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Optogenetic probes permit light-induced control of intracel-
lular biochemistry. Such probes are typically engineered 
from proteins that evolved to respond to their host’s envi-

ronmental conditions, that is to its light status1,2, but in some cases 
also to temperature3–5. Light-responsive actuators now exist for con-
trol of protein dimerization6–10, allostery11,12, oligomerization13, ion 
transport14 and membrane recruitment15,16, providing an extensive 
toolset for precise manipulation of an array of biological processes, 
including cell signaling.

Ras and phosphatidyl inositol-3-kinase (PI3K) are signaling 
regulators that together control essential cell processes including 
transcription, translation, growth, survival, proliferation and migra-
tion17–20. Optogenetic control of these two pathways has enabled 
recent discoveries of how their spatiotemporal dynamics regulate 
cell and tissue growth, form and disease21–24. Currently, optogenetic 
activation of Ras or PI3K is achieved through membrane recruit-
ment of signaling effectors via light-induced protein heterodimer-
ization25,26. However, this approach is limited by the necessity for 
two distinct proteins, which can require stoichiometric tuning of 
both components to permit signaling through a large dynamic 
range with minimal elevated basal signaling27. Although stoichio-
metric tuning is feasible in single cells, it is more challenging in tis-
sues and organisms.

Single-component membrane translocation was recently 
described using the BcLOV4 photoreceptor, which translocates 
from the cytoplasm to membrane phospholipids under blue light in 
mammalian cells15 (Fig. 1a). BcLOV4 has already served as a mod-
ular technology for light-induced activation of the Rho GTPases 
Rac1 (ref. 28), RhoA29 and Cdc42 (ref. 30), suggesting that BcLOV4 
may be adapted to regulate many additional pathways.

In this work, our initial goal was to generate and characterize 
BcLOV4-based probes for Ras or PI3K activation. Surprisingly, 
we discovered that BcLOV4 translocation and signal activation 
respond not only to blue light, but also to temperature, such that 

under sustained, long-term stimulation, BcLOV4 becomes inacti-
vated and dissociates from the membrane as a function of increased 
temperature and light intensity. Through systematic characteriza-
tion, we developed and validated a quantitative model that pre-
dicted BcLOV4 and downstream signaling dynamics as a function 
of light and temperature, providing a roadmap for BcLOV4 usage 
over a range of experimental conditions, particularly during long 
time-course experiments. We demonstrate the broad applicabil-
ity and stable activation of our probes in zebrafish embryos and 
Drosophila Schneider 2 (S2) cells, which operate at low temperatures 
(22–30 °C). Finally, we demonstrate that temperature inactivation of 
BcLOV4 can be leveraged to allow multiplexing of blue-sensitive 
optogenetic probes in individual mammalian cells.

Results
Engineering control of Ras and PI3K signaling with BcLOV4. To 
generate an actuator of Ras/Erk signaling, we fused BcLOV4 to the 
catalytic domain of the Ras guanine nucleotide exchange factor Son 
of Sevenless 2 (SOScat), which activates Ras upon recruitment to the 
membrane (Fig. 1b)26. We generated an analogous probe to control 
PI3K signaling by replacing the SOScat domain with the inter-SH2 
domain of the p85 subunit (iSH) (Fig. 1c)25,31. We refer to these 
probes as BcLOV–SOScat and BcLOV–iSH, respectively.

To test probe activity, we illuminated NIH 3T3 cells that stably 
expressed either BcLOV–SOScat or BcLOV–iSH, and we quanti-
fied levels of phospho-Erk (ppErk) or phosho-Akt (pAkt) using 
immunofluorescence imaging (Supplementary Fig. 1). In the 
absence of blue light, BcLOV–SOScat cells exhibited low basal lev-
els of ppErk, similar to wild-type (WT) cells. Upon illumination, 
ppErk levels rose dramatically and reached their peak within 5 min 
(Supplementary Fig. 2), reaching levels comparable with WT cells 
stimulated with 10% serum (Fig. 1d). BcLOV–iSH-expressing cells 
also induced strong levels of pAkt, although basal activation in the 
absence of light was somewhat higher relative to WT cells (Fig. 1e). 
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These results suggest that our BcLOV-derived probes stimulate 
physiologically relevant levels of pathway activation while mini-
mally disrupting endogenous cell physiology in the dark state.

To better characterize light-induced stimulation of BcLOV–
SOScat and BcLOV–iSH, we measured the dose-response of signal 

activation as a function of light intensity. We found that BcLOV–
SOScat achieves half-maximal pathway stimulation with 7 mW cm−2 
of blue light and saturates near 40 mW cm−2 with a fourfold sig-
nal induction (Fig. 1f). Conversely, we estimate that BcLOV–iSH 
reaches half-maximal signal induction with 80 mW cm−2, although 
we did not reach saturation at the highest levels of stimulation 
(160 mW cm−2) (Fig. 1g). Taken together, given the large fold-change 
induction, minimal basal level of stimulation and single-component 
nature, BcLOV4-based probes offer several beneficial qualities for 
optogenetic stimulation of Ras and PI3K signaling.

Optogenetic activation decays during extended stimulation. We 
next asked how BcLOV4-based probes regulate signaling through 
time. We used recently described illumination devices for microwell 
plates (the optoPlate-96) to perform time-course stimulation exper-
iments27. After stimulation, cells were immunostained and quanti-
fied to assess pathway activity (Fig. 2a).

We were surprised to find that, despite constant stimulation 
for 60 min, cells that expressed BcLOV–SOScat showed an initial 
increase followed by rapid and complete decay of ppErk (Fig. 2b 
and Supplementary Fig. 3). To determine whether transient sig-
naling was caused by BcLOV4 or alternative mechanisms (for 
example, negative feedback within the Ras/Erk pathway), we com-
pared activation dynamics with those achieved with an orthogonal 
optogenetic system, iLID/sspB (nano), a commonly used blue-light 
inducible heterodimerizing protein pair6, which can be adapted 
to recruit SOScat to the membrane (iLID–SOScat

23; Supplementary  
Fig. 4). By contrast to BcLOV–SOScat, iLID–SOScat produced 
stable signaling under identical illumination conditions (see 
Supplementary Table 1 for detailed experimental conditions for all 
experiments), indicating that Ras/Erk signal decay was a feature of 
BcLOV4 stimulation. Similarly, sustained illumination of BcLOV–
iSH cells led to an initial increase followed by a rapid decrease in 
pathway activity, whereas stimulation with an analogous iLID-based 
probe (iLID–iSH; Supplementary Fig. 4) resulted in sustained activ-
ity (Supplementary Fig. 5A,B). These results further indicate that 
transient activation dynamics were a function of BcLOV4 activation 
and not the pathway under study.

To understand the nature of signal decay, we performed a series of 
experiments using the BcLOV–SOScat probe. We first asked whether 
BcLOV–SOScat inactivation could be reversed after removal of the 
light stimulus. We stimulated cells with blue light until the signal 
decayed, withdrew light for either 0.5, 1 or 3 h and then restimulated 
for 10 min (Fig. 2c). As before, the initial 45 min of blue light led to 
a pulse of ppErk signal. However, only ~10% of the original signal 
could be obtained upon restimulation even after 3 h of light with-
drawal. This small amount of reactivation was partially a result of 
new protein production rather than reversal of inactivated BcLOV–
SOScat (Supplementary Fig. 6). These results suggest that BcLOV4 
can undergo a spontaneous transition into an uncharacterized, 
long-lived inactivated state.

We next asked whether certain experimental parameters could 
modulate the observed signal decay rate. We noticed that pathway 
decay kinetics could change as a function of the illumination set-
tings of individual experiments. Because higher light intensity can 
also cause heating of the sample27, we tested the effects of both tem-
perature and light on BcLOV–SOScat stimulation kinetics. To per-
form optogenetic time-course experiments at specific temperatures, 
we adapted the optoPlate-96 to precisely control both illumina-
tion and sample temperature (Fig. 2d,e and Supplementary Fig. 7). 
Briefly, we decoupled sample heating from the illumination profile 
by designating 24 light-emitting diode (LED) positions for light 
stimulation and using the remaining 72 LED positions as heating 
elements (Fig. 2d). Illumination of the 72 ‘heater’ LEDs over 3,000 
intensity levels correlated linearly with sample temperature in the 
wells above the 24 ‘stimulation’ LEDs (R2 = 0.99) (Fig. 2e).
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Fig. 1 | Single-component BcLOV4 fusions allow control of Ras and 
PI3K signaling. a, BcLOV4 binds the cell membrane when exposed to 
blue light. The three BcLOV4 domains represent the LOV, DUF and RGS 
domains, as previously described15. b, Light-induced membrane recruitment 
of BcLOV4 fused to the SOScat catalytic domain will induce Ras/Erk 
signaling. c, Analogous recruitment of the iSH domain will induce PI3K/
Akt signaling. d,e, Five minutes of blue-light stimulation (160 mW cm−2 at 
20% duty cycle) increases intracellular ppErk levels in cells that express 
BcLOV–SOScat (d) and increases pAkt in cells that express BcLOV–iSH 
(e). a.u., arbitrary units. Gray zone indicates the change in ppErk or pAkt 
in wild-type cells that were stimulated with 10% calf serum for 10 min. 
Data represent means of three biologically independent replicates, 
each representing the mean signal intensity from approximately 2,000 
to 4,000 single cells. f,g, Light intensity dose-response of (f) ppErk 
fold-change induction in BcLOV–SOScat-expressing cells or (g) pAkt 
fold-change induction in BcLOV–iSH cells at 100% duty cycle after 5 min of 
illumination. Data represent means ± s.d. of three biologically independent 
replicates, each representing the mean signal intensity from approximately 
300 to 500 single cells. All stimulation in a–g was achieved using the 
optoPlate-96. All stimulation and environmental conditions for all figures 
can be found in Supplementary Table 1.
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inactivation is effectively irreversible. d, BcLOV–SOScat signal dynamics were examined under variable light and temperature conditions. e, Schematic 
for how the optoPlate-96 was repurposed to allow independent control of experimental light and temperature conditions. For more information, see 
Supplementary Fig. 7. f, Steady-state sample temperature was a linear function of the intensity of the 72 heater LEDs (precise intensity–temperature 
relationship should be determined empirically for each individual optoPlate). See Methods. g, At a given light exposure level (here, 160 mW cm−2 at 20% 
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Strikingly, we observed that BcLOV–SOScat decay kinetics were 
strongly correlated to sample temperature, where signal decay was 
faster at higher temperatures (Fig. 2f,g and Supplementary Fig. 
8A). At the extremes, ppErk decayed with a half-life of ~6 min at 
42 °C, whereas decay was minimal at 30 °C. We observed strong 
ppErk signal induction at all temperatures tested, suggesting that 
temperature only impacted BcLOV4 function in its lit, activated 
form (Supplementary Fig. 8A). The BcLOV–iSH probe was also 
temperature-sensitive (Supplementary Fig. 8B). By contrast, iLID–
SOS- and iLID–iSH-induced signaling was sustained at both high 
and low temperatures (Supplementary Fig. 8C,D), further indicating 
that temperature sensitivity is a property of BcLOV4 control. Finally, 
we used a live-cell reporter of Erk activity (ErkKTR32) as an orthog-
onal readout to verify that, in contrast to temperature-regulated 
inactivation, optogenetic inactivation (removal of blue light) was 
reversible over multiple illumination cycles at both high (37 °C) and 
low (30 °C) temperatures (Supplementary Fig. 9).

We also observed that the BcLOV–SOScat signal decay rate was 
dependent on light intensity, where higher intensity led to rapid 
decay, whereas lower intensity led to more sustained stimulation 
(Fig. 2h and Supplementary Fig. 8E). The low light achieved sus-
tained signaling at the expense of signal amplitude (Supplementary 
Fig. 8E), although we note that this tradeoff will be specific to the 
pathway under study. For example, in a previous report, comparable 
sparse illumination conditions (1.6% duty cycle) yielded saturating 
activation levels of BcLOV-regulated Rho GTPase signaling28,29.

Because signal decay was observed with both the BcLOV–SOScat 
and BcLOV–iSH probes, but not with analogous iLID-based probes 
(Fig. 2b and Supplementary Fig. 8C), we suspected that the observed 
light- and temperature-dependent decay kinetics were a property 
of the BcLOV4 photosensor itself. We thus quantified membrane 
translocation of BcLOV–mCherry under various light and tem-
perature conditions (Fig. 3a and Supplementary Fig. 10). In accor-
dance with our signaling results, sustained illumination resulted 
in sustained membrane localization at low temperatures (25 °C) 
but only transient localization at 37 °C, with inactivated BcLOV4 
returning to the cytoplasm after ~30 min (Fig. 3b,c, Supplementary 
Fig. 10 and Supplementary Movie 1). Similarly, when we varied 
light intensity at a constant temperature, increased intensity (duty 
cycle) increased the decay rate of membrane translocation (Fig. 3d). 
Decay of membrane fluorescence was not due to BcLOV4 degrada-
tion (Supplementary Fig. 11). As before, we observed initial mem-
brane recruitment at all temperatures (Supplementary Fig. 10), and 
BcLOV4 inactivation was irreversible for at least 3 h (Supplementary 
Fig. 12). Together, these data demonstrate that BcLOV4 is not only a 
photosensor, but also a temperature sensor.

Modeling dependence of BcLOV on temperature and light. To 
explain and predict BcLOV–mCherry translocation dynamics, we 
developed a computational model. We reasoned that, in addition to 
the dark and lit states, a third state of BcLOV4 could account for our 
observations of light- and temperature-dependent decay kinetics 
(Fig. 3e). This third state, which we call the temperature-inactivated 
(TI) state, is only accessible from the lit (membrane-bound) state, 
and transition to the TI state is irreversible at the timescales we 
consider (Fig. 2c, Supplementary Figs. 6 and 12). We predicted that 
the rate of entry into the TI state (k3) would increase as a function 
of temperature. Thus, because more light increases the amount of 
BcLOV4 in the lit state, and higher temperature increases the tran-
sition rate from the lit to the TI state, our model could explain why 
both increased light and temperature can increase the decay rate of 
BcLOV4 membrane translocation. For details on model develop-
ment, see Fig. 3e–g, Supplementary Fig. 10 and Methods.

We parameterized our model by fitting values for k1, k2 and k3 
to live-cell data of BcLOV–mCherry translocation dynamics over a 
range of temperatures (25–40 °C) and light exposures (1.1%, 3.3%, 

10% duty cycle) (Fig. 3e,f, Supplementary Figs. 10 and 13). Across 
experimental conditions, we obtained consistent values for k1 and k2 
(Methods), which correspond closely to reported values of BcLOV4 
membrane translocation and dissociation (half-times of ~1 s for 
association and ~1 min for dissociation)15. As expected, k3 showed 
a strong exponential dependence on temperature (Supplementary 
Fig. 13). We then used our parameterized model to generate a 
two-dimensional heatmap of predicted BcLOV4 decay rate as a 
function of temperature and light dose during sustained stimula-
tion (Fig. 3g). This heatmap represents a roadmap of translocation 
dynamics that can be used to predict the behavior of BcLOV4-based 
probes.

To validate our model and predict signaling dynamics down-
stream of BcLOV–SOScat stimulation, we integrated our model of 
membrane translocation with a model of Ras/Erk signal transmis-
sion (Fig. 4a). We modeled the Ras/Erk pathway with a transfer func-
tion that represents signal transmission from membrane-localized 
SOScat to Erk phosphorylation as a dynamic filter. Previous work 
defined the Ras/Erk module as a second-order low-pass filter (LPF) 
with a 2-mHz cutoff frequency26. However, this previous work 
applied SOScat membrane localization as an input and measured 
nuclear localization of fluorescently tagged Erk2 as the output, 
whereas in our case the output was cytoplasmic levels of endog-
enous ppErk. Thus, to choose the most appropriate model, we 
performed dynamic stimulation of BcLOV–SOScat and fitted either 
first- or second-order LPF models to the data. We found that signal 
transmission was best modeled by a first-order LPF with a cutoff 
frequency of 2 mHz (Fig. 4b,c). Because first-order filters transmit 
fast signal dynamics more efficiently than analogous second-order 
filters (Fig. 4b), our results suggest that the Ras/Erk pathway can 
transmit fast signal fluctuations (less than ~4 min) more effectively 
than previously measured26. Our results may differ from previous 
measurements because of additional biochemical steps required 
to transduce phosphorylation into nuclear translocation of fluo-
rescently tagged Erk, compared with the direct observation of Erk 
phosphorylation in our work. Notably, our model captured both 
the fast timescale dynamics of ppErk fluctuations, as well as the 
slow timescale decay of ppErk due to progressive BcLOV4 inacti-
vation (Fig. 4c).

Our integrated model of membrane translocation and Erk acti-
vation predicted how specific light and temperature inputs shape 
BcLOV–SOScat-induced ppErk dynamics. We used this model to 
generate a heatmap of ppErk decay rate as a function of temperature 
and light dose during constant illumination (Fig. 4d). To validate 
our model, we performed stimulation time-course experiments at 
temperature and light conditions that were sampled from regions 
of our heatmap with diverse decay rates. Measured ppErk decay 
rates matched closely with the rates predicted by our model over all 
experimental conditions tested (Fig. 4d and Supplementary Fig. 14). 
Phototoxicity was not observed under the illumination conditions 
used in this study (Supplementary Fig. 15). Together, our data and 
models comprehensively describe how BcLOV4 and optogenetic 
probes thereof will behave as a function of light and temperature 
condition. We note, however, that decay rates will probably vary 
between pathways due to pathway-specific biochemistry and must 
thus be determined empirically.

BcLOV4-based signal activation in model organisms. The 
single-component nature and low rate of spontaneous decay at 
<30 °C position BcLOV4-based tools as highly suited for experi-
ments in tissues and model organisms that operate at lower 
temperatures. We thus tested the performance of BcLOV4 and 
BcLOV–SOScat in both zebrafish embryos and Drosophila S2 cells. 
BcLOV–mCherry expressed well in zebrafish embryos and, upon 
illumination, rapidly translocated to the membrane in all cells  
(Fig. 5a and Supplementary Movie 2). Membrane translocation was 
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sustained through 90 min of illumination, as expected from our 
experiments in mammalian cells (Fig. 5b). To determine whether 
BcLOV–SOScat could stimulate Ras signaling in zebrafish, we coex-
pressed BcLOV–SOScat with the ErkKTR reporter, which has previ-
ously been used in zebrafish (Fig. 5c)33. In cells that coexpressed 
BcLOV–SOScat and ErkKTR, we observed rapid and reversible 
ErkKTR translocation that could be stimulated over multiple cycles 
(Fig. 5d and Supplementary Movie 3), consistent with our data from 
mammalian cells. Notably, over 90 min of sustained stimulation, 
Erk activity remained high, demonstrating that both BcLOV–SOScat 
translocation and signal activation could be maintained (Fig. 5). We 
also expressed BcLOV4 probes in Drosophila S2 cells as an orthogo-
nal model system that grows at temperatures permissive to stable 
BcLOV4 translocation, and we again observed sustained BcLOV–
mCherry membrane localization through 90 min of blue-light 
illumination (Fig. 5f,g). Furthermore, expression and sustained 
stimulation of BcLOV–SOScat allowed sustained activation of ppErk 
(Fig. 5h). Together, these data show that BcLOV4-based probes can 
serve as simple and sensitive optogenetic probes across diverse cells, 
tissues and organisms of study.

Optogenetic multiplexing using BcLOV4. Finally, we reasoned that 
the unique light- and temperature-responsiveness of BcLOV4 could 
be leveraged as a control mode to regulate multiple optogenetic pro-
teins in single cells. Currently, such multiplexing can be achieved 
using optogenetic probes with different activation spectra (for exam-
ple, blue- and red-absorbing). However, there is a relative lack of 
optogenetic proteins that respond to red-shifted (nonblue) light, and 
the absorption spectra of these few probes can also reach into the 
400–500 nm (blue) range, thus challenging orthogonal multiplexing 
with blue-sensitive probes27,34. An arguably simpler approach would 
be to multiplex control of distinct blue-sensitive probes. To demon-
strate how temperature regulation of BcLOV4 enables such multi-
plexing, we coexpressed BcLOV4 with one of two blue-light sensitive 
tools: an iLID/sspB membrane binding system (Supplementary  
Fig. 4) or cryptochrome 2 (Cry2), which forms large aggregates 
when activated by blue light13. Coexpression of BcLOV4–mCherry 
and green fluorescent protein (GFP)-tagged iLID/sspB (iLID/sspB–
GFP) allowed control of three activation states: none (dark), both 
(blue light) or iLID-ONLY, achieved by sequential heat inactivation 
of BcLOV4 and subsequent light stimulation of iLID (Fig. 6a–c).
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Coexpression of BcLOV–GFP with Cry2–mCherry allowed 
control of all four possible activation states (Fig. 6d,e). In this 
arrangement, the BcLOV-ONLY state can be achieved because of 
differential ON-kinetics of fast BcLOV4 translocation versus the 
slower formation of large Cry2 clusters. We note that although the 
Cry2–mCherry displayed in Fig. 6e was imaged at 45 min, the time 
at which clusters appear is highly variable (approximately minutes to 
tens of minutes) and depends on Cry2 concentration. Nevertheless, 

because Cry2 clustering kinetics are slower than BcLOV transloca-
tion (approximately seconds), they permit a BcLOV-ONLY state at 
relatively short timescales.

Discussion
We describe the application of BcLOV4 membrane translocation to 
generate single-component probes for optical control over Ras/Erk 
or PI3K signaling. We characterized these probes in mammalian  
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cells and found that the BcLOV4-based probes can provide sig-
naling through a large, physiologically relevant dynamic range 
with low basal signaling and high photosensitivity. In addition, 
BcLOV4-based probes are single-protein systems, eliminating the 
need for stoichiometric tuning of analogous multicomponent tools. 
Such tuning can be difficult in model organisms like Drosophila 
and zebrafish, in which we show that BcLOV4-based probes func-
tion well. More generally, our work adds to the growing library 
of BcLOV4-based optogenetic signaling tools28–30, highlighting 
BcLOV4 as a modular optogenetic actuator of effector/membrane 
interaction to regulate signaling across biological models, including 
yeast, flies, zebrafish and mammalian cells15,28.

We discovered that BcLOV4 is a temperature sensor in addition to 
its known role as a photosensor. Although temperature-dependence 
has been observed in certain photosensors and optogenetic 
probes, this dependence mostly manifests as decreased protein 
stability or photoreactivity at elevated temperatures3,10,35–39. By 
contrast, BcLOV4 folds and translocates rapidly when exposed to 
light at all temperatures, but then, under sustained illumination, 
enters a long-lived inactive state and reverts to the cytoplasm at a 
rate that increases with both temperature and light dose (Figs. 2, 
3 and Supplementary Fig. 10). This behavior is consistent with a 
temperature-dependent photoinactivation in which, once BcLOV4 
is at the membrane in its active state, elevated temperatures acceler-
ate its transition into a state that is incompatible with membrane 
binding. Although the structural details of such inactivation remain 
unknown, light-induced oxidation40 and thermal denaturation dur-

ing the photocycle41 have both been observed in blue-light photo-
sensors and could conceivably play a role in BcLOV4 temperature 
inactivation.

We developed quantitative models of BcLOV4 membrane trans-
location and signal activation to predict activity as a function of light 
and temperature. We found that sustained, whole-cell illumination 
will result in sustained translocation only under low light exposure 
or low temperature. These conditions may explain why BcLOV4 
inactivation was not previously noticed, as its use to date has been 
performed at either <30 °C or over short periods, necessitated only 
sparse illumination (~1% duty cycle), or used subcellular regions 
of stimulation, which preserves unstimulated, activatable BcLOV4 
outside the region of illumination15,28,29.

In addition to shaping long-term activation dynamics, BcLOV4 
temperature sensitivity can be leveraged to allow multiplexing of 
blue-light sensitive tools in single cells, allowing control of three 
or four distinct cell states using a single blue-light channel. Our 
approach is complementary to a recent report wherein distinct 
transcriptional targets were activated using blue light with different 
temporal patterns42. Our method provides similar capability but at 
the post-translational level; for example, for the study of how mul-
tiple signals (for example, Ras and PI3K) are integrated in single 
cells. We note that when attempting four-state control (with Cry2), 
the duration of the BcLOV4-ONLY state can be altered by tuning 
the ability of Cry2 to form large clusters, either by changing Cry2 
concentration or through the use of Cry2 variants that change its 
propensity for cluster formation43.
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Combined with previous work, our studies provide a road-
map for how to use BcLOV4-based optogenetic tools. BcLOV4 
membrane recruitment can be faithfully and precisely controlled 

over short durations (less than ~30 min) across temperatures but 
requires low temperatures or sparse illumination for sustained 
(>30 min) stimulation. Specific BcLOV4 translocation dynamics 
over a range of light and temperature conditions can be predicted 
using our three-state model (Fig. 3e–g). Although our work pre-
dicts a temperature-inactivated state of BcLOV4, future studies are 
required to understand the molecular basis for this temperature 
sensitivity. Such studies will inform protein engineering efforts to 
modulate BcLOV4 temperature-responsiveness for enhanced opti-
cal and thermal control across biological systems.
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Methods
Cell culture. Lenti-X HEK 293 T cells were maintained in 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin (P/S) in DMEM. NIH 3T3 cells were 
maintained in 10% calf serum and 1% P/S in DMEM. All cells were cultured in 
standard cell culture incubators at 37 °C and 5% CO2. Drosophila S2 cells were 
maintained in Schneider’s Drosophila medium with 10% heat-inactivated FBS 
at room temperature. All cell lines were purchased commercially (Lenti-X HEK 
293 T cells: Takarabio, catalog number 632180; NIH 3T3: ATCC, catalog number 
CRL-1658; S2: ThermoFisher Scientific, catalog number R69007). Cell lines were 
not verified after purchase. Cells were not cultured in proximity to commonly 
misidentified cell lines.

Plasmid design and assembly. Constructs for stable transduction in mammalian 
cells were cloned into the pHR lentiviral backbone with an spleen focus forming 
virus (SFFV) promoter driving the gene of interest. The pHR backbone was 
linearized using MluI and NotI restriction sites. BcLOV4, iLID, BFP, SOScat and 
iSH coding DNA fragments were generated via PCR and inserted into the pHR 
backbone via HiFi cloning mix (New England Biolabs). For expression in Drosophila 
S2 cells, BcLOV–mCherry, BcLOV–iSH and BcLOV–SOScat were amplified and 
inserted into the pbphi-nanos promoter-αTubulin 3′-untranslated region vector44 
between the NheI and BamHI restriction sites. The resulting vectors were digested 
with NotI and XhoI to replace the nanos protomer with the metallothionein 
promoter45, which was synthesized by gBlocks gene fragments (Integrated DNA 
Technologies). The metallothionein promoter permits inducible expression in the 
presence of heavy metals, for example, copper. For zebrafish mRNA expression 
experiments, BcLOV–mCherry, BcLOV–SOScat and ERK–KTR–BFP (adapted from 
Regot et al.32) were amplified with primers containing att sites for Gateway cloning. 
PCR amplicons were transferred into pDONR221 plasmids and sequence verified. 
Gateway cloning was used to transfer each insert into pCSDest plasmids46.

Plasmid transfection. HEK 293 T cells were transfected using the following 
calcium phosphate method: per 1 ml of media of the cell culture to be transfected, 
50 µl of 2× HEPES-buffered saline (HeBS)28,29, 1 µg of each DNA construct and 
H2O up to 94 µl was mixed. Six microliters of 2.5 mM CaCl2 was added after 
mixing of the initial components, incubated for 1 min 45 s at room temperature 
and added directly to the cell culture. S2 cells were transfected with Lipofectamine 
3000 reagent (ThermoFisher Scientific) following the manufacturer’s protocol. 
The transfection mixture contained 10 ng µl−1 of DNA, 1.5% Lipofectamine 3000 
reagent and 2% P3000 reagent, and was brought up to volume with Opti-MEM 
(ThermoFisher Scientific). The transfection mix was incubated for 15 min at room 
temperature and was then added directly to the S2 cells. One hundred microliters 
of transfection mix per 1 ml of cell culture media was used. The transfected cells 
were imaged 72 h after the transfection (24 h after promoter induction).

Lentiviral packaging and cell line generation. Lentivirus was packaged by 
cotransfecting the pHR transfer vector, pCMV-dR8.91 (Addgene, catalog number 
12263), and pMD2.G (Addgene, catalog number 12259) into Lenti-X HEK 293 
T cells. Briefly, cells were seeded one day before transfection at a concentration of 
350,000 cells ml−1 in a six-well plate. Plasmids were transfected using the calcium 
phosphate method. Media was removed one day post transfection and replaced 
with fresh media. Two days post transfection, media containing virus was collected 
and centrifuged at 800g for 3 min. The supernatant was passed through a 0.45-µm 
filter. Five hundred microliters of filtered virus solution was added to 100,000 NIH 
3T3 cells seeded in a six-well plate. Cells were expanded over multiple passages, 
and successfully transduced cells were enriched through fluorescence-activated cell 
sorting (BD FACS Aria II) (see gating strategy in Supplementary Fig. 16).

Zebrafish maintenance and mRNA injection. For messenger RNA (mRNA) 
generation, pCSDest BcLOV–SOScat, pCSDest BcLOV–mCherry and pCSDest 
ERK–KTR–BFP were digested with NotI. mRNA was generated using the 
SP6 mMessage Machine kit (Invitrogen) according to the manufacturer’s 
specifications. 400 pg of BcLOV–SOScat or BcLOV–mCherry were injected. For 
the KTR construct, we injected 100 pg. For double injections, mRNAs were mixed 
before injection. Embryos were derived by natural spawning in the morning of 
injection and injected with the desired construct(s). Imaging was performed 
at 24 h post fertilization after embedding the embryos in 1% low melting 
point agarose in a glass bottom dish. Animal protocols (number 806819) were 
approved by the University of Pennsylvania Institutional Animal Care and Use 
Committee (IACUC). Wild-type fish of the AB strain were used for experiments 
at the indicated time points of development. The sex of the animals cannot be 
determined at the embryonic stage.

Preparation of cells for plate-based experiments. Plates (with 96 or 384 wells) 
were seeded with cells, as previously described27. Briefly, wells were coated with 
50 µl of MilliporeSigma Chemicon Human Plasma Fibronectin Purified Protein 
fibronectin solution diluted 100 times in PBS and were incubated at 37 °C for 
30 min. NIH 3T3 cells were seeded in a 96- or 384-well format at a density of 3,500 
or 1,000 cells per well in 100 or 50 µl, respectively and were spun down at 100g 
for 1 min. After 24 h, cells were starved by performing seven 80% washes with 

starvation media (DMEM + 1% P/S). Experiments were performed after 3 h of 
starvation.

Optogenetic stimulation. The optoPlate-96 was used for optogenetic stimulation 
of individual wells in microwell plates27. A single-color optoPlate was configured 
with two blue LEDs for maximum dynamic range of blue-light intensity. The 
Arduino IDE (v.1.8) was used to program the Arduino Micro found on the 
optoPlate-96. A low-profile (9 mm tall) well plate adapter was used for experiments 
in which we simultaneously stimulated and modulated sample temperature. A tall 
(20 mm) adapter was used for experiments in 384-well plates, as recommended27. 
Stimulation time courses were performed by assigning time points to individual 
wells. Wells corresponding to different time points were started sequentially, such 
that all wells could be fixed simultaneously at the end of each experiment. For 
live-cell imaging experiments, the 488 nm laser was used to stimulate BcLOV4 
membrane translocation.

Temperature-controlled optoPlate experiments. Control of sample temperature 
leveraged the fact that the optoPlate generates heat when operated under 
conditions that draw large amounts of current27. To independently control a 
sample’s illumination conditions and its temperature, we designated 24 LEDs as 
‘stimulation’ LEDs and repurposed the remaining 72 LEDs as ‘heater’ LEDs (for 
details see Fig. 2 and Supplementary Fig. 7). Constant illumination of the 72 heater 
LEDs at varying intensities permitted linear and uniform control of temperature 
in the 24 sample wells. Experiments were performed with the heatsink fan 
operating at maximum speed. To perform temperature-controlled experiments, 
the cell culture incubator temperature was reduced to 25 or 30 °C and optoPlate 
heating was used to increase temperature according to the relationship described 
in Fig. 2f. Sample plates were first equilibrated to the lower incubator temperature 
for 2 h, and then equilibrated on the optoPlate to achieve the desired increased 
temperature for 1.5 h before the illumination program began.

Immunofluorescence staining. Immediately following completion of a stimulation 
protocol, 16% paraformaldehyde was added to each well to a final concentration 
of 4%, and cells were incubated in paraformaldehyde in the dark for 10 min. 
Cells were then permeabilized with 100 or 50 µl (for 96- or 384-well plates) with 
PBS + 0.1% Triton X-100 for 10 min. Cells were then further permeabilized with 
ice-cold methanol for 10 min. After permeabilization, cells were blocked with 1% 
BSA at room temperature for 30 min. Primary antibody was diluted in PBS + 1% 
BSA according to the manufacturer’s recommendation for immunofluorescence 
(phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), Cell Signaling, catalog number 
4370, 1:400 dilution; phospho-Akt (Ser473), Cell Signaling Technologies, catalog 
number 9271, 1:800 dilution). Plates (96 or 384 wells) were incubated with 50 or 
25 µl of antibody dilution for 2 h at room temperature. Samples were incubated at 
room temperature in primary antibody for 2 h, after which primary antibody was 
removed and samples underwent five washes in PBS + 0.1% TWEEN-20 (PBS-T). 
Cells were then incubated with secondary antibody (Jackson Immunoresearch 
Alexa Fluor 488 AffiniPure goat anti-rabbit IgG (H+L)) and 4,6-diamidino-
2-phenylindole (DAPI; ThermoFisher Scientific, catalog number D1306, 300 nM) in 
PBS-T + 0.1% BSA for 1 h at room temperature. Secondary antibody was removed, 
and samples underwent five washes with PBS-T. Samples were imaged in PBS-T.

Imaging. Live-cell imaging. Live-cell imaging was performed using a Nikon Ti2E 
microscope equipped with a Yokagawa CSU-W1 spinning disk, 405/488/561/640 nm 
laser lines, an sCMOS camera (Photometrics), a motorized stage and an 
environmental chamber (Okolabs). HEK 293 T cells expressing BcLOV–mCherry 
were imaged with a ×20 objective at variable temperatures and 5% CO2. Cells were 
incubated at the desired temperature for 2 h before imaging to ensure cells equilibrated 
at the desired temperature. Temperatures were verified by using the temperature 
sensor shown in Supplementary Fig. 7A. The temperature probes were submerged in 
PBS in the wells of a 96-well plate, and the probe/plate apparatus was placed on the 
microscope stage inside the environmental chamber to record temperatures during 
imaging. BcLOV4 was stimulated using a 488 nm laser. Zebrafish and Drosophila S2 
cells were imaged at room temperature using a ×40 oil immersion objective.

High-content imaging. Fixed samples were imaged using a Nikon Ti2E 
epifluorescence microscope equipped with DAPI/FITC/Texas Red/Cy5 filter cubes, 
a SOLA SEII 365 LED light source and motorized stage. High-content imaging was 
performed using the Nikon Elements AR software. Image focus was ensured using 
image-based focusing in the DAPI channel.

Image processing and analysis. Immunofluorescence quantification. Images were 
processed using Cell Profiler47. Cells were segmented using the DAPI channel, and 
cytoplasm was identified using a five-pixel ring around the nucleus. Nuclear and 
cytoplasmic fluorescence values were then exported and analyzed using R (https://
cran.r-project.org/) and R-Studio (https://rstudio.com/). Data was processed and 
visualized using the dplyr48 and ggplot2 (ref. 49) packages. For Fig. 2g,h, exponential 
decay functions of the form a × e−b×x were fit to data points in each condition to 
visualize the rate of decay in signaling. Curves were fit using the MATLAB R2020a 
cftool program.
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Membrane recruitment. Membrane localization was quantified using the ilastik 
machine learning software50. Briefly, ilastik was used to identify pixels that 
correspond to the plasma membrane based on user annotations of images of cells 
that expressed infrared fluorescent protein (iRFP)–CAAX protein, which localizes 
to the plasma membrane. The resulting image masks were imported into Cell 
Profiler and were used to quantify the amount of BcLOV4 membrane localization 
within the same frame. Total BcLOV4, membrane-localized BcLOV4 and total 
iRFP–CAAX intensity was recorded and further processed in R. Bleaching was 
corrected by dividing the total intensity of masked mCherry images by the total 
intensity of mCherry in the original unmasked image. This method assumed 
that loss of fluorescence was not due to degradation, which we empirically 
confirmed (Supplementary Fig. 11). Zebrafish and Drosophila BcLOV4 membrane 
recruitment in Fig. 5 was performed by manually comparing the pixel intensity of 
membrane and cytoplasmic intensities in ten or more cells.

Modeling. The three-parameter model found in Fig. 3 was based on the following 
observations: (1) The rate of transition from the TI to the dark state can be 
approximated as 0 because BcLOV4 inactivation is effectively irreversible (Fig. 2c).  
(2) The rate of BcLOV4 transition from the dark state directly to the TI state can 
be approximated as 0 because BcLOV4 could be strongly activated even when 
preincubated for 2 h before stimulation across a wide range of experimental 
temperatures, with no obvious correlation between temperature and signal strength 
(Supplementary Fig. 8). (3) The rate of BcLOV4 transition from the TI state to 
the lit state can be approximated as 0 because temperature-inactivated membrane 
recruitment and signal activation decay to zero, whereas a nonzero reversion to the 
lit state would result in a nonzero equilibrium between lit and inactivated state.

Under these assumptions, the following equations were used to model BcLOV4 
activity. These equations allow only for bidirectional BcLOV4 movement between 
the dark and lit states and irreversible movement from the lit state to the TI state.

dD
dt = −D × k1 + L × k2 (1)

dL
dt = D × k1 − L × k2 − TI × k3 (2)

dTI
dt = L × k3 (3)

where D = Dark State BcLOV4, L = Lit State BcLOV4, TI = Temperature 
Inactivated State BcLOV4, k1 = Dark to Lit state transition rate, k2 = Lit to Dark 
state transition rate, and k3 = Lit to Temperature Inactivated state transition 
rate. This system of equations was implemented in MATLAB and was solved 
numerically using the Euler method. The rate constants k1, k2 and k3 were found 
by fitting the model to live-cell imaging data of BcLOV4 membrane translocation 
through minimization of mean squared error (Fig. 3f). Fitting was performed using 
a custom script that iteratively calculated vertical R-squared across a coarse-grained 
range of parameter values, and then testing a more finely resolved set of values 
centered on the best fitting value chosen from the previous iteration. Under the 
assumption that:

k1, k2 ≫ k3 (4)

k1 and k2 were found by setting k3 = 0 and fitting observed BcLOV4 translocation 
kinetics over short (1 min) periods, yielding the following rate constants:

k1 = 60 ± 5min−1, k2 = 1.5 ± 0.2min−1

k3 was then determined by keeping k1 and k2 constant and fitting k3 to observed 
decay rates at each temperature.

The transfer function model of SOScat-to-ppErk transmission was implemented 
using the image processing toolbox in MATLAB. Based on previous work26, we 
hypothesized that the transfer function could be modeled as a 1° or 2° LPF:

1◦ LPF : H(s) =

ω0

s + ω0
(5)

2◦ LPF : H(s) =

ω2
0

(s + ω0)2
(6)

where H(s) is the ratio between system input and output, s is the complex variable 
(frequency) and ω0 is the cutoff frequency. To discriminate between these 
potential models, we measured ppErk in cells when stimulated by a dynamic 2 min 
ON/2 min OFF pulse train of light, which corresponds to a frequency that should 
be ~90% suppressed by the second-order LPF, but substantially less suppressed 
(~40%) by a first-order LPF (Fig. 4b). We integrated the 1° or 2° LPF models into 
our model of BcLOV4 translocation, and we fit these integrated models to the 
data as described above. We found that dynamic Erk stimulation through BcLOV4 
translocation was best described by a 1° LPF with a 2-mHz cutoff frequency.

For all experiments related to modeling, illumination duty cycle was used to 
modulate the intensity of BcLOV4 stimulation. Duty cycle parameters were limited 
to patterns where the OFF period was less than ~1 min to ensure that BcLOV4 
membrane recruitment was maintained at intermediate levels, as determined by its 
measured inactivation kinetics15.

Multiplexing experiments. HEK 293 T cells were seeded in a 96-well plate and 
were cotransfected with 100 ng each of the following plasmids. BcLOV/iLID 
multiplexing: BcLOV–mCherry, sspb–GFP–P2A–iLID–CAAX and iRFP–CAAX; 
BcLOV/Cry2 multiplexing: BcLOV–GFP, Cry2(PHR)–mCherry13. Images were 
acquired 24 h post transfection using confocal microscopy. For BcLOV/iLID 
multiplexing, light stimulation was performed at 37 °C using 1 s of blue light 
(1.45 W cm−2) every 30 s for 10 min in the presence or absence of prior BcLOV 
inactivation. Inactivation was achieved using these same light settings for 1 h. For 
BcLOV/Cry2 multiplexing, ‘short light’ (10 min) and ‘long light’ (45 min) exposure 
was achieved using 100 ms of light (1.45 W cm−2) every 30 s at 30 °C. BcLOV 
inactivation was achieved using 1 s of blue light (1.45 W cm−2) every 30 s for 45 min. 
The Cry2-ONLY state was imaged after 45 min of light inactivation.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All raw data used to generate the figures can be found at the following link: https://
drive.google.com/drive/folders/1h0eDceDplxYUguSpUNyg5CHA4uudZO39?usp
=sharing

Code availability
MATLAB code used to fit data and model BcLOV4 activation dynamics can be 
found at the following link: https://drive.google.com/drive/folders/1h0eDceDplxY
UguSpUNyg5CHA4uudZO39?usp=sharing
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