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Optogenetic tools respond to light through one of a small number of behaviors includ-
ing allosteric changes, dimerization, clustering, or membrane translocation. Here, we
describe a new class of optogenetic actuator that simultaneously clusters and trans-
locates to the plasma membrane in response to blue light. We demonstrate that dual
translocation and clustering of the BcLOV4 photoreceptor can be harnessed for novel
single-component optogenetic tools, including for control of the entire family of epider-
mal growth factor receptor (ErtbB1-4) tyrosine kinases. We further find that clustering
and membrane translocation are mechanistically linked. Stronger clustering increased
the magnitude of translocation and downstream signaling, increased sensitivity to light
by ~threefold-to-fourfold, and decreased the expression levels needed for strong signal
activation. Thus light-induced clustering of BcLOV4 provides a strategy to generate a
new class of optogenetic tools and to enhance existing ones.

optogenetics | clustering | cell signaling | intrinsically disordered regions

Optogenetics enables optical control of proteins by coupling them to naturally evolved
photoreceptor switches. These switches can undergo one of a handful of inducible behav-
iors, including conformational changes (1, 2), homo-/hetero-dimerization (3-8), clustering
(9, 10), and membrane translocation (11, 12), each of which has been leveraged to control
numerous aspects of cell physiology. In some cases, a photoreceptor can possess multiple
such functions. One example is Arabidopsis Cry2, which, in addition to heterodimerizing
with CIB1, also forms light-induced clusters (8-10, 13).

BcLOV4 is a photoreceptor that translocates from the cytosol to the plasma membrane
under blue light (11). Although the molecular details of this process are not fully under-
stood, BcLOV4 contains a canonical LOV domain that associates with a flavin mononu-
cleotide cofactor (FMN) (11). Blue light absorption by the FMN triggers a conformational
change that propagates through the LOV domain and, in the case of BcLOV4, exposes
an amphipathic helix. The exposed helix increases the protein’s affinity for anionic phos-
pholipids, resulting in translocation to the plasma membrane. This mechanism has now
allowed light-induced translocation of BcLOV4 in cells from a broad range of organisms
including yeast, flies, zebrafish, ciona, and humans (11, 14-17).

BcLOV4 translocation has been leveraged for multiple probes of cell signaling, including
of Rho GTPases, Ras, and PI3K signaling. While live-cell microscopy showed that stim-
ulated BcLOV4 translocates to the plasma membrane, experiments with purified protein
found that BcLOV4 can also undergo light-induced aggregation (11). However, clustering
was not observed in the presence of lipid membranes. Within water-in-oil emulsions,
light-stimulated BcLOV4 localized to the membrane and did not visibly aggregate,
although aggregation was still observed in the center of large emulsion droplets where the
diffusive distance to the membrane was largest (11). These results suggested that BcLOV4
clustering and membrane association may be mutually antagonistic. However, whether
BcLOV4 forms clusters at the membrane, and whether clustering plays a role in BcLOV4
translocation, has not been formally tested.

The inability to observe BcLOV4 clustering in cells could be explained if membrane-
associated clusters were sufficiently small. Small clusters will not appear punctate under
conventional fluorescence imaging due to measurement limitations including the diffrac-
tion limit of light and a low signal-to-noise of the aggregated fluorophore against the
fluorescence background (18). A similar effect can be observed with the bona fide clustering
module Cry2, which clusters in response to blue light, but whose clusters can only be
observed above an expression threshold (9, 18-21). Recently our group developed the
CluMPS reporter to indicate the presence of protein clusters as small as trimers (18).
When applied to Cry2, CluMPS revealed the presence of small light-induced Cry?2 clusters
at all expression levels, including at low expression levels where clusters could not be
otherwise observed (18).
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Clarifying the existence of BcLOV4 clustering in cells would
be impactful for several reasons. Optogenetic clustering of Cry2
has been a powerful approach, for example, in studies of cell sig-
naling (9, 22), stem cell differentiation (23, 24), neurodegenera-
tive aggregation (25), and protein phase separation (26) However,
Cry2 remains the only photoreceptor whose light-induced clus-
tering has been used for optogenetic control. Additional such
methods would expand the applications toward which optogenetic
clustering could be applied. Further, understanding the molecular
details of BcLOV4 activation may yield insights to understand
and mitigate the unique temperature-sensitivity of BcLOV4,
which spontaneously self-inactivates within ~ 1 h of strong light
stimulation above ~30 °C (16).

In this work, we find that BcLOV4 is a multifunctional protein
that simultaneously clusters and translocates to the membrane
under light stimulation in cells. We leverage this multifunction-
ality to generate new tools for the activation of the epidermal
growth factor receptor (EGFR) kinase, which could not be acti-
vated by membrane translocation alone. We further apply this
same strategy to regulate the entire ErbB receptor family in a
modular manner and find receptor-specific signal dynamics.
Surprisingly, in contrast to previous evidence that clustering and
translocation are antagonistic, we find that clustering potentiates
BcLOV4 membrane translocation, sensitizes stimulation to lower
levels of light, and diminishes temperature-dependent inactiva-
tion. Our work thus uncovers new features of BcLOV4 stimula-
tion and provides a platform to engineer a unique class of
optogenetic tools and enhance existing ones.

Results

To examine whether BcLOV4 formed light-induced clusters at the
membrane, we transiently transfected Bc(LOV-GFP in HEK 293T
cells and observed its distribution after blue light stimulation
(Fig. 14). As reported before (11, 14-16, 27), fluorescence
appeared mostly uniform at the membrane (Fig. 1B). However,
we noticed that in cells with high expression, light-induced

fluorescent puncta could be observed at the membrane (S7 Appendix,
Fig. S1A). Since cluster size depends on concentration, we reasoned
that smaller clusters may be forming in low-expressing cells as well,
but at a submicroscopic scale. To test this possibility, we repeated
our imaging experiment in the presence of a CluMPS reporter.
CluMPS reporters amplify small protein clusters through multi-
valent interactions that generate large fluorescent condensates in
the presence of a clustered target (18) (Fig. 1C). In cells that coex-
pressed BcLOV-GFP with a CluMPS reporter of GFP clustering
(LaG17-CluMPS), light stimulation rapidly triggered the forma-
tion of condensates at the membrane, regardless of BcLOV4
expression level (Fig. 1D, SI Appendix, Fig. S1B, and Movie S1).
Notably, CluMPS did not produce reporter condensates in
response to membrane recruitment of GFP through optogenetic
heterodimerization [iLid and sspB-GFP (5)], suggesting that clus-
tering and CluMPS activation was not a general property of mem-
brane translocation (SI Appendix, Fig. S1C).

The unique ability of BcLOV4 to both translocate and cluster
in response to blue light carries the potential for new types of
optogenetic tools. The optogenetic clustering protein Cry?2 has
been applied to cluster and activate receptor tyrosine kinases
(RTKs) (22, 28-31). However, these tools require either consti-
tutive anchoring to the plasma membrane, which could raise basal
signaling levels (28-30, 32), or require a separate interaction part-
ner anchored at the membrane, which can necessitate stoichio-
metric tuning between the two components for optimal function
(32, 33). We reasoned that BcLOV4 could implement a simpler,
single-component variant of such tools, without the need for
membrane anchoring.

We first sought to stimulate EGFR (ErbB1), a receptor impor-
tant for cell growth and survival that is commonly misregulated in
human cancers. We fused BcLOV-mCh to the N terminus of the
EGFR intracellular domain (BcLOV-EGEFR, Fig. 24). To assay
activation, we observed activity of the downstream Erk kinase using
the ErtkKTR reporter, a fluorescent probe that translocates from
the nucleus to the cytoplasm upon Erk activation (Fig. 2B) (34).
Within seconds after light stimulation, BcLOV-EGFR translocated
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BcLOV4 forms light-induced clusters at the membrane. (A) BcLOV-GFP translocates to the plasma membrane when stimulated with blue light. However,
it is unclear whether it forms clusters at the membrane. (B) Representative image of membrane recruitment of BcLOV-GFP upon blue-light stimulation in HEK
293T cells. Dashed box shows membrane localization as depicted in (A). (Scale bar, 20 um.) (C) The CIuMPS reporter for GFP clustering (LaG17-CluMPS) was
coexpressed with BcLOV to amplify and visualize potential submicroscopic membrane-associated clusters of BcLOV-GFP. (D) Representative images of membrane
recruitment of BcLOV-GFP in the presence of LaG17-CluMPS. CluMPS amplifies and visualizes membrane-associated BcLOV condensates in the light. [Scale bar,
20 pm (Movie S1).] See SI Appendix, Fig. S1 for additional controls and S/ Appendix, Table S1 for details of optogenetic illumination parameters.
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to the membrane, and within minutes, ErkKTR-miRFP moved
from the nucleus to the cytoplasm, indicating Erk activation
(Fig. 2C and Movie S2). BcLOV-EGER signaling could be stim-
ulated and inactivated over multiple cycles (Fig. 2D). Immuno-
fluorescence staining for phospho-Erk (ppErk) confirmed light-
induced Erk activation and also showed a lack of basal pathway
activation in transfected but unstimulated (dark state) cells
(81 Appendix, Fig. S2 A-E). BcLOV-EGER stimulated signaling
in multiple cell types, including in NIH 3T3s, which do not
express endogenous EGFR (87 Appendix, Fig. S2 F-]), demonstrat-
ing that BcLOV-EGER does not require the endogenous receptor
for its activity.

Notably, clustering was required for EGFR activation, since
membrane recruitment of EGFR through 1:1 heterodimerization
of the iLid/sspB system was insuflicient to stimulate EtkKTR or
to elevate ppErk (SI Appendix, Fig. S3 A—E). Moreover, single-cell
analysis revealed that EGFR activation was observed at even the
lowest detectable levels of BELOV-EGFR expression, confirming
that clustering occurs even at these low levels (S Appendix,
Fig. S3F). Collectively, our data show that 1) both membrane
translocation and clustering are required for activation of the
EGEFR intracellular domain, and 2) BcLOV4 clustering at the
membrane can be leveraged for novel optogenetic signaling tools.

BcLOV4 membrane translocation dynamics depend on both
light and temperature (16). Although BcLOV4 binds the mem-
brane at all temperatures, it then spontaneously dissociates within
~1 h ata rate that depends on both light exposure and temperature

above ~30 °C (16). We observed similar temperature-dependent
behavior for BELOV-EGFR: Erk phosphorylation could be stably
maintained at 25 °C but decayed within ~1 h of strong light
stimulation at 37 °C (Fig. 2E). However, intermediate but sus-
tained levels of pathway activation (>6 h) could be achieved at
mammalian temperatures by using intermediate doses of stimu-
lating light (Fig. 2 F and G). Such intermediate doses sustain
signaling presumably because they stimulate a sufficient amount
of BcLOV for EGFR activation but also a small enough amount
such that only a small fraction of BcLOV undergoes inactivation,
leaving a large reservoir of activatable protein to maintain signal
activity under sustained pulsatile stimulation.

EGFR is a member of the ErbB receptor family, whose members
(ErbB1-4) play important roles in development as well as cancer
(35). However, it is currently challenging to study the specific
activity of each ErbB family member in isolation for several rea-
sons. First, receptor ligands can activate multiple family members.
Second, ErbB2 has no known ligand. Third, the ErbB family
members can heterodimerize with each other upon ligand activa-
tion. Chemical and optical probes have been developed to over-
come this challenge for EGFR and ErbB2 (31, 36, 37), although
a single method that can stimulate each member of the ErbB
receptor family individually has not been reported. We asked
whether BcLOV clustering could be used to stimulate ErbB2-4
in the same manner as for EGFR. We fused the intracellular
domains of each ErbB receptor to the C-terminus of BcLOV-mCh
and observed membrane translocation under light stimulation
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Fig. 2. Membrane translocation and clustering allows activation of EGFR. (A) The intracellular domain of EGFR was fused to BcLOV-mCherry to generate
BcLOV-EGFR. Light-induced BcLOV-EGFR activity was assessed by measuring activity of downstream Ras-Erk signaling. (B) ErkKTR is a fluorescent biosensor
of Erk activity. ErkKTR is nuclear when Erk is off and is cytoplasmic when Erk is on. (C) HEK 293T cells that coexpress BcLOV-EGFR and ErkKTR-miRFP show Erk
activation upon light stimulation. [Scale bar, 20 pm (Movie S2).] (D) Erk activity could be stimulated reversibly over multiple cycles. Gray traces represent mean
ErkKTR C/N ratios of individual cells (n = 25). Black trace represents mean of these traces. (£) BcLOV-EGFR signal kinetics depend on temperature. Erk signal can
be stably maintained with light at 25 °C but decays more rapidly 37 °C. Data represent mean + SEM of four replicates, with each replicate representing the mean
of ~1,000 to 4,000 cells. (F) BcLOV-EGFR activity can be stably maintained at 37 °C at intermediate light doses. Cells were stimulated with pulse trains of light of
variable duty cycles. (G) Maximal steady-state Erk levels were achieved at 2.5% duty cycle (500 ms ON every 20 s). Data in (G) represents the mean + SEM of four
replicates, with each replicate representing the mean of ~300 to 1,700 cells. Datapoints in (G) are the mean steady-state (from 2 h to 6 h) ppErk levels shown in
(F). See SI Appendlix, Table S1 for details of optogenetic stimulation for all experiments. a.u., arbitrary units.
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(Fig. 3A). Each fusion rapidly localized to the plasma membrane
after stimulation with blue light (Fig. 3B). Intriguingly, the mag-
nitude of translocation differed between fusions. ErbB1(EGFR)
and ErbB2(Her2) showed weak-to-moderate translocation, with
apparent uniformity of fluorescence at the membrane. In striking
contrast, ErbB3 showed the strongest translocation, even stronger
than the original BcLOV-mCh fusion, and showed obvious clus-
ters at the membrane. ErbB4 showed strong membrane translo-
cation and moderate membrane clustering, lower than ErbB3 but
more than ErbB1/2. Notably, ErbB3 and ErbB4 fusions on occa-
sion formed cytoplasmic condensates in the dark, and these con-
densates would dissolve in favor of membrane translocation after
light stimulation (Fig. 3B and Movie S3).

We next asked whether translocation of the BcLOV-ErbB fusions
activated downstream signaling by measuring downstream Erk
phosphorylation. Each receptor fusion elicited distinct Erk activa-
tion dynamics (Fig. 3C). In response to sustained stimulation,
ppErk activation was strongest for ErbB1, whereas ErbB2 and
ErbB4 showed weaker signaling despite equivalent expression levels
(SI Appendix, Fig. S4). ErbB1 and ErbB4 also showed sustained
signal above baseline, whereas ErbB2 signaled with a transient pulse
and rapidly returned to baseline (Fig. 3Cand SI Appendix, Fig. S4).
ErbB3, by contrast, showed no Erk phosphorylation, in line with
the fact that ErbB3 is a pseudokinase and lacks enzymatic activity
(38-40). We found no major differences in the OFF-kinetics
between each tool, as measured after 5 min of light stimulation and
subsequent light removal (Fig. 3D). The half-life of signal decay was
~5 min for Erbl, 2, and 4, with complete loss of signal by 15 min.
We further confirmed signal activation using the EtkKTR reporter
(SI Appendix, Fig. S5) and through the observation of membrane
ruffling, indicative of PI3K/Racl activation downstream of receptor
activation (Fig. 3F and Movie $4). Collectively, our results show
that BcLOV4 can be applied in a modular fashion, with no further
optimization, to generate optogenetic tools for each of the ErbB
family members.

Successful control of the ErbB receptor family led us to ask whether
the modularity of BcLOV4 would extend to other families of RTK
signals. We generated fusions of BcLOV4 to the intracellular domain
of two other RTKs, fibroblast growth factor 1 (FGFR1) and platelet
derived growth factor (PDGFRP). Both constructs could stimulate
the EtkKTR reporter in HEK 293T cells (SI Appendix, Fig. S6).
However, for BELOV-FGFR1, high basal ppErk and Erk activity were
observed and were strongly correlated with expression levels of the
fusion, such that optimal switching of Erk (OFF in dark, ON in light)
could only be achieved in low-expressing cells (S/ Appendix, Fig. S6A).
FGFRI stimulation was substantially weaker when recruited to the
membrane through iLid/sspB heterodimerization, although Erk sig-
naling could still be stimulated in a fraction of cells (S Appendix,
Fig. S6B). BcLOV-PDGEFR showed no elevation of basal ppErk in
low/medium-expressing cells, and ppErk induction required medium-
high expression (SI Appendix, Fig. S6C). Clustering was required for
PDGEFR activation, as membrane recruitment with iLid/sspB het-
erodimerization did not increase ppErk levels (S Appendix, Fig. S6D).
In summary, we find that BcLOV4 can regulate diverse RTKs in a
modular manner, although receptor-specific expression, host-cell
dependencies, and molecular context will dictate optimization for
each individual RTK, as observed previously (29, 30, 36, 37).

Among the BcLOV-ErbB probes, BcLOV-ErbB3 showed the
strongest translocation to the membrane despite a lack of down-
stream signaling (Fig. 3B). Because ErbB3 is the only pseudokinase
among the ErbB family, we asked whether kinase activity might
suppress membrane translocation. We compared translocation of
BcLOV-EGER to the same construct with a kinase-inactivating
D813N mutation, which blocks EGFR kinase activity but does

40f 10 https://doi.org/10.1073/pnas.2221615120

not perturb its multimerization state (41). BE(LOV-EGFR(D813N)
exhibited stronger membrane translocation than B.LOV-EGFR (w),
suggesting that kinase activity indeed may suppress BEcLOV4 trans-
location (Fig. 3F). As expected, translocation of D813N did not
activate the Ras-Erk pathway due to the inactive EGFR kinase
(SI Appendix, Fig. S7A). As a further test, we also measured trans-
location of BcLOV-EGER in the presence of EGFR inhibitor erlo-
tinib (1 uM, EGFRi). EGFRI treatment yielded a strong increase
in translocation compared to untreated cells (Fig. 3F). Notably,
EGFRi further enhanced translocation relative to levels seen with
the D813N kinase-inactivating mutation. Thus, kinase inhibition
may only partly explain the boost in translocation from erlotinib
treatment, which could also be explained by drug-induced increase
in EGFR dimerization (42, 43). Interestingly, EGFRi also enhanced
EGFR endodomain recruitment through the heterodimeric iLid/
sspB system (SI Appendix, Fig. S7 B-D). Collectively, our results
show that EGFR kinase activity indeed can suppress BcLOV4
translocation, potentially through direct phosphorylation of the
membrane-binding domain of BcLOV4, or through recruitment
of downstream adapters that sterically interfere with membrane
binding. However, enhanced multimerization potential (e.g., due
to drug treatment or differences between ErbB family members)
could also contribute to increases in translocation.

Previous in vitro experiments suggested that BcLOV4 clustering
and membrane association may be mutually antagonistic (11).
However, throughout our study, we observed a direct correlation
between increased clustering and stronger membrane binding
(Figs. 1D and 3 B and F). We thus directly tested the role of
clustering on membrane association by strengthening the cluster-
ing potential of BcLOV4 with intrinsically disordered regions
(IDRs), which have previously been used to potentiate the clus-
tering strength of Cry2 (26) (Fig. 44). We tested two IDRs: the
FUS low complexity domain [FUS(LC)] and the RGG domain
from LAF-1, two well-characterized domains that have been used
to engineer protein phase separation (26, 44, 45). Both IDR
fusions dramatically enhanced optogenetic membrane transloca-
tion of BcLOV-mCh, supporting a positive role for clustering on
translocation (Fig. 4B and Movie S5). Notably, both IDR fusions
retained clear membrane localization of BcLOV4 even after two
hours of stimulation at 37 °C, whereas wt BcLOV4 translocation
decayed back to unstimulated levels, as observed previously (16)
(Fig. 4C). Thus, the modulation of cluster properties can tune the
amplitude and temperature-dependent dynamics of BcLOV4
stimulation (Fig. 4D).

The ability of IDRs to enhance membrane association suggested
that IDRs might also increase the sensitivity of BcLOV-based
tools. To test this, we first measured the effects of IDRs on acti-
vation of BcLOV-EGFR (Fig. 54). Both wt and FUS- or
RGG-fused BcLOV-EGEFR expressed well and stimulated the
ErkKTR reporter in HEK 293T cells (Fig. 5B). To quantify the
effects of the IDRs, we performed a dose—response experiment to
examine ppErk levels in response to a range of blue light intensi-
ties. FUS-BcLOV-EGFR drove a 30% higher maximum ppErk
activation relative to wt BcLOV-EGFR and showed a two-fold
increased sensitivity to light (1.2 vs. 2.5 mW/cm® to reach
half-max amplitude of wt, Fig. 5C). Interestingly, RGG-fused
BcLOV-EGEFR showed no benefit over the wt variant (Fig. 5C).
The divergent effects of FUS and RGG IDRs demonstrate that
distinct IDRs can have distinct effects on the activity of
BcLOV-based tools, potentially through differential abilities to
enhance either membrane localization or clustering. Nevertheless,
the increased sensitivity and responsiveness of FUS-BcLOV-EGFR
permitted higher levels of ppErk during both short- and long-term
stimulation as compared to the wt BcLOV-EGEFR probe (Fig. 5D).
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Fig.3. BcLOV4 clustering atthe membrane allows for modular activation of the entire ErbB receptor family. (A) The intracellular domains of ErbB1-4 were fused
to the C-terminus of BcLOV-mCherry. (B) Membrane translocation of BcLOV-ErbB1-4 in response to blue light. (Scale bar, 20 um.) See also Movie S3. (C and D)
Erk activation dynamics downstream of BcLOV-ErbB1-4 in response to ON and OFF steps of blue light. See also S/ Appendix, Fig. S4. Data represent mean + SEM
of two replicates, with each replicate representing the mean of ~500 to 2,400 cells. (F) Membrane ruffling (black arrows) downstream of stimulation of BcLOV-
ErbB1-4, indicative of RTK stimulation. Ruffling is strongest for ErbB1 and ErbB2, less for ErbB4, and absent for ErbB3 activation. (Scale bar, 20 pm.) See also
Movie S4. (F) Kinase activity suppresses BcLOV-EGFR membrane translocation. Translocation was observed under light stimulation of BcLOV-EGFR harboring a
kinase-inactivating D813N mutation, in either the presence or absence of 1 pM EGFR inhibitor erlotinib (EGFRi). (Scale bar, 20 pm.) Quantification (Right) shows
ratios of mean membrane and cytoplasmic fluorescence of 15 cells per condition. Significance was tested by one-way t tests between individual groups and was
assessed by comparing P values to Bonferroni-corrected significance level of a/3. ****P < 0.00001, ***P < 0.0001.
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Fig. 4. Enhanced clustering strengthens light-induced membrane binding of BcLOV4. (A) The IDRs FUS(LC) and RGG were fused to BcLOV-mCh to test whether
increasing BcLOV4 clustering strength could tune the magnitude of membrane binding. (B) Both IDR-fused variants of BcLOV-mCh showed dramatic enhancement
in membrane translocation. (Scale bar, 20 pm.) See also Movie S5. (C) IDR-BcLOV fusions maintained strong membrane localization even after 2 h of stimulation
at 37 °C, whereas wt BcLOV-mCh decays back to unstimulated levels. Data represent mean BcLOV4 membrane/cytoplasmic ratios of ~350 to 750 cells. Ribbons
=95% Cl (see Methods section for quantification details). (D) The clustering strength of BcLOV4 can tune its ability to translocate to the membrane in response
to light stimulation.
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Fig. 5. IDRs enhance sensitivity and strength of BcLOV-EGFR. (A) IDR-fused variants of BcLOV-EGFR. (B) IDR-BcLOV-EGFR variants stimulated ErkKTR-miRFP
under blue light in HEK 293T cells. (Scale bar, 20 pm.) (C) Dose-response of light intensity on ppErk after 5 min of constant illumination at the indicated light
dosages. Data represent the mean + SEM of four replicates, each representing the mean from ~2,000 to 4,000 cells. (D) Comparison of sustained stimulation
of wt or FUS-fused BcLOV-EGFR at variable duty cycles of stimulation. See S/ Appendix, Table S1 for details of optogenetic stimulation parameters. (E) Steady-
state levels of ppErk after 3 h of stimulation. FUS-BcLOV-mCh allowed stronger steady state levels of ppErk at all duty cycles tested. For (D), data represent
mean + SEM of two replicates, each representing the mean of ~2,000 to 5,000 cells. Datapoints in (E) are the mean steady-state ppErk levels at 3 h shown in ().
(F) FUS(LC) decreases the concentration of the BcLOV probe required to achieve a given signaling level. Data points represent mean + SEM of two replicates,
with each replicate representing the mean of 400 to 1,500 cells per expression quartile.
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sustained signaling, and lower requirements for probe expression
levels.

To determine whether benefits of increased clustering potential
would extend to other BcLOV-based tools, we tested the effects
of IDRs on BcLOV-SOS_,,, which stimulates Ras-Erk signaling,
and which also self-inactivates at 37 °C (16) (Fig. 64). Both
IDR-BcLOV-SOS,,, variants stimulated ErkKTR in NIH 3T3
cells (Fig. 6B). While Erk activity began to decay shortly after its
rapid activation by wt BcLOV-SOS_,,, activity was more sus-
tained and showed slower decay when driven by either
IDR-BcLOV-SOS,,, variant (Fig. 6C). Dose—response experi-
ments showed that while all variants reached equivalent maximal
ppErk levels, both IDR variants were 3-4X more sensitive to light
than wt BcLOV-SOS,_,, (intensity for half-max activation: wt: 20
mW/cm?, FUS: 5.1 mW/cm?, RGG: 6.7 mW/cm?, Fig. 6D).
When illuminated at light levels that gave equivalent max ppErk
response, the IDR variants yielded more sustained and higher
integrated ppErk signals over 1 h of constant stimulation
(Fig. 6E). We also compared signaling in response to a strong
but pulsatile light input, a commonly used stimulation pattern
that minimizes phototoxicity (46) (Fig. 6F). Here, both IDR
variants achieved >two-fold higher maximal signal and more
sustained activity compared to wt BcLOV-SOS,,..

Taken together, our results for both BcLOV-EGFR and
BcLOV-SOS,,, show that cluster strength serves as a tuning knob

to that can offer stronger, more stable, and less perturbative stim-
ulation of BcLOV-based optogenetic tools.

Discussion

BcLOV4 is a photoreceptor protein that, upon light stimulation,
both clusters and translocates to the plasma membrane. This dual
translocation and clustering can be leveraged for new optogenetic
signaling probes, including of the entire ErbB RTK family.
Potentiation of clustering with IDRs allowed for a higher ampli-
tude of signal induction, increased sensitivity to light, extended
durations of signaling, and a higher efficiency of signaling (signal
per unit of BcLOV probe expression). BcLOV4 represents, to our
knowledge, the second described photosensor whose light-
induced clustering can be co-opted for optogenetic control. The
first, Arabidopsis Cry2 (9), has found widespread use across diverse
systems of study (9, 22, 24-26, 28, 29, 47, 48). As the importance
of protein condensation continues to emerge (49), we expect that
BcLOV4 clustering will find extensive use cases, particularly for
classes of condensation that occur at the membrane. Furthermore,
the availability of multiple optogenetic clustering systems now
provides more options for optogenetic control with distinct clus-
tering properties (e.g., sensitivity, size, subcellular localization)
and could further allow for multiplexed control of distinct clus-
tering phenomena using the same blue light input.
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Fig. 6.

IDRs enhance sensitivity and strength of BcLOV-SOS,,.. (A) IDR-fused variants of BcLOV-SOS,,.. (B) The Ras/Erk pathway was activated in cells by IDR-BcLOV-

SOS,, variants in NIH 3T3 fibroblasts, as measured by the ErkKTR reporter. (Scale bar, 20 pm.) (C) Quantification of ErkKTR activity during 1 h of stimulation by
BcLOV-SOS,,, variants. IDR variants show slower pathway decay. See S/ Appendix, Table S1 for details of optogenetic illumination parameters. (D) Dose-response
of light intensity on ppErk after 5 min of constant illumination at the indicated light dose. Data represent mean + SEM of four replicates, each representing the
mean signal from ~200 to 1,000 cells. (£) Comparison of ppErk activation dynamics by BcLOV-SOS,,, variants, each stimulated at a constant light intensity that
produced equivalent max ppErk, as determined in (D) (dotted arrow). IDR variants showed higher sustained and integrated signaling over 1 h of stimulation.
Data represent the mean + SEM of four replicates, each representing the mean of ~50 to 400 single cells. (F) Comparison of ppErk activation dynamics by BcLOV-
SOS,, variants in response to pulsatile (20% duty cycle) maximum intensity light. IDR variants achieved >twofold higher maximal signal and more sustained and
integrated activity compared to wt BcLOV-SOS,,,.. Data represent mean + SEM of four replicates, each representing the mean of ~100 to 600 cells.
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The present work resolves the apparent paradox whereby
BcLOV4 was observed to cluster in vitro but not in the presence
of a lipid membrane (in vitro or in cellulo). In previous studies,
clustering was not observed because the membrane-associated
clusters were likely too small to resolve due to detection limitations
including the diffraction limit and high fluorescence background.
Our work overcomes these limitations to provide clear evidence
of clustering by 1) co-expressing BcLOV-GFP with a CluMPS
reporter (18) that amplified the size of small GFP clusters (Fig. 1),
and 2) coupling clustering to a biochemical readout (EGFR/Erk
activation) and measuring Erk activation in all cells with detectable
BcLOV-EGER expression, even when clustering was not visible
(Fig. 2 and SI Appendix, Fig. S3). Further experiments with
BcLOV-ErbB3, FUS-BcLOV, and BcLOV-EGER with erlotinib
treatment (Figs. 3 Fand Fand 4B) showed that in certain molec-
ular contexts, clusters of stimulated BcLOV fusions can be large
enough to see by fluorescence microscopy alone.

We leveraged the dual translocation and clustering of BcLOV4 to
regulate RTK signaling, with a focus on EGFR and the entire ErbB
receptor family. These studies further demonstrate the remarkable mod-
ularity of BcLOV4 as an optogenetic actuator, building on its previous
application to control GTPases, guanine nucleotide exchange factors
(GEFs), GTPase activating proteins (GAPs), and phosphatidyl inositol-3
kinase (PI3K) (14-16). We also found that by simply exchanging the
intracellular domain of EGFR for the analogous domain of other ErbB
family members, we could generate probes to control those receptors
with no further optimization. Although this strategy also allowed stim-
ulation of other families of RTKs including FGFR and PDGFR, we did
observe RTK-family-specific effects including high basal signaling and
limited activation strength. These results confirm the unique character
of distinct RTK families that demands further optimization for their
optimal activation, as has been observed previously (29, 30, 36, 37).
These previous studies, as well as studies that optimized BcLOV4 for
other signaling applications (14, 15, 27), provide a roadmap for future
engineering of BcLOV-based RTK stimulation.

As with any synthetic strategy for stimulating intracellular signals,
the events observed downstream of BcLOV-RTKs may not fully
recapitulate the events downstream of endogenous receptors.
Differences could occur, for example, because of differences in the
oligomeric state of ligand-stimulated endogenous RTKs versus
light-stimulated BcLOV4, due to differences in expression levels of
endogenous versus exogenous receptor, or due to idiosyncratic inter-
actions of the signaling domain with BcLOV4 (e.g., differential
translocation of ErbB family members, Fig. 3B). Such potential
effects must be considered to best contextualize experimental results.

Our ability to enhance the strength and sensitivity of BcLOV4
translocation through addition of IDRs has important practical
implications. Two complications of optogenetic approaches are 1)
toxicity from extensive blue light stimulation, and 2) elevated basal
levels of signaling from expression of the optogenetic probe.
Potentiation of BELOV4 membrane translocation (here using IDRs)
addresses both of these concerns, allowing comparable signal induc-
tion with ~four-fold less light (Fig. 6D) or with lower expression
levels of the probe (Fig. 5F). In addition, and specifically for
BcLOV4, the increased sensitivity allows one to slow the spontane-
ous signal decay observed at mammalian temperatures (37 °C) in
two ways. First, because decay depends on both light and temper-
ature, lower light levels lead to slower decay (16). Second, because
IDRs can boost the amplitude of signal, the signal will remain above
a given threshold for longer than for probes that lack the IDR.

While we found that IDR-mediated enhancements in BcLOV4
translocation generally translated to signal activation of optogenetic
probes, we also found important exceptions. For example, despite
increased membrane translocation arising from both the FUS(LC)
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and RGG IDRs (Fig. 4 B and C), only FUS(LC) potentiated sig-
naling of BELOV-EGER (Fig. 5D). By contrast, both IDRs poten-
tiated signaling of BcLOV-SOS,,, (Fig. 6D). Furthermore, despite
strong membrane localization over 2 h with IDR-fused variants of
BcLOV-mCh (Fig. 4C), BcLOV-SOS,,, activity could only be
extended, but not sustained indefinitely (Fig. 6F). Future work will
define the molecular details of BcLOV4 thermal sensitivity and
provide additional strategies by which to mitigate or eliminate its
effects. Collectively, these results highlight that a probe’s activation
dynamics can be influenced by many factors, including the molec-
ular nature of the signaling event, probe expression level, the host
cell environment, and even the enzymatic activity of the probe
itself (Fig. 3F and SI Appendix, Fig. S7 D and E).

In summary, BcLOV4 is a multifunctional photoreceptor that
uniquely both clusters and translocates to the membrane in mam-
malian cells. BcLOV clustering can be leveraged both for new types
of single-component optogenetic tools and to enhance existing ones.

Methods

Cell Culture. All cell lines were maintained at 37 °Cand 5% CO, in a cell culture
incubator. Lenti-X HEK 293T cells were cultured in DMEM containing 10% fetal
bovine serum (FBS)and 1% penicillin/streptomycin (P/S). NIH 313 fibroblast cells
were cultured in DMEM containing 10% calf serum (CS) and 1% P/S.

Plasmid Design and Assembly. Constructs were assembled using Gibson
assembly. DNA fragments for the inserts and backbone were generated via PCR
with primers obtained from Genewiz (Azenta Life Sciences) and inserted into the
backbone using HiFi cloning mix (New England Biolabs). All constructs were verified
with Sanger sequencing. The DNAsequence encoding BcLOVA was described previ-
ously (11). GFP-binding nanobody LaG17 was obtained from Michael P. Rout (50).
LaG17-CluMPS was previously described (18). ErkKTR-miRFP670 was previously
described (16). EGFR/ErbB1 was sourced from Opto-hEGFR, which was a kind gift
from Harold Janovjak (36). ErbB2 was sourced from MSCV-human Erbb2-IRES-GFP,
which was a gift from Martine Roussel (Addgene plasmid # 91888; http://n2t.net/
addgene:91888; RRID:Addgene_91888). ErbB3 was sourced from pDONR223-
ERBB3, which was a giftfrom William Hahn & David Root (Addgene plasmid #23874;
http://n2t.net/addgene:23874; RRID:Addgene_23874). ErbB4 was sourced from
pDONR223-ERBB4, which was a gift from William Hahn & David Root (Addgene
plasmid # 23875; http://n2t.net/addgene:23875; RRID:Addgene_23875). iLID,
sspB,and SOS,,; were sourced from previously described constructs (16). FUS(LC) (1
to 163) and LAF-1 RGG were kindly provided by Matthew Good. A list of constructs
used in this study is provided in S/ Appendix, Table S2.

Plasmid Transfection. lentiX HEK 293T cells were transfected using
Lipofectamine™ 3000 transfection reagent (ThermoFisher Scientific) following the
manufacturer's protocol. The transfection mixture contained 100 ng/uL DNA, 2%
Lipofectamine™ reagent, and 2% P3000 reagent and was brought up to a final
volume of 10 uL with Opti-MEM™ (ThermoFisher Scientific). The transfection mixture
was incubated for 15 min at room temperature and was then added to the cells. For
cells seeded in 96-well plates, 10 uL of transfection mixture was added per well. Cells
seeded in 384-well plates received 2.5 pl of transfection mixture per well.

Lentiviral Packaging and Cell Line Generation. Lentivirus was packaged by
contransfecting the pHR transfer vector, pCMV-dR8.91 (Addgene, Catalog #12263),
and pMD2.G (Addgene, Catalog #12259) into Lenti-X HEK 2937 cells. Cells were
seeded 1d priorto transfections ata density of 700,000 cells/mLin a six-well plate.
Cells were transfected using the calcium phosphate transfection method: for 300 uL
of transfection mix, 1.5 g of transfer vector, 1.33 ug of pCMV-dR8.91,0.17 pg of
pMD2.G, 150 pL of 2X HEPES-buffered saline (HeBS), and H,0 up to 132 uL were
mixed. Then, 18 pL of 2.5 mM CaCl, was then added, the mixture was incubated
for 1 min 45 s at room temperature, and then the mixture was added dropwise to
the cells. One day post-transfection, media was removed from the plate and was
replaced with fresh media. Two days posttransfection, media containing virus was
collected and centrifuged at 800 x g for 3 min.The supernatant from centrifuged
media was then collected and filtered through a 0.45-um filter. Then, 500 L of
filtered virus was added to 100,000 cells (Lenti-X HEK293T or NIH 373) seeded in
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a six-well plate. Cells were observed for transduction by checking for fluorescence
~1 102 d postinfection. Cells were expanded over multiple passages. Successfully
transduced cells were enriched through cell sorting using a BD FACSAria Fusion.

Preparation of Cells for Plate-Based Experiments. For experiments, cells were
seeded in 96- or 384-well plates (Cellvis 96-well plate with glass-like polymer bottom,
catalog number P96-1.5P; Greiner Bio-One CELLSTAR 384-well, Cell Culture-Treated,
Flat-Bottom Microplate, catalog number 781091). First, wells were coated with 30 uL
(for 96-well plate) or 12 pl (for 384-well plate) of 10 ug/mLof MilliporeSigma™ 597
Chemicon™ Human Plasma Fibronectin Purified Protein in 1X PBS for 15 min at 37
°C. For 96-well plate experiments, 25,000 Lenti X HEK 293T or 12,000 NIH 373 cells
were seeded in 150 pl of P/S-ree cell-culture medium (DMEM + 10% FBS or 10%
(S) in each well. For 384-well plate experiments, 3500 Lenti-X HEK 293T or 2500
NIH 313's were seeded. Following the seeding step, the plates were spun down at
20 x g for 1 min to promote uniform distribution of cells throughout the well. For
experiments with stable cell lines, cells were starved after 24 h by performing seven
80% washes (for 384-well plate) or four 75% washes (for 96-well plate) with starva-
tion media (DMEM +1% P/S) using an automated plate washer (BioTEK ELx405).
Experiments were performed 3 to 4 h post-starvation. For experiments with transiently
transfected cells, cells were starved 6 h post-transfection to remove lipofectamine
reagent from cells, and experiments were performed after overnight starvation.

Optogenetic Stimulation. For live-cell imaging experiments, the 488-nm laser
was used to stimulate BcLOV4 tools for membrane translocation. For fixed-cell exper-
iments, cells were stimulated with a single-color blue LED optoPlate-96 (46). LED
intensities were calibrated using a Thorlabs power meter (catalog number PM16-
140). Briefly, each well of the optoPlate was turmned on to maximum intensity. The
power meter was used to scan the well, and the maximum intensity reading from
that well was recorded. This process was repeated for all wells. The ratio of each LED
intensity to the dimmest LED intensity found was then calculated, and this value was
used as a “scaling factor’, such that each LED was scaled down to emit at the same
intensity as the weakest LED. In this way, all LEDs were set to the same power output.
For stimulation experiments, the lightintensity was configured to stimulate the wells
with a range of light intensities spanning from 0 to 160 mW/cm?. The Arduino IDE
(v1.8)was used to program the Arduino Micro present on the optoPlate-96.A20-mm
tall black adaptor was used for even light diffusion across each of the wells on the
384-well plate. For time course experiments, time points were assigned to individual
wells, and stimulations were run in a sequential manner to allow simultaneous fixing
of cells at the end of the experiment. The apparatus was arranged inside a standard
cell culture incubator setat 37 °Cand 5% CO2, and the experiments were run under
dark conditions to avoid unwanted light exposure. Prior to experiments, optoPlate
stimulation protocols were tested to ensure that no sample heating occurred due
to heat generation from the device. Sample temperatures were measured using a
custom-builtimmersion temperature sensor.

Immunofluorescence Staining. Immediately following completion of a stim-
ulation protocol,16% paraformaldehyde (Paraformaldehyde Aqueous Solution,
Electron Microscopy Sciences, catalog number 15710) was added to each well
to a final concentration of 4%, and cells were incubated for 10 min in the dark.
Cells were then permeabilized 1X PBS + 0.1% Triton X-100 for 10 min at room
temperature (RT). Cells were further permeabilized with ice-cold 100% methanol
at —20 °C for 10 min. After permeabilization, the cells were blocked with 1%
BSA in 1X PBS for 30 min at RT. The cells were then incubated in primary anti-
body diluted in 1X PBS + 0.1% BSA (phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204), Cell Signaling, catalog number 4370L, 1:400 dilution) at 4 °C overnight.
After overnightincubation, the primary antibody was removed and the plate was
washed 5 times 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), 1:500) and DAPI (ThermoFisher Scientific, catalog number
D1306,300 nM)in 1XPBS + 0.1% BSAfor 1 h at RT. The secondary antibody was
removed, and the plate was washed 5 times in PBS-T.

Immunoblotting. Cells were lysed with RIPA containing protease inhibitors. The
lysates were electrophoretically separated on an SDS-PAGE gel. Proteins were then
transferred onto a nitrocellulose membrane and probed for endogenous EGFR
[EGF Receptor (D38B1) XP® Rabbit mAb, Cell Signaling, catalog number 4267,
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1:1,000 dilution] with aTubulin [o-Tubulin (DM1A) Mouse mAb, Cell Signaling,
catalog number 3873, 1:1,000 dilution] as a loading control.

Imaging.

Live-cell imaging. Live-cell imaging was done 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). HEK293Tand NIH 313 cells with desired constructs were plated
in 96- or 384-well plates and imaged with a 40X oil immersion objective at 37 °C
and 5% CO2. For the EGFR inhibition experiments, cells were treated with 1 uM
of erlotinib 30 min prior to imaging. Erlotinib was kindly provided by Arjun Raj.
High-content imaging. For fixed-cell experiments, 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.

Live-cell ErkKTR quantification. To determine the cytoplasmic/nuclear (C/N)
fluorescence ratios of ErkKTR reporter from the live-cell imaging experiments
for Fig. 2D, ImageJ (51) was used to manually compare the pixel intensities of
the mean cytoplasmic and nuclear intensities for 25 cells in the same field of
view.The obtained values were exported into R (version 4.2.2) for data analysis
using the dplyr (52) and ggplot2 (53) packages.

Immunofluorescence quantification. Cell Profiler (54) was used to quantify ppErk
levels in the fixed-cell experiments. Cells were segmented using the DAPI channel and
the cytoplasm was identified by expanding a 5-pixel ring from the nuclei. The obtained
cytoplasmicand nuclearfluorescence values were exported into R for further analysis.
Membrane recruitment. Membrane recruitment of BcLOV4 in Fig. 4C was
quantified using the MorphoLibJ Plugin for ImageJ (55). All experiments were
performed in cells stably expressing a fluorescent membrane marker (GFP-
CAAX). Images of the membrane marker were used to automatically segment
single cells using the "Morphological Segmentation” feature of the MopholibJ
with a threshold of 150. Segmentation of each membrane marker image was
exported as a separate tiff image. Segmentation images were imported to
CellProfiler along with the corresponding images of BcLOV-mCherry variants.
Membrane values of mCh were then determined by designating a 1-pixel-wide
perimeter of each cell's membrane. The membrane intensity and total cell
intensity of BcLOV4 was then measured and recorded for each cell. R was used
to process these values, normalizing membrane BcLOV4 intensity of each cell
by the whole-cell intensity and averaging these single-cell values for each
time point.

Curve fitting. ppErk levels for the dose-response curves of IDR-fused variants
of BcLOV-EGFR and BcLOV-SOS,,, (Figs. 5D and 6D) were fit to a Hill function of

the form
« X°
’ (cb+xb) )

where X is the power of light used, a is the maximal amount of Erk activation,
b is the parameter defining steepness of the curve, and c is the power of light
needed to achieve half-maximal activation of Erk. AMATLAB function was written
to determine the parameters, and the curves were fitted on RStudio.

Statistics. Statistics were calculated using R version 4.2.2 using the "stats"
package.

Data, Materials, and Software Availability. Fluorescence imaging data under-
lying each figure can be found at the following link: bit.ly/palbenman.
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