustering (LaG17-CluMPS), light stimulation rapidly triggered both membrane-association and condensate 82 

formation regardless of BcLOV4 expression level (Figure 1D, Figure S1B, Supplementary Movie 1). Notably, 83 

CluMPS did not produce reporter condensates in response to membrane recruitment of GFP through 84 

optogenetic heterodimerization (iLid and sspB-GFP5), suggesting that clustering and CluMPS activation was a 85 

not a general property of membrane translocation (Figure S1C).  86 

The unique ability of BcLOV4 to both translocate and cluster in response to blue light carries the 87 

potential for new types of optogenetic tools. The optogenetic clustering protein Cry2 has been applied to 88 

cluster and activate receptor tyrosine kinases (RTKs)21,27–30. However, these tools required either constitutive 89 

anchoring to the plasma membrane, which could raise basal signaling levels27–29,31, or required a separate 90 

interaction partner anchored at the membrane, which can necessitate stoichiometric tuning between the two 91 

components for optimal function31,32. We reasoned that BcLOV4 could implement a simpler, single-component 92 

variant of such tools, without the need for membrane anchoring.  93 

We first sought to stimulate EGFR (ErbB1), a receptor important for cell growth and survival that is 94 

commonly misregulated in human cancers. We fused BcLOV-mCh to the N-terminus of the EGFR intracellular 95 

domain (BcLOV-EGFR, Figure 2A). To assay activation, we observed activity of the downstream Erk kinase 96 

using the ErkKTR reporter, a fluorescent probe that translocates from the nucleus to the cytoplasm upon Erk 97 

activation (Figure 2B)33.  Within seconds after light stimulation, BcLOV-EGFR translocated to the membrane, 98 

and within minutes, ErkKTR-miRFP moved from the nucleus to the cytoplasm, indicating Erk activation (Figure 99 

2C, Supplementary Movie 2). BcLOV-EGFR signaling could be stimulated and inactivated over multiple 100 

cycles (Figure 2D). Immunofluorescence staining for phospho-Erk (ppErk) confirmed light induced Erk 101 

activation and also showed a lack of basal pathway activation in transfected but unstimulated (dark state) cells 102 
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(Figure S2).  Notably, ErkKTR activation and ppErk elevation were not observed in cells where the EGFR 103 

domain was recruited to the membrane through 1:1 heterodimerization of the iLid/sspB system (Figure S3) 104 

confirming that 1) both membrane translocation and clustering are required for activation of the EGFR 105 

intracellular domain, and 2) BcLOV clustering at the membrane can be leveraged for novel optogenetic 106 

signaling tools.  107 

BcLOV4 membrane translocation dynamics depend on both light and temperature16. Although BcLOV 108 

binds the membrane at all temperatures, it then spontaneously dissociates within ~ 1 hr at a rate that depends 109 

on both temperature and light exposure. BcLOV-based signaling probes also showed self-inactivation in cells 110 

cultured at 37 °C16.  We observed similar temperature-dependent behavior for BcLOV-EGFR: Erk 111 

phosphorylation could be stably maintained at 25 °C, but decayed more rapidly within ~ 1 hr of strong light 112 

stimulation at 37 °C (Figure 2E). However, in contrast to complete inactivation of BcLOV-SOScat, we found that 113 

BcLOV-EGFR could sustain intermediate levels of pathway activation (> 6 hr) at mammalian temperatures by 114 

using an intermediate doses of stimulating light (Figure 2F,G). Such intermediate doses sustain signaling 115 

presumably because they stimulate a sufficient amount of BcLOV for EGFR activation, but also a small enough 116 

amount such that only a small fraction of BcLOV total undergoes inactivation, leaving a large reservoir of 117 

activatible BcLOV to maintain signal activity under sustained stimulation.  118 

EGFR is a member of the ErbB receptor family, whose members (ErbB1-4) play important roles in 119 

development as well as cancer34. However, it is currently challenging to study the specific activity of each ErbB 120 

family member in isolation for several reasons. First, receptor ligands can activate multiple family members. 121 

Second, ErbB2 has no known ligand. Third, the ErbB family members can heterodimerize with each other upon 122 

ligand activation. Chemical and optical probes have been developed to overcome this challenge for EGFR and 123 

ErbB230,35,36, although individual methods that can stimulate each member of the ErbB receptor family have not 124 

been reported. We thus asked whether BcLOV clustering could be used to stimulate ErbB2-4 in the same 125 

manner as for EGFR. We fused the intracellular domains of each ErbB receptor to the C-terminus of BcLOV-126 

mCh and observed membrane translocation under light stimulation (Figure 3A). Each fusion rapidly localized 127 

to the plasma membrane after stimulation with blue light (Figure 3B). Intriguingly, the magnitude of 128 
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translocation differed between fusions. ErbB1(EGFR) and ErbB2(Her2) showed weak-to-moderate 129 

translocation, with apparent uniformity of fluorescence at the membrane.  In striking contrast, ErbB3 showed 130 

the strongest translocation, even stronger than the original BcLOV-mCh fusion, and showed obvious clusters 131 

at the membrane.  ErbB4 showed strong membrane translocation and moderate membrane clustering, lower 132 

than ErbB3 but more than ErbB1/2. Notably, ErbB3 and ErbB4 fusions on occasion formed cytoplasmic 133 

condensates in the dark, and these condensates would dissolve in favor of membrane translocation after light 134 

stimulation (Figure 3B, Supplementary Movie 3).  135 

We next asked whether translocation of the BcLOV-ErbB fusions activated downstream signaling by 136 

measuring downstream Erk phosphorylation. Each receptor fusion elicited distinct Erk activation dynamics 137 

(Figure 3C).  In response to sustained stimulation, ppErk activation was strongest for ErbB1, whereas ErbB2 138 

and ErbB4 showed weaker signaling despite equivalent expression levels (Figure S4). ErbB1 and ErbB4 also 139 

showed sustained signal above baseline, whereas ErbB2 signaled with a transient pulse and rapidly returned 140 

to baseline (Figure 3C, Figure S4). ErbB3, by contrast, showed no Erk phosphorylation, in line with the fact 141 

that ErbB3 is a pseudokinase and lacks enzymatic activity37–39. We found no major differences in the OFF-142 

kinetics between each tool, as measured after 5 minutes of light stimulation and subsequent light removal 143 

(Figure 3D). The half-life of signal decay was ~ 5 minutes for Erb1,2 and 4, with complete loss of signal by 15 144 

minutes. We further confirmed signal activation using the ErkKTR reporter (Figure S5) and through the 145 

observation of membrane ruffling, indicative of PI3K/Rac1 activation downstream of receptor activation (Figure 146 

3E, Supplementary Movie 4). Collectively, our results show that BcLOV can be applied in a modular fashion, 147 

with no further optimization, to generate optogenetic tools for each of the ErbB family members. 148 

Successful control of the ErbB receptor family led us to ask whether the modularity of BcLOV would 149 

extend to other families of RTK signals. We generated fusions of BcLOV to the intracellular domain of two 150 

other RTKs, fibroblast growth factor 1 (FGFR) and platelet derived growth factor (PDGFRβ). Both constructs 151 

could stimulate the ErkKTR reporter in HEK 293T cells (Figure S6).  However, for BcLOV-FGFR1, high basal 152 

ppErk and Erk activity were observed and were strongly correlated with expression levels of the fusion, such 153 

that optimal switching of Erk (OFF in dark, ON in light) could only be achieved in low-expressing cells (Figure 154 
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S6A).  FGFR1 stimulation was substantially weaker when recruited to the membrane through iLid/sspB 155 

heterodimerization, although Erk activity could still be stimulated in a fraction of cells (Figure S6B). BcLOV-156 

PDGFR showed no elevation of basal ppErk in low/medium-expressing cells, and ppErk induction required 157 

medium-high expression (Figure S6C). Clustering was required for PDGFR activation, as membrane 158 

recruitment with iLid/sspB heterodimerization did not increase ppErk levels (Figure S6D). In sum, we find that 159 

BcLOV can regulate diverse RTKs in a modular manner, although receptor-specific expression, host-cell 160 

dependencies, and molecular context will dictate optimization for each individual RTK, as observed previously 161 

28,29,35,36. 162 

Among the BcLOV-ErbB probes, the BcLOV-ErbB3 fusion showed the strongest translocation to the 163 

membrane despite a lack of downstream signaling (Figure 3B). Because ErbB3 is the only pseudokinase 164 

among the ErbB family, this result suggested that kinase activity may suppress membrane translocation of the 165 

optogenetic probe. To test this hypothesis, we measured light-induced translocation of BcLOV-EGFR, in the 166 

presence or absence of the EGFR inhibitor erlotinib (1 µM, EGFRi). Without EGFRi, BcLOV-EGFR showed 167 

only moderate translocation, as before (Figure 3F).  However, in the presence of EGFRi (i.e. in the absence of 168 

EGFR kinase activity), translocation was markedly stronger, with large clusters appearing at the membrane 169 

similar to those observed for BcLOV-ErbB3 (Figure 3F).  These results confirm that ErbB kinase activity 170 

suppresses translocation. Although the specific mechanism of suppression is not clear, we found that EGFRi 171 

treatment also enhanced EGFR recruitment using the heterodimeric iLid/sspB system (Figure S7). Thus 172 

kinase-dependent suppression of translocation is not specific to BcLOV4 and may be a more general feature of 173 

inducible membrane recruitment.  174 

In vitro experiments with BcLOV previously suggested that its clustering and membrane association 175 

may be mutually antagonistic11. However, throughout our study we observed a correlation between increased 176 

clustering and stronger membrane binding (Figure 1D, 3B, 3F). We thus directly tested the role of clustering 177 

on membrane association by strengthening the clustering potential of BcLOV with intrinsically disordered 178 

regions (IDRs), which have previously been used to potentiate the clustering strength of Cry225 (Figure 4A). 179 

We tested two IDRs: the FUS low complexity domain (FUS(LC)) and the RGG domain from LAF-1, two well-180 
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characterized domains that have been used to engineer protein phase separation 25,40,41. Both IDR fusions 181 

dramatically enhanced optogenetic membrane translocation of BcLOV-mCh, supporting a causal positive role 182 

for clustering on translocation (Figure 4B, Supplementary Movie 5). Notably, both IDR fusions retained clear 183 

membrane localization of BcLOV even after two hours of stimulation at 37 °C, whereas wt BcLOV4 184 

translocation decayed back to unstimulated levels, as observed previously16 (Figure 4C). Thus the modulation 185 

of cluster properties can tune the amplitude and temperature-dependent dynamics of BcLOV stimulation 186 

(Figure 4D).  187 

The ability of IDRs to tune membrane association suggested that IDRs might also tune activation of 188 

BcLOV-based tools. To test this, we first observed the effects of IDRs on activation of BcLOV-EGFR (Figure 189 

5A). Both wt and FUS- or RGG-fused BcLOV-EGFR expressed well and stimulated the ErkKTR reporter in 190 

HEK 293T cells (Figure 5B). To quantify the effects of the IDRs, we performed a dose-response experiment to 191 

examine ppErk levels in response to a range of blue light intensities. FUS-BcLOV-EGFR drove a 30% higher 192 

maximum ppErk activation relative to wt BcLOV-EGFR, and showed a 2-fold increased sensitivity to light (1.2 193 

vs 2.5 mW/cm2 to reach half-max amplitude of wt, Figure 5C). Interestingly, RGG-fused BcLOV-EGFR showed 194 

no benefit over the wt variant (Figure 5C). The divergent effects of FUS and RGG IDRs suggest that IDRs may 195 

not all work interchangeably and that enhancements in membrane translocation may not necessarily translate 196 

to enhancement of BcLOV-based optogenetic probes. Nevertheless, the increased sensitivity and 197 

responsiveness of FUS-BcLOV-EGFR permitted higher levels of ppErk during both short- and long-term 198 

stimulation as compared to the wt BcLOV-EGFR probe (Figure 5D). As before, maximal steady-state ppErk 199 

stimulation was observed at low-intermediate light patterns (2.5% duty cycle of 160 mW/cm2 blue light) (Figure 200 

5E). Importantly, FUS also increased the efficiency of the probe, where equivalent signal strength could be 201 

achieved at lower expression levels compared to unmodified BcLOV-EGFR. (Figure 5F). Thus, amplification of 202 

BcLOV clustering and membrane translocation can generate optogenetic probes with higher sensitivity and 203 

signal strength, stronger sustained signaling, and lower requirements for probe expression levels. 204 

To determine whether benefits of increased would extend to other BcLOV-based tools, we tested the 205 

effects of IDRs on BcLOV-SOScat, which stimulates Ras-Erk signaling, and which also self-inactivates at 37 °C 206 
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16 (Figure 6A). Both IDR-BcLOV-SOScat variants stimulated ErkKTR in NIH 3T3 cells (Figure 6B). Whereas 207 

Erk activity began to decay shortly after its rapid activation by wt BcLOV-SOScat, activity was more sustained 208 

and showed slower decay when driven by either IDR-BcLOV-SOScat variant (Figure 6C).  Dose-response 209 

experiments showed that, while all variants reached equivalent maximal ppErk levels, both IDR variants were 210 

3-4X more sensitive to light than wt BcLOV-SOScat (intensity for half-max activation: wt: 20 mW/cm2, FUS: 5.1 211 

mW/cm2, RGG: 6.7 mW/cm2, Figure 6D). When illuminated at light levels that gave equivalent max ppErk 212 

response, the IDR variants yielded more sustained and integrated ppErk signal over 1 hr of constant 213 

stimulation (Figure 6E). We also compared signaling in response to a strong but pulsatile light input, a 214 

commonly used stimulation pattern that minimizes phototoxicity42 (Figure 6F). Here, both IDR variants 215 

achieved > 2-fold higher maximal signal and more sustained activity compared to wt BcLOV-SOScat.  216 

  Taken together, our results for both BcLOV-EGFR and BcLOV-SOScat show that cluster strength serves 217 

as a tuning knob to that can offer stronger, more stable, and less perturbative stimulation of BcLOV-based 218 

optogenetic tools. 219 

 220 

Discussion 221 

 Our work shows that, upon light stimulation, the BcLOV4 protein both clusters and translocates to the 222 

plasma membrane, and that dual translocation and clustering can be leveraged for new optogenetic signaling 223 

probes including of the entire ErbB RTK family. Moreover, in contrast to previous evidence that clustering and 224 

translocation were mutually exclusive, we show that clustering promotes translocation of stimulated BcLOV4. 225 

Potentiation of clustering allowed for a higher amplitude of signal induction, increased sensitivity to light, 226 

extended durations of signaling, and a higher efficiency of signaling (signal per unit of BcLOV probe). BcLOV4 227 

represents, to our knowledge, the second described photosensor whose light-induced clustering can be co-228 

opted for optogenetic control. The first, Arabidopsis Cry29, has found widespread use across diverse systems 229 

of study9,21,23–25,27,28,43. As the importance of protein condensation continues to emerge44, we expect that 230 

BcLOV clustering will find extensive use cases, particularly for classes of condensation that occur at the 231 
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membrane. Furthermore, the availability of multiple optogenetic clustering systems now provides more options 232 

for optogenetic control with distinct clustering properties (e.g. sensitivity, size, subcellular localization), and 233 

could further allow for multiplexed control of distinct clustering phenomena using the same blue light input. 234 

We leveraged the dual translocation and clustering of BcLOV to regulate RTK signaling, with a focus on 235 

EGFR and the entire ErbB receptor family. These studies further demonstrate the remarkable modularity of 236 

BcLOV as an optogenetic actuator, building on its previous application to control GTPases, guanine nucleotide 237 

exchange factors (GEFs), GTPase activating proteins (GAPs), and phosphatidyl inositol-3 kinase (PI3K)14–16.  238 

We also found that by simply exchanging the intracellular domain of EGFR for the analogous domain of other 239 

ErbB family members, we could generate probes to control those receptors with no further optimization. 240 

Although this strategy also allowed stimulation of other families of RTKs including FGFR and PDGFR, we did 241 

observe RTK-family-specific effects including high basal signaling and limited activation strength. These results 242 

confirm the unique character of distinct RTK families that demands further optimization for their optimal 243 

activation, as has been observed previously28,29,35,36. These previous studies, as well as studies that optimized 244 

BcLOV for other signaling applications14,15,26, will provide a roadmap for future engineering of BcLOV-based 245 

RTK stimulation.  246 

  Our ability to enhance the strength and sensitivity of BcLOV through addition of disordered domains 247 

has important practical implications. Two potential complications of optogenetic approaches are 1) toxicity from 248 

extensive blue light stimulation, and 2) elevated basal levels of signaling from expression of the optogenetic 249 

probe.  Potentiation of BcLOV membrane translocation (here using IDRs) addresses both of these concerns, 250 

allowing comparable signal induction with ~4-fold less light (Figure 6D), or with lower expression levels of the 251 

probe (Figure S8). In addition, and specifically for BcLOV, the increased sensitivity allows one to slow the 252 

spontaneous signal decay observed at mammalian temperatures (37 °C) in two ways. First, because decay 253 

depends on both light and temperature, lower light levels lead to slower decay16. Second, because IDRs can 254 

boost the amplitude of signal, the signal will remain above a given threshold for longer than for probes that lack 255 

the IDR.  256 
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While we found that IDR-induced enhancements in BcLOV translocation generally translated to signal 257 

activation of BcLOV-base optogenetic probes, we also found important exceptions. For example, despite 258 

increased membrane translocation arising from both the FUS(LC) and RGG IDRs (Figure 4B,C), only FUS-LC 259 

potentiated signaling of BcLOV-EGFR (Figure 5D).  By contrast, both IDRs potentiated signaling of BcLOV-260 

SOScat (Figure 6D).  Furthermore, despite strong membrane localization over 2 hours with IDR-fused variants 261 

of BcLOV-mCh (Figure 4C), BcLOV-SOScat activity could only be extended, but not sustained indefinitely 262 

(Figure 6F). Future work will define the molecular details of BcLOV4 thermal sensitivity and provide additional 263 

strategies by which to mitigate or eliminate its effects. Collectively, these results highlight that a probe’s 264 

activation dynamics can be influenced by many factors, including the molecular nature of the signaling event, 265 

probe expression level, and the host cell environment. We also found that kinase activity of the probe can 266 

suppress its membrane translocation, and that such effects play a role in other widely used optogenetic 267 

systems as well (Figure 3F, S7).  268 

In summary, BcLOV4 is a multifunctional photoreceptor that uniquely both clusters and translocates to 269 

the membrane in mammalian cells. BcLOV clustering can not only be leveraged for new types of single-270 

component optogenetic tools, but can also be harnessed to enhance existing ones.  271 

 272 

  273 
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Figures 285 

 286 

Figure 1: BcLOV4 forms light-induced clusters at the membrane. A) BcLOV-GFP translocates to the 287 

plasma membrane when stimulated with blue light. However, it is unknown whether it forms clusters at the 288 

membrane. B) Representative image of membrane recruitment of BcLOV-GFP upon blue-light stimulation in 289 

HEK 293T cells. Dashed box shows membrane localization as depicted in (A). Scale bar = 20 μm. C) The 290 

CluMPS reporter for GFP clustering (LaG17-CluMPS) was co-expressed with BcLOV to amplify and visualize 291 

potential submicroscopic membrane-associated clusters of BcLOV-GFP. D) Representative images of 292 

membrane recruitment of BcLOV-GFP in the presence of LaG17-CluMPS. CluMPS amplifies and visualizes 293 

membrane-associated BcLOV condensates in the light. Scale bar = 20 μm (See Supplementary Movie 1). 294 

See Supplementary Figure 1 for additional controls and Supplementary Table 1 for details of optogenetic 295 

illumination parameters. 296 
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 297 

Figure 2: Membrane translocation and clustering allows activation of EGFR. A) The intracellular domain 298 

of EGFR was fused to BcLOV-mCherry to generate BcLOV-EGFR. Light-induced BcLOV-EGFR activity was 299 

assessed by measuring activity of downstream Ras-Erk signaling. B) ErkKTR is a fluorescent biosensor of Erk 300 

activity. ErkKTR is nuclear when Erk is off and is cytoplasmic when Erk is on. C) HEK 293T cells that co-301 

express BcLOV-EGFR and ErkKTR-miRFP show Erk activation upon light stimulation. Scale bar = 20 μm (See 302 

Supplementary Movie 2). D) Erk activity could be stimulated reversibly over multiple cycles. Grey traces 303 

represent mean ErkKTR cytoplasmic/nuclear ratios of individual cells (n = 25). Black trace represents mean of 304 

these traces. E) BcLOV-EGFR signal kinetics depend on temperature. Erk signal can be stably maintained with 305 

light at 25 °C but decays more rapidly 37 °C. Data represent mean ± SEM of four replicates, with each 306 

replicate representing the mean of ~1000-4000 cells. F) BcLOV-EGFR activity can be stably maintained at 37 307 

°C at intermediate light doses. Cells were stimulated with pulse trains of light of variable duty cycles. (G) 308 

Maximal steady-state Erk levels were achieved at 2.5% duty cycle (500 ms ON every 20 s). Data in (G) 309 

represents the mean ± SEM of four replicates, with each replicate representing the mean of ~300-1700 cells. 310 

Datapoints in (G) are the mean steady-state (from 2 hr to 6 hr) ppErk levels shown in (F). See Supplementary 311 

Table 1 for details of optogenetic stimulation for all experiments. a.u., arbitrary units. 312 
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 313 

Figure 3: BcLOV4 clustering at the membrane allows for modular activation of the entire ErbB receptor 314 

family. A) The intracellular domains of ErbB1-4 were fused to the C-terminus of BcLOV-mCherry. B) 315 

Membrane translocation of BcLOV-ErbB1-4 in response to blue light. Scale bar = 20 μm. See also 316 

Supplementary Movie 3. C,D) Erk activation dynamics downstream of BcLOV-ErbB1-4 in response to ON 317 

and OFF steps of blue light. See also Supplementary Figure 4. Data represent mean ± SEM of two 318 

replicates, with each replicate representing the mean of ~500-2400 cells. E) Membrane ruffling (black arrows) 319 

downstream of stimulation of BcLOV-ErbB1-4, indicative of RTK stimulation. Ruffling is strongest for ErbB1 320 

and ErbB2, less for ErbB4, and absent for ErbB3 activation. Scale bar = 20 μm. See also Supplementary 321 

Movie 4. F) Kinase activity suppresses BcLOV-EGFR membrane translocation. Translocation was observed 322 

under light stimulation in the presence or absence of 1 µM EGFR inhibitor erlotinib (EGFRi). EGFRi promoted 323 

stronger translocation. Scale bar = 20 μm. Quantification (right) shows ratios of mean membrane and 324 

cytoplasmic fluorescence of 25 single cells.   325 
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 326 

Figure 4: Enhanced clustering strengthens light-induced membrane binding of BcLOV4. A) The IDRs 327 

FUS(LC) and RGG were fused to BcLOV-mCh to test whether increasing BcLOV4 clustering strength could 328 

tune the magnitude of membrane binding. B) Both IDR-fused variants of BcLOV-mCh showed dramatic 329 

enhancement in membrane translocation. Scale bar = 20 μm. See also Supplementary Movie 5. C) IDR-330 

BcLOV fusions maintained strong membrane localization even after 2 hours of stimulation at 37°C, whereas wt 331 

BcLOV-mCh decays back to unstimulated levels. Data represent mean BcLOV4 membrane/cytoplasmic ratios 332 

of ~350-750 cells. Ribbons = 95% CI (see Methods section for quantification details). D) The clustering 333 

strength of BcLOV can tune its ability to translocate to the membrane in response to light stimulation.   334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 
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 343 

Figure 5: IDRs enhance sensitivity and strength of BcLOV-EGFR. A) IDR-fused variants of BcLOV-EGFR. 344 

B) IDR-BcLOV-EGFR variants stimulated ErkKTR-miRFP under blue light in HEK 293T cells. Scale bar = 20 345 

μm. C) Dose-response of light intensity on ppErk after 5 min of constant illumination at the indicated light 346 

dosages. Data represent the mean ± SEM of four replicates, each representing the mean from ~2000-4000 347 

cells. D) Comparison of sustained stimulation of wt or FUS-fused BcLOV-EGFR at variable duty cycles of 348 

stimulation. See Supplementary Table 1 for details of optogenetic stimulation parameters. E) Steady-state 349 

levels of ppErk after 3 hours of stimulation.  FUS-BcLOV-mCh allowed stronger steady state levels of ppErk at 350 

all duty cycles tested. For (D), data represent mean ± SEM of two replicates, each representing the mean of 351 

~2000-5000 cells. Datapoints in (E) are the mean steady-state ppErk levels at 3 hr shown in (E). F) FUS(LC) 352 

decreases the concentration of the BcLOV probe required to achieve a given signaling level. Data points 353 

represent mean ± SEM of two replicates, with each replicate representing the mean of 400-1500 cells per 354 

expression quartile.  355 
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 356 

Figure 6: IDRs enhance sensitivity and strength of BcLOV-SOScat. A) IDR-fused variants of BcLOV-357 

SOScat. B) The Ras/Erk pathway was activated in cells by IDR-BcLOV-SOScat variants in NIH 3T3 fibroblasts, 358 

as measured by the ErkKTR reporter. Scale bar = 20 μm. C) Quantification of ErkKTR activity during 1 hr of 359 

stimulation by BcLOV-SOScat variants. IDR variants show slower pathway decay.  See Supplementary Table 360 

1 for details of optogenetic illumination parameters. D) Dose-response of light intensity on ppErk after 5 min of 361 

constant illumination at the indicated light dose. Data represent mean ± SEM of four replicates, each 362 

representing the mean signal from ~200-1000 cells. E) Comparison of ppErk activation dynamics by BcLOV-363 

SOScat variants, each stimulated at a constant light intensity that produced equivalent max ppErk, as 364 

determined in (D) (dotted arrow). IDR variants showed higher sustained and integrated signaling over 1 hr of 365 

stimulation. Data represent the mean ± SEM of four replicates, each representing the mean of ~50-400 single 366 

cells. F) Comparison of ppErk activation dynamics by BcLOV-SOScat variants in response to pulsatile (20% 367 

duty cycle) maximum intensity light.  IDR variants achieved > 2-fold higher maximal signal and more sustained 368 
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and integrated activity compared to wt BcLOV-SOScat. Data represent mean ± SEM of four replicates, each 369 

representing the mean of ~100-600 cells.  370 

 371 
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Supplementary Table 1 389 

Illumination and culture conditions for all experiments 

Figure Temp 
(°C) 

Duty Cycle Intensity ON 
time 

OFF time Humidified CO2 

1B 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

1D 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

2C 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

2D 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

2E 25,37 10% 160mW/cm2 0.5s 5s Yes 5% 

2F-G 37 Variable 160mW/cm2 0.5s Variable Yes 5% 

3B 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

3C 37 2.5% 160mW/cm2 0.5s 20s Yes 5% 

3D 

(5m ON) 

37 2.5% 160mW/cm2 0.5s 20s Yes 5% 

3E 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

3F 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

4B 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

4C 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

5B 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

5C 37 100% Variable const. ---- Yes 5% 

5D-E 37 Variable 160mW/cm2 0.5s Variable Yes 5% 

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

The copyright holder for this preprintthis version posted December 14, 2022. ; https://doi.org/10.1101/2022.12.12.520131doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.12.520131
http://creativecommons.org/licenses/by-nc/4.0/


 

21 
 

5F 37 2.5% 160mW/cm2 0.5s 20s Yes 5% 

6B 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

6C 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

6D 37 100% Variable const. ---- Yes 5% 

6E 37 100% Variable const. ---- Yes 5% 

6F 37 20% 160mW/cm2 0.5s 2.5s Yes 5% 

S1 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

S2 37 5% 160mW/cm2 0.5s 10s Yes 5% 

S3-C 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

S3-E 37 5% 160mW/cm2 0.5s 10s Yes 5% 

S4-B 37 2.5% 160mW/cm2 0.5s 20s Yes 5% 

S5 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

S6 (Live-cell 
Imaging) 

37 3.3% 1.45W/cm2 1s 30s Yes 5% 

S6 (IF Assay) 37 2.5% 160mW/cm2 0.5s 20s Yes 5% 

S7 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

SM1 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

SM2 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

SM3 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

SM4 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

SM5 37 3.3% 1.45W/cm2 1s 30s Yes 5% 

 390 
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Supplementary Figures  391 

 392 

Supplementary Figure 1: Light-induced clustering of BcLOV4 at the plasma membrane. A) 393 

Representative images of HEK 293T cells transiently transfected with BcLOV-mCherry under 40X confocal 394 

microscopy. In cells with high expression of BcLOV-mCherry, light-induced aggregation at the plasma 395 

membrane could be observed. Scale bar = 20 μm. B) Representative images of cells co-expressing BcLOV-396 

GFP with a CluMPS reporter of GFP clustering (LaG17-CluMPS). Light-activated BcLOV demonstrated both 397 

membrane-association and condensate formation even with low levels of BcLOV4 expression. Scale bar = 20 398 

μm. C) Representative images of membrane association and clustering of GFP when recruited by either 399 

iLid/sspB (1:1 heterodimer) or BcLOV4 in the presence of the CluMPS reporter.  Light-induced recruitment 400 

through BcLOV4 resulted in membrane-associated GFP condensate formation, whereas recruitment through 401 

heterodimerization did not, suggesting that clustering and CluMPS activation is not simply a result of induced 402 

membrane translocation. Scale bars = 20 μm  403 
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 404 

Supplementary Figure 2: Optogenetic stimulation of Ras-Erk signaling using BcLOV-EGFR. 405 

Representative images of ppErk signal from untransfected HEK 293T cells (A) as well as from cells transfected 406 

with BcLOV-EGFR and kept in the dark or illuminated with 5 min of blue light (B). Scale bars = 20 μm. C) 407 

Quantification of ppErk immunofluorescence resulting from 5 min of optogenetic stimulation of BcLOV-EGFR. 408 

Data represent mean ppErk intensity from four replicates. Each replicate represents the mean of ~100 cells. 409 

See Supplementary Table 1 for details of optogenetic stimulation. D) Visualization of expression level bins of 410 

BcLOV-EGFR vs untransfected HEK 293Ts. E) Single cell distributions of Erk activity in expressing (dark-state) 411 

vs non-expressing HEK 293T cells. Plots show no elevation of basal signaling resulting from probe expression.  412 

 413 
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 414 

Supplementary Figure 3: Membrane recruitment of the EGFR intracellular domain is not sufficient to 415 

activate downstream signaling. A) Schematic of iLID-CAAX/sspB-EGFR fusion construct. B) We asked 416 

whether light-induced recruitment of the EGFR intracellular domain to the plasma membrane was sufficient to 417 

activate downstream Ras-Erk signaling. C) Representative images of sspB-EGFR and ErkKTR-miRFP in HEK 418 

293T cells in the presence and absence of light. Erk activation was not observed upon light stimulation. Scale 419 

bar = 20 μm. D) Single-cell mean expression levels of BcLOV- or iLid/sspB-based EGFR tools.  Colors 420 

represent expression quartiles. E) Immunofluorescence of ppErk levels downstream of either BcLOV-EGFR or 421 

iLid/sspB-EGFR after light stimulation, separated by expression level. Expression-level-dependent stimulation 422 

was observed for BcLOV-EGFR. By comparison, no signaling was observed for iLid/sspB-EGFR except for a 423 

small amount at the very highest expression levels. Data represents the mean ± SEM of four replicates, with 424 
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each replicate representing the mean of ~10-120 cells per expression quartile. See Supplementary Table 1 425 

for details of optogenetic stimulation parameters. 426 

 427 

 428 

 429 

 430 

 431 
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 441 

Supplementary Figure 4: ppErk dynamics downstream of BcLOV-ErbB stimulation depend on the ErbB 442 

family member and on the expression level of the probe. A) Single-cell mean expression levels of BcLOV- 443 

or iLid/sspB-based EGFR tools. Colors represent expression quartiles. B) Comparison of differential 444 

magnitude, dynamics, and duration of ppErk signaling  downstream of each ErbB member, visualized as a 445 

function of expression level. Data represent the mean ± SEM of two replicates, with each replicate 446 

representing the mean of ~200-800 cells per expression quartile. See Supplementary Table 1 for optogenetic 447 

stimulation parameters. 448 

 449 

 450 
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 456 

Supplementary Figure 5: ErkKTR stimulation by BcLOV-ErbB1-4. Representative images of the ErkKTR-457 

miRFP reporter in HEK 293T cells that were transiently transfected with BcLOV-ErbB1-4. Scale bars = 20 μm. 458 

See Supplementary Table 1 for optogenetic stimulation parameters. 459 
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 472 

Supplementary Figure 6: Stimulation of FGFR1 and PDGFRβ with BcLOV4 and comparison with 473 

stimulation through 1:1 heterodimeric recruitment to the plasma membrane. A) Stimulation of FGFR1 474 

signaling with BcLOV4. Representative images (left) of the ErkKTR-miRFP reporter in HEK 293T cells that 475 

were transiently transfected with BcLOV-FGFR1. Light-induced ErkKTR stimulation can be observed only in 476 

low-expressing cells (white arrows). High-expressing cells show constitutively high Erk activity even in the 477 

absence of light. Immunofluorescence for ppErk (right) confirms expression-level dependence of basal levels 478 

and light-induced signaling. B) Stimulation of FGFR signaling through membrane recruitment with 1:1 479 

heterodimerization of iLid/sspB. Representative images (left) of ErkKTR activity in HEK 293T cells that express 480 

iLid-CAAX/sspB-FGFR1. Here, membrane recruitment can stimulate the pathway at intermediate-high 481 

expression levels (white arrows). As in (A), high-expressing cells show constitutive activity even in the dark. 482 

Immunofluorescence (right) confirms basal Erk activity for cells at high expression levels. C) Stimulation of 483 
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PDGFRβ signaling with BcLOV4. Representative images (left) of the ErkKTR-miRFP reporter in HEK 293T 484 

cells that were transiently transfected with BcLOV-PDGFRβ. Light-induced ErkKTR stimulation can be 485 

observed only in mid-high-expressing cells (white arrows). High-expressing cells show constitutively high Erk 486 

activity even in the absence of light. Immunofluorescence for ppErk (right) shows expression-level dependence 487 

on Erk phosphorylation. D) Stimulation of PDGFRβ signaling through membrane recruitment with 1:1 488 

heterodimerization of iLid/sspB. Representative images (left) of ErkKTR activity in HEK 293T cells that express 489 

iLid-CAAX/sspB-PDGFRβ. Unlike for FGFR1, membrane recruitment does not stimulate PDGFRβ and 490 

downstream Erk activity (white arrows). Scale bars = 20 μm. Immunofluorescence (right) confirms no Erk 491 

activation across all expression levels. For immunofluorescence, data represents the mean ± SEM of two 492 

replicates, with each replicate representing the mean of ~100-600 cells per expression quartile. See 493 

Supplementary Table 1 for details of optogenetic illumination parameters. 494 

 495 
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 502 

Supplementary Figure 7: EGFR kinase activity suppresses iLID/SspB-mediated membrane 503 

translocation. A) HEK 293T cells expressing iLID-CAAX/SspB-mCh-EGFR were treated with 1uM of erlotinib 504 

(EGFR inhibitor) prior to blue-light stimulation, and membrane translocation and ErkKTR activity was observed 505 

for wt and drug-treated conditions. B) In wt cells, minimal membrane translocation could be observed. 506 

However, in cells treated with erlotinib, clear translocation was observed in response to light stimulation. C) 507 

Corresponding ErkKTR-miRFP images for cells in (B). ErkKTR activity could not be observed in either the 508 

presence or absence of EGFRi, regardless of sspB-EGFR recruitment, due to inhibition of the EGFR kinase. 509 

Scale bars = 20 μm. See Supplementary Table 1 for details of optogenetic illumination parameters. 510 

 511 

 512 
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Supplementary Movie Captions  518 

Supplementary Movie 1. CluMPS amplifies and visualizes membrane-associated BcLOV4 condensates. 519 

Confocal imaging of BcLOV-GFP translocation with or without CluMPS in HEK 293T cells upon stimulation with 520 

488 nm light. Time is in minutes:seconds. Blue square indicates light stimulation. Scale bar = 10 µm. 521 

Supplementary Movie 2. The Ras/Erk pathway was activated in cells by BcLOV-EGFR. Confocal imaging 522 

of BcLOV-EGFR translocation and activation of ErkKTR-miRFP in HEK 293T cells upon stimulation with 488 523 

nm light. Blue square indicates light stimulation. 524 

Supplementary Movie 3. Magnitude of membrane translocation differs between fusions of ErbB family 525 

members with BcLOV4. Confocal imaging of BcLOV-mCh-ErbB1-4 translocation to the membrane upon blue 526 

light stimulation with 488 nm light. Blue square indicates light stimulation. 527 

Supplementary Movie 4. ErbB activity correlates with membrane ruffling. Confocal imaging of BcLOV-528 

mCh-ErbB1-4 translocation and induced membrane ruffling upon stimulation with 488 nm light. Blue square 529 

indicates light stimulation. 530 

Supplementary Movie 5. Disordered domains increase light-induced membrane translocation of 531 

BcLOV4. Confocal imaging of IDR-fused variants of BcLOV-mCh in HEK 293T cells upon stimulation with 488 532 

nm of light. Blue square indicates light stimulation. 533 

 534 
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Methods 540 

Cell culture  541 

All cell lines were maintained at 37°C and 5% CO2 in a cell culture incubator. Lenti-X HEK 293T cells were 542 

cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). NIH 3T3 543 

fibroblast cells were cultured in DMEM containing 10% calf serum (CS) and 1% P/S.  544 

Plasmid design and assembly  545 

Constructs were assembled using Gibson assembly. DNA fragments for the inserts and backbone were 546 

generated via PCR with primers obtained from Genewiz (Azenta Life Sciences), and inserted into the 547 

backbone using HiFi cloning mix (New England Biolabs). All constructs were verified with Sanger sequencing. 548 

DNA sequences encoding BcLOV4 was a kind gift from Dr. Brian Y. Chow11. GFP-binding nanobody LaG17 549 

was obtained from Dr. Michael P. Rout45. LaG17-CluMPS was previously described17. ErkKTR-miRFP670 was 550 

previously described16. EGFR/ErbB1 was sourced from Opto-hEGFR, which was a kind gift from Dr. Harold 551 

Janovjak35. ErbB2 was sourced from MSCV-human Erbb2-IRES-GFP, which was a gift from Martine Roussel 552 

(Addgene plasmid # 91888 ; http://n2t.net/addgene:91888 ; RRID:Addgene_91888). ErbB3 was sourced from 553 

pDONR223-ERBB3, which was a gift from William Hahn & David Root (Addgene plasmid # 23874 ; 554 

http://n2t.net/addgene:23874 ; RRID:Addgene_23874). ErbB4 was sourced from pDONR223-ERBB4, which 555 

was a gift from William Hahn & David Root (Addgene plasmid # 23875 ; http://n2t.net/addgene:23875 ; 556 

RRID:Addgene_23875). iLID, sspB, and SOScat were sourced from previously described constructs16. FUS(LC) 557 

(1-163) and LAF-1 RGG were kindly provided by Dr. Matthew Good.  558 

Plasmid transfection 559 

Lenti-X HEK 293T cells were transfected using Lipofectamine™ 3000 transfection reagent (ThermoFisher 560 

Scientific) following the manufacturer’s protocol. The transfection mixture contained 100 ng/µl DNA, 2% 561 

Lipofectamine™ reagent and 2% P3000 reagent, and was brought up to a final volume of 10µl with Opti-562 

MEM™ (ThermoFisher Scientific). The transfection mixture was incubated for 15 minutes at room temperature 563 
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and was then added to the cells. For cells seeded in 96-well plates, 10 µl of transfection mixture was added 564 

per well. Cells seeded in 384-well plates received 2.5 µl of transfection mixture per well. 565 

Lentiviral packaging and cell line generation 566 

Lentivirus was packaged by contransfecting the pHR transfer vector, pCMV-dR8.91 (Addgene, Catalog 567 

#12263), and pMD2.G (Addgene, Catalog #12259) into Lenti-X HEK 293T cells. Cells were seeded one day 568 

prior to transfections at a density of 700,000 cells/mL in a six-well plate. Cells were transfected using the 569 

calcium phosphate transfection method: for 300µl of transfection mix, 1.5µg of transfer vector, 1.33µg of 570 

pCMV-dR8.91, 0.17µg of pMD2.G, 150µl of 2X HEPES-buffered saline (HeBS) and H2O up to 132ul were 571 

mixed. Then, 18 µl of 2.5 mM CaCl2 was then added, the mixture was incubated for 1 minute 45 seconds at 572 

room temperature, and then the mixture was added dropwise to the cells. One day post-transfection, media 573 

was removed from the plate and replaced with fresh media. Two days post-transfection, media containing virus 574 

was collected and centrifuged at 800 x g for 3 min. Supernatant from centrifuged media was then collected and 575 

filtered through a 0.45-µm filter. 500 µL of filtered virus was added to 100,000 cells (Lenti-X HEK293T or NIH 576 

3T3) seeded in a six-well plate. Cells were observed for transduction by checking for fluorescence ~1-2 days 577 

post-infection. Cells were expanded over multiple passages. Successfully transduced cells were enriched 578 

through cell sorting using a BD FACSAria Fusion. 579 

Preparation of cells for plate-based experiments  580 

For experiments, cells were seeded in 96- or 384-well plates (Cellvis 96-well plate with glass-like polymer 581 

bottom, catalog number P96-1.5P; Greiner Bio-One CELLSTAR 384-well, Cell Culture-Treated, Flat-Bottom 582 

Microplate, catalog number 781091). First, wells were coated with 30 µL (for 96-well plate) or 12 µL (for 384-583 

well plate) of 10 µg/ml of MilliporeSigma™ 597 Chemicon™ Human Plasma Fibronectin Purified Protein in 1X 584 

PBS for 15 minutes at 37°C. For 96-well plate experiments, 25,000 Lenti X HEK 293T or 12,000 NIH 3T3 cells 585 

were seeded in 150 µl of P/S-free cell-culture medium (DMEM + 10% FBS or 10% CS) in each well. For 384-586 

well plate experiments, 3500 Lenti-X HEK 293T or 2500 NIH 3T3’s were seeded. Following the seeding step, 587 

the plates were spun down at 20 x g for 1 minute to promote uniform distribution of cells throughout the well. 588 
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For experiments with stable cell lines, cells were starved after 24 hours by performing seven 80% washes (for 589 

384-well plate) or four 75% washes (for 96-well plate) with starvation media (DMEM +1% P/S) using an 590 

automated plate washer (BioTEK ELx405). Experiments were performed 3-4 hours post-starvation. For 591 

experiments with transiently transfected cells, cells were starved 6 hours post-transfection to remove 592 

lipofectamine reagent from cells, and experiments were performed after overnight starvation. 593 

Optogenetic stimulation 594 

For live-cell imaging experiments,  the 488 nm laser was used to stimulate BcLOV4 tools for membrane 595 

translocation. For fixed-cell experiments, cells were stimulated with a single-color blue LED optoPlate-9642. 596 

LED intensities were calibrated using a Thorlabs power meter (catalog number PM16-140). Briefly, each well 597 

of the optoPlate was turned on to maximum intensity. The power meter was used to scan the well, and the 598 

maximum intensity reading from that well was recorded. This process was repeated for all wells. The ratio of 599 

each LED intensity to the dimmest LED intensity found was then calculated, and this value was used as a 600 

"scaling factor", such that each LED was scaled down to emit at the same intensity as the weakest LED. In this 601 

way, all LEDs were set to the same power output. For stimulation experiments, the light intensity was 602 

configured to stimulate the wells with a range of light intensities spanning from 0 to 160 mW/cm2. The Arduino 603 

IDE (v1.8) was used to program the Arduino Micro present on the optoPlate-96. A 20 mm tall black adaptor 604 

was used for even light diffusion across each of the wells on the 384-well plate. For time course experiments, 605 

time points were assigned to individual wells, and stimulations were run in a sequential manner to allow 606 

simultaneous fixing of cells at the end of the experiment. The apparatus was arranged inside a standard cell 607 

culture incubator set at 37°C and 5% CO2, and the experiments were run under dark conditions to avoid 608 

unwanted light exposure. Prior to experiments, optoPlate stimulation protocols were tested to ensure that no 609 

sample heating occurred due to heat generation from the device. Sample temperatures were measured using 610 

a custom-built immersion temperature sensor.  611 

 612 

 613 
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Immunofluorescence staining 614 

Immediately following completion of a stimulation protocol,16% paraformaldehyde (Paraformaldehyde 615 

Aqueous Solution, Electron Microscopy Sciences, catalog number 15710) was added to each well to a final 616 

concentration of 4%, and cells were incubated for 10 minutes in the dark. Cells were then permeabilized 1X 617 

PBS + 0.1% Triton X-100 for 10 minutes at room temperature (RT). Cells were further permeabilized with ice-618 

cold 100% methanol at -20°C for 10 minutes. After permeabilization, cells were blocked with 1% BSA in 1X 619 

PBS for 30 minutes at RT. Cells were then incubated in primary antibody diluted in 1X PBS + 0.1% BSA 620 

(phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), Cell Signaling, catalog number 4370L, 1:400 dilution) at 621 

4°C overnight. After overnight incubation, the primary antibody was removed and the plate was washed 5 622 

times in PBS + 0.1% Tween-20 (PBS-T). Cells were then incubated with secondary antibody (Jackson 623 

Immunoresearch Alexa Fluor 488 AffiniPure goat anti-rabbit IgG (H+L), 1:500) and 4,6-diamidino-2-624 

phenylindole (DAPI; ThermoFisher Scientific, catalog number D1306, 300 nM) in 1X PBS + 0.1% BSA for 1 625 

hour at RT. The secondary antibody was removed and the plate was washed 5 times in PBS-T.  626 

Imaging 627 

Live-cell imaging 628 

Live-cell imaging was done using a Nikon Ti2E microscope equipped with a Yokagawa CSU-W1 spinning disk, 629 

405/488/561/640nm laser lines, an sCMOS camera (Photometrics), a motorized stage and an environmental 630 

chamber (Okolabs).  HEK 293T and NIH 3T3 cells with desired constructs were plated in 96- or 384-well plates 631 

and imaged with a 40X oil immersion objective at 37°C and 5% CO2. For the EGFR inhibition experiments, 632 

cells were treated with 1 µM of erlotinib 30 minutes prior to imaging. Erlotinib was kindly provided by Dr. Arjun 633 

Raj.  634 

High-content imaging 635 

For fixed-cell experiments, samples were imaged using a Nikon Ti2E epifluorescence microscope equipped 636 

with DAPI/FITC/Texas Red/Cy5 filter cubes, a SOLA SEII 365 LED light source and motorized stage. High-637 
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content imaging was performed using the Nikon Elements AR software. Image focus was ensured using 638 

image-based focusing in the DAPI channel. 639 

Image processing and analysis  640 

Live-cell ErkKTR quantification 641 

To determine the cytoplasmic/nuclear fluorescence ratios of ErkKTR reporter from the live-cell imaging 642 

experiments for Figures 2D , ImageJ46 was used to manually compare the pixel intensities of the mean 643 

cytoplasmic and nuclear intensities for 25 cells in the same field of view. The obtained values were exported 644 

into R for data analysis using the dplyr47 and ggplot248 packages.  645 

Immunofluorescence quantification 646 

Cell Profiler49 was used to quantify ppErk levels in the fixed-cell experiments. Cells were segmented using the 647 

DAPI channel and the cytoplasm was identified by expanding a 5-pixel ring from the nuclei. The obtained 648 

cytoplasmic and nuclear fluorescence values were exported into R for data analysis using the dplyr and 649 

ggplot2 packages.  650 

Membrane recruitment 651 

Membrane recruitment of BcLOV4 in Figure 4C was quantified using the MorphoLibJ Plugin for ImageJ50. All 652 

experiments were performed in cells stably expressing a fluorescent membrane marker (GFP-CAAX). Images 653 

of the membrane marker were used to automatically segment single cells using the “Morphological 654 

Segmentation” feature of the MophoLibJ with a threshold of 150. Segmentation of each membrane marker 655 

image was exported as a separate tiff image. Segmentation images were imported to CellProfiler along with 656 

the corresponding images of BcLOV-mCherry variants. Membrane values of mCh were then determined by 657 

designating a 1-pixel-wide perimeter of each cell’s membrane. The membrane intensity and total cell intensity 658 

of BcLOV4 was then measured and recorded for each cell. R was used to process these values, normalizing 659 

membrane BcLOV4 intensity of each cell by the whole cell intensity and averaging these single cell values for 660 

each time point. 661 
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Curve fitting 662 

ppErk levels for the dose-response curves of IDR-fused variants of BcLOV-EGFR and BcLOV-SOScat (Figure 663 

5D and 6D) were fit to a Hill function of the form  664 

a * (Xb/(cb+Xb)) 665 

where X is the power of light used, a is the maximal amount of Erk activation, b is the parameter defining 666 

steepness of the curve and c is the percentage of light needed to achieve half-maximal activation of Erk. A 667 

MATLAB function was written to determine the parameters, and the curves were fitted on RStudio. 668 

 669 

Constructs used in this study 670 

Construct Backbone + Promoter 

BcLOV-GFP pHR CMV 

SspB-mCherry-2A-iLID-CAAX pHR CMV 

LaG17-mCh-HOTag3 pHR PGK 

ErkKTR-miRFP670 pHR SFFV 

BcLOV-mCherry-EGFR/Erbb1 pHR CMV 

BcLOV-mCherry-ErbB2 pHR CMV 

BcLOV-mCherry-ErbB3 pHR CMV 

BcLOV-mCherry-ErbB4 pHR CMV 

SspB-mCherry-EGFR-2A-iLID-CAAX pHR CMV 

BcLOV-mCherry-FGFR pHR CMV 

BcLOV-mCherry-PDGFRβ pHR CMV 
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SspB-mCherry-FGFR-2A-iLID-CAAX pHR CMV 

SspB-mCherry-PDGFR-2A-iLID-CAAX pHR CMV 

BcLOV-mCherry pcDNA3.1 CMV 

FUS(LC)-BcLOV-mCherry pcDNA3.1 CMV 

RGG-BcLOV-mCherry pcDNA3.1 CMV 

BcLOV-mCherry-EGFR pHR CMV 

FUS(LC)-BcLOV-mCherry-EGFR pHR CMV 

RGG-BcLOV-mCherry-EGFR pHR CMV 

BcLOV-mCherry-SOScat pHR SFFV 

FUS(LC)-BcLOV-mCherry-SOScat pHR SFFV 

RGG-BcLOV-mCherry-SOScat pHR SFFV 

GFP-CAAX pHR CMV 

 671 

 672 

  673 

 674 

 675 

 676 

 677 

 678 

 679 

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

The copyright holder for this preprintthis version posted December 14, 2022. ; https://doi.org/10.1101/2022.12.12.520131doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.12.520131
http://creativecommons.org/licenses/by-nc/4.0/


 

39 
 

References 680 

1. Harper, S. M., Neil, L. C. & Gardner, K. H. Structural basis of a phototropin light switch. Science 301, 681 
1541–1544 (2003). 682 

2. Wu, Y. I. et al. A genetically encoded photoactivatable Rac controls the motility of living cells. Nature 461, 683 
104–108 (2009). 684 

3. Shimizu-Sato, S., Huq, E., Tepperman, J. M. & Quail, P. H. A light-switchable gene promoter system. Nat. 685 
Biotechnol. 20, 1041–1044 (2002). 686 

4. Levskaya, A., Weiner, O. D., Lim, W. A. & Voigt, C. A. Spatiotemporal control of cell signalling using a 687 
light-switchable protein interaction. Nature 461, 997–1001 (2009). 688 

5. Guntas, G. et al. Engineering an improved light-induced dimer (iLID) for controlling the localization and 689 
activity of signaling proteins. Proc. Natl. Acad. Sci. U. S. A. 112, 112–117 (2015). 690 

6. Schwerdtfeger, C. & Linden, H. VIVID is a flavoprotein and serves as a fungal blue light photoreceptor for 691 
photoadaptation. EMBO J. 22, 4846–4855 (2003). 692 

7. Strickland, D. et al. TULIPs: tunable, light-controlled interacting protein tags for cell biology. Nat. Methods 693 
9, 379–384 (2012). 694 

8. Kennedy, M. J. et al. Rapid blue-light-mediated induction of protein interactions in living cells. Nat. 695 
Methods 7, 973–975 (2010). 696 

9. Bugaj, L. J., Choksi, A. T., Mesuda, C. K., Kane, R. S. & Schaffer, D. V. Optogenetic protein clustering and 697 
signaling activation in mammalian cells. Nat. Methods 10, 249–252 (2013). 698 

10. Más, P., Devlin, P. F., Panda, S. & Kay, S. A. Functional interaction of phytochrome B and cryptochrome 699 
2. Nature 408, 207–211 (2000). 700 

11. Glantz, S. T. et al. Directly light-regulated binding of RGS-LOV photoreceptors to anionic membrane 701 
phospholipids. Proc. Natl. Acad. Sci. U. S. A. 115, E7720–E7727 (2018). 702 

12. He, L. et al. Optical control of membrane tethering and interorganellar communication at nanoscales. 703 
Chem. Sci. 8, 5275–5281 (2017). 704 

13. Liu, H. et al. Photoexcited CRY2 interacts with CIB1 to regulate transcription and floral initiation in 705 
Arabidopsis. Science 322, 1535–1539 (2008). 706 

14. Berlew, E. E., Kuznetsov, I. A., Yamada, K., Bugaj, L. J. & Chow, B. Y. Optogenetic Rac1 engineered from 707 
membrane lipid-binding RGS-LOV for inducible lamellipodia formation. Photochem. Photobiol. Sci. (2020) 708 
doi:10.1039/c9pp00434c. 709 

15. Berlew, E. E. et al. Single‐component optogenetic tools for inducible RhoA GTPase signaling. Advanced 710 
Biology 2100810 (2021). 711 

16. Benman, W. et al. Temperature-responsive optogenetic probes of cell signaling. Nat. Chem. Biol. 18, 152–712 
160 (2022). 713 

17. Mumford, T. R. et al. Visual detection of submicroscopic protein clusters with a phase-separation-based 714 
fluorescent reporter. bioRxiv 2022.07.13.499962 (2022) doi:10.1101/2022.07.13.499962. 715 

18. Lee, S. et al. Reversible protein inactivation by optogenetic trapping in cells. Nat. Methods 11, 633–636 716 
(2014). 717 

19. Taslimi, A. et al. An optimized optogenetic clustering tool for probing protein interaction and function. Nat. 718 
Commun. 5, 4925 (2014). 719 

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

The copyright holder for this preprintthis version posted December 14, 2022. ; https://doi.org/10.1101/2022.12.12.520131doi: bioRxiv preprint 

http://paperpile.com/b/7lXGFO/77jr
http://paperpile.com/b/7lXGFO/77jr
http://paperpile.com/b/7lXGFO/77jr
http://paperpile.com/b/7lXGFO/77jr
http://paperpile.com/b/7lXGFO/77jr
http://paperpile.com/b/7lXGFO/77jr
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/B6GU
http://paperpile.com/b/7lXGFO/9Uw1
http://paperpile.com/b/7lXGFO/9Uw1
http://paperpile.com/b/7lXGFO/9Uw1
http://paperpile.com/b/7lXGFO/9Uw1
http://paperpile.com/b/7lXGFO/9Uw1
http://paperpile.com/b/7lXGFO/9Uw1
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/9K3Z
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/h2H2
http://paperpile.com/b/7lXGFO/k6PA
http://paperpile.com/b/7lXGFO/k6PA
http://paperpile.com/b/7lXGFO/k6PA
http://paperpile.com/b/7lXGFO/k6PA
http://paperpile.com/b/7lXGFO/k6PA
http://paperpile.com/b/7lXGFO/k6PA
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/JHsi
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/HeDD
http://paperpile.com/b/7lXGFO/ebZN
http://paperpile.com/b/7lXGFO/ebZN
http://paperpile.com/b/7lXGFO/ebZN
http://paperpile.com/b/7lXGFO/ebZN
http://paperpile.com/b/7lXGFO/ebZN
http://paperpile.com/b/7lXGFO/ebZN
http://paperpile.com/b/7lXGFO/xhK3
http://paperpile.com/b/7lXGFO/xhK3
http://paperpile.com/b/7lXGFO/xhK3
http://paperpile.com/b/7lXGFO/xhK3
http://paperpile.com/b/7lXGFO/xhK3
http://paperpile.com/b/7lXGFO/xhK3
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/lfTR
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/X5wx
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/kQuT
http://paperpile.com/b/7lXGFO/7ban
http://paperpile.com/b/7lXGFO/7ban
http://paperpile.com/b/7lXGFO/7ban
http://paperpile.com/b/7lXGFO/7ban
http://paperpile.com/b/7lXGFO/7ban
http://dx.doi.org/10.1039/c9pp00434c
http://paperpile.com/b/7lXGFO/7ban
http://paperpile.com/b/7lXGFO/Y7fN
http://paperpile.com/b/7lXGFO/Y7fN
http://paperpile.com/b/7lXGFO/Y7fN
http://paperpile.com/b/7lXGFO/Y7fN
http://paperpile.com/b/7lXGFO/Y7fN
http://paperpile.com/b/7lXGFO/Y7fN
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/aLuh
http://paperpile.com/b/7lXGFO/Ybmn
http://paperpile.com/b/7lXGFO/Ybmn
http://paperpile.com/b/7lXGFO/Ybmn
http://paperpile.com/b/7lXGFO/Ybmn
http://paperpile.com/b/7lXGFO/Ybmn
http://paperpile.com/b/7lXGFO/Ybmn
http://dx.doi.org/10.1101/2022.07.13.499962
http://paperpile.com/b/7lXGFO/Ybmn
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/YeEE
http://paperpile.com/b/7lXGFO/4nMi
http://paperpile.com/b/7lXGFO/4nMi
http://paperpile.com/b/7lXGFO/4nMi
http://paperpile.com/b/7lXGFO/4nMi
http://paperpile.com/b/7lXGFO/4nMi
http://paperpile.com/b/7lXGFO/4nMi
http://paperpile.com/b/7lXGFO/4nMi
http://paperpile.com/b/7lXGFO/4nMi
https://doi.org/10.1101/2022.12.12.520131
http://creativecommons.org/licenses/by-nc/4.0/


 

40 
 

20. Park, H. et al. Optogenetic protein clustering through fluorescent protein tagging and extension of CRY2. 720 
Nat. Commun. 8, 30 (2017). 721 

21. Bugaj, L. J. et al. Regulation of endogenous transmembrane receptors through optogenetic Cry2 722 
clustering. Nat. Commun. 6, 6898 (2015). 723 

22. Repina, N. A. et al. Optogenetic control of Wnt signaling for modeling early embryogenic patterning with 724 
human pluripotent stem cells. bioRxiv 665695 (2019) doi:10.1101/665695. 725 

23. Rosenbloom, A. B. et al. β-Catenin signaling dynamics regulate cell fate in differentiating neural stem 726 
cells. Proceedings of the National Academy of Sciences 117, 28828–28837 (2020). 727 

24. Zhang, P. et al. Chronic optogenetic induction of stress granules is cytotoxic and reveals the evolution of 728 
ALS-FTD pathology. Elife 8, (2019). 729 

25. Shin, Y. et al. Spatiotemporal Control of Intracellular Phase Transitions Using Light-Activated 730 
optoDroplets. Cell 168, 159–171.e14 (2017). 731 

26. Berlew, E. E. et al. Designing Single-Component Optogenetic Membrane Recruitment Systems: The Rho-732 
Family GTPase Signaling Toolbox. ACS Synth. Biol. 11, 515–521 (2022). 733 

27. Kim, N. et al. Spatiotemporal control of fibroblast growth factor receptor signals by blue light. Chem. Biol. 734 
21, 903–912 (2014). 735 

28. Chang, K.-Y. et al. Light-inducible receptor tyrosine kinases that regulate neurotrophin signalling. Nat. 736 
Commun. 5, 4057 (2014). 737 

29. Duan, L. et al. Optical Activation of TrkA Signaling. ACS Synth. Biol. 7, 1685–1693 (2018). 738 

30. Farahani, P. E. et al. Substratum stiffness regulates Erk signaling dynamics through receptor-level control. 739 
Cell Rep. 37, 110181 (2021). 740 

31. Krishnamurthy, V. V. et al. A Generalizable Optogenetic Strategy to Regulate Receptor Tyrosine Kinases 741 
during Vertebrate Embryonic Development. J. Mol. Biol. 432, 3149–3158 (2020). 742 

32. Dine, E., Reed, E. H. & Toettcher, J. E. Positive feedback between the T cell kinase Zap70 and its 743 
substrate LAT acts as a clustering-dependent signaling switch. Cell Rep. 35, 109280 (2021). 744 

33. Regot, S., Hughey, J. J., Bajar, B. T., Carrasco, S. & Covert, M. W. High-Sensitivity Measurements of 745 
Multiple Kinase Activities in Live Single Cells. Cell 157, 1724–1734 (2014). 746 

34. Citri, A. & Yarden, Y. EGF-ERBB signalling: towards the systems level. Nat. Rev. Mol. Cell Biol. 7, 505–747 
516 (2006). 748 

35. Grusch, M. et al. Spatio-temporally precise activation of engineered receptor tyrosine kinases by light. 749 
EMBO J. 33, 1713–1726 (2014). 750 

36. Leopold, A. V., Thankachan, S., Yang, C., Gerashchenko, D. & Verkhusha, V. V. A general approach for 751 
engineering RTKs optically controlled with far-red light. Nat. Methods 19, 871–880 (2022). 752 

37. Kim, H. H., Vijapurkar, U., Hellyer, N. J., Bravo, D. & Koland, J. G. Signal transduction by epidermal 753 
growth factor and heregulin via the kinase-deficient ErbB3 protein. Biochem. J 334 ( Pt 1), 189–195 754 
(1998). 755 

38. Guy, P. M., Platko, J. V., Cantley, L. C., Cerione, R. A. & Carraway, K. L., 3rd. Insect cell-expressed 756 
p180erbB3 possesses an impaired tyrosine kinase activity. Proc. Natl. Acad. Sci. U. S. A. 91, 8132–8136 757 
(1994). 758 

39. Jura, N., Shan, Y., Cao, X., Shaw, D. E. & Kuriyan, J. Structural analysis of the catalytically inactive kinase 759 

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

The copyright holder for this preprintthis version posted December 14, 2022. ; https://doi.org/10.1101/2022.12.12.520131doi: bioRxiv preprint 

http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/OulO
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/Wp7u
http://paperpile.com/b/7lXGFO/5b4A
http://paperpile.com/b/7lXGFO/5b4A
http://paperpile.com/b/7lXGFO/5b4A
http://paperpile.com/b/7lXGFO/5b4A
http://paperpile.com/b/7lXGFO/5b4A
http://paperpile.com/b/7lXGFO/5b4A
http://dx.doi.org/10.1101/665695
http://paperpile.com/b/7lXGFO/5b4A
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/VF7b
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/frlP
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/Uq1W
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/n60o
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/aDWH
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/5yzc
http://paperpile.com/b/7lXGFO/oMB6
http://paperpile.com/b/7lXGFO/oMB6
http://paperpile.com/b/7lXGFO/oMB6
http://paperpile.com/b/7lXGFO/oMB6
http://paperpile.com/b/7lXGFO/oMB6
http://paperpile.com/b/7lXGFO/oMB6
http://paperpile.com/b/7lXGFO/oMB6
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/ZI1u
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/UPAV
http://paperpile.com/b/7lXGFO/LYFo
http://paperpile.com/b/7lXGFO/LYFo
http://paperpile.com/b/7lXGFO/LYFo
http://paperpile.com/b/7lXGFO/LYFo
http://paperpile.com/b/7lXGFO/LYFo
http://paperpile.com/b/7lXGFO/LYFo
http://paperpile.com/b/7lXGFO/rDKI
http://paperpile.com/b/7lXGFO/rDKI
http://paperpile.com/b/7lXGFO/rDKI
http://paperpile.com/b/7lXGFO/rDKI
http://paperpile.com/b/7lXGFO/rDKI
http://paperpile.com/b/7lXGFO/rDKI
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/mZqA
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/qONC
http://paperpile.com/b/7lXGFO/XpMI
http://paperpile.com/b/7lXGFO/XpMI
http://paperpile.com/b/7lXGFO/XpMI
http://paperpile.com/b/7lXGFO/XpMI
http://paperpile.com/b/7lXGFO/XpMI
http://paperpile.com/b/7lXGFO/XpMI
http://paperpile.com/b/7lXGFO/rzAQ
http://paperpile.com/b/7lXGFO/rzAQ
http://paperpile.com/b/7lXGFO/rzAQ
http://paperpile.com/b/7lXGFO/rzAQ
http://paperpile.com/b/7lXGFO/rzAQ
http://paperpile.com/b/7lXGFO/rzAQ
http://paperpile.com/b/7lXGFO/rzAQ
http://paperpile.com/b/7lXGFO/wAg1
http://paperpile.com/b/7lXGFO/wAg1
http://paperpile.com/b/7lXGFO/wAg1
http://paperpile.com/b/7lXGFO/wAg1
http://paperpile.com/b/7lXGFO/wAg1
http://paperpile.com/b/7lXGFO/wAg1
http://paperpile.com/b/7lXGFO/wAg1
http://paperpile.com/b/7lXGFO/zt0a
https://doi.org/10.1101/2022.12.12.520131
http://creativecommons.org/licenses/by-nc/4.0/


 

41 
 

domain of the human EGF receptor 3. Proc. Natl. Acad. Sci. U. S. A. 106, 21608–21613 (2009). 760 

40. Schuster, B. S. et al. Controllable protein phase separation and modular recruitment to form responsive 761 
membraneless organelles. Nat. Commun. 9, 2985 (2018). 762 

41. Patel, A. et al. A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease 763 
Mutation. Cell 162, 1066–1077 (2015). 764 

42. Bugaj, L. J. & Lim, W. A. High-throughput multicolor optogenetics in microwell plates. Nat. Protoc. 14, 765 
2205–2228 (2019). 766 

43. Gropp, M. H. M., Klaips, C. L. & Hartl, F. U. Formation of toxic oligomers of polyQ-expanded Huntingtin by 767 
prion-mediated cross-seeding. Mol. Cell (2022) doi:10.1016/j.molcel.2022.09.031. 768 

44. Banani, S. F., Lee, H. O., Hyman, A. A. & Rosen, M. K. Biomolecular condensates: organizers of cellular 769 
biochemistry. Nat. Rev. Mol. Cell Biol. 18, 285–298 (2017). 770 

45. Fridy, P. C. et al. A robust pipeline for rapid production of versatile nanobody repertoires. Nat. Methods 11, 771 
1253–1260 (2014). 772 

46. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682 773 
(2012). 774 

47. Wickham, H., François, R., Henry, L. & Müller, K. Dplyr: A Grammar of Data Manipulation. R package 775 
version 1.0. 8; 2022. Preprint at (2022). 776 

48. Wickham, H. ggplot2. Wiley Interdisciplinary Reviews: Computational Statistics vol. 3 180–185 Preprint at 777 
https://doi.org/10.1002/wics.147 (2011). 778 

49. Lamprecht, M. R., Sabatini, D. M. & Carpenter, A. E. CellProfilerTM: free, versatile software for automated 779 
biological image analysis. Biotechniques 42, 71–75 (2007). 780 

50. Legland, David, Ignacio Arganda-Carreras, and Philippe Andrey. 2016. “MorphoLibJ: Integrated Library 781 
and Plugins for Mathematical Morphology with ImageJ.” Bioinformatics 32 (22): 3532–34. 782 

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

The copyright holder for this preprintthis version posted December 14, 2022. ; https://doi.org/10.1101/2022.12.12.520131doi: bioRxiv preprint 

http://paperpile.com/b/7lXGFO/zt0a
http://paperpile.com/b/7lXGFO/zt0a
http://paperpile.com/b/7lXGFO/zt0a
http://paperpile.com/b/7lXGFO/zt0a
http://paperpile.com/b/7lXGFO/zt0a
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/z19v
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/QIJ7
http://paperpile.com/b/7lXGFO/M2lR
http://paperpile.com/b/7lXGFO/M2lR
http://paperpile.com/b/7lXGFO/M2lR
http://paperpile.com/b/7lXGFO/M2lR
http://paperpile.com/b/7lXGFO/M2lR
http://paperpile.com/b/7lXGFO/M2lR
http://paperpile.com/b/7lXGFO/x99S
http://paperpile.com/b/7lXGFO/x99S
http://paperpile.com/b/7lXGFO/x99S
http://paperpile.com/b/7lXGFO/x99S
http://dx.doi.org/10.1016/j.molcel.2022.09.031
http://paperpile.com/b/7lXGFO/x99S
http://paperpile.com/b/7lXGFO/1gZC
http://paperpile.com/b/7lXGFO/1gZC
http://paperpile.com/b/7lXGFO/1gZC
http://paperpile.com/b/7lXGFO/1gZC
http://paperpile.com/b/7lXGFO/1gZC
http://paperpile.com/b/7lXGFO/1gZC
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/EY6r
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/1xdL
http://paperpile.com/b/7lXGFO/6twi
http://paperpile.com/b/7lXGFO/6twi
http://paperpile.com/b/7lXGFO/aXVu
http://paperpile.com/b/7lXGFO/aXVu
http://paperpile.com/b/7lXGFO/aXVu
http://paperpile.com/b/7lXGFO/aXVu
http://dx.doi.org/10.1002/wics.147
http://paperpile.com/b/7lXGFO/aXVu
http://paperpile.com/b/7lXGFO/F9Fq
http://paperpile.com/b/7lXGFO/F9Fq
http://paperpile.com/b/7lXGFO/F9Fq
http://paperpile.com/b/7lXGFO/F9Fq
http://paperpile.com/b/7lXGFO/F9Fq
http://paperpile.com/b/7lXGFO/F9Fq
http://paperpile.com/b/7lXGFO/F9Fq
http://paperpile.com/b/7lXGFO/F9Fq
https://doi.org/10.1101/2022.12.12.520131
http://creativecommons.org/licenses/by-nc/4.0/

