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Engineering of photo-inducible binary
interaction tools for biomedical applications

Yi-Tsang Lee 1,4, Lei Guo2,3,4, Tien-Hung Lan1,4, Tatsuki Nonomura1, Gan Liu1,
Guolin Ma1, Rui Wang1, Yun Huang 2,3 & Yubin Zhou 1,3

The ssrA-sspB dimerization system, derived from the bacterial degradation
machinery, comprises a 7-residue ssrA peptide and its binding partner sspB.
The compact size of ssrAmakes it ideal for insertion into proteins of interest to
manipulate host protein function by engineered light-responsive sspB. In
contrast to the LOV2 caging strategy employed to develop optical dimerizers,
we present herein two distinct photo-inducible binary interaction tools (Pho-
BITs) systems: PhoBIT1, a light-OFF switch generated by integrating LOV2 into
sspB, and PhoBIT2, a light-ON switch building upon an evolved ssrA/CRY2-
sspB pair with minimal basal interaction. These tools enable mechanistic dis-
section and optogenetic modulation of GPCRs, ion channels, necroptosis, and
innate immune signaling. When incorporated into a monobody, PhoBIT2
allows photo-switchable inhibition of an oncogenic fusion protein to curtail
leukemogenesis in vivo. Collectively, through targeted ssrA insertions, Pho-
BITs offer versatile control over diverse protein functions, thereby expanding
possibilities for optogenetic engineering and potential therapeutic
applications.

Optogenetics and synthetic biology have greatly enhanced our ability
to interrogate biological processes with unprecedented spatio-
temporal resolution1–4. By acting as light-induced dimerization mod-
ules or allosteric photoswitches, optogenetic tools enable non-
invasive, reversible, and highly precise control of cellular functions by
controlling protein activities with light5–8. Current blue light-induced
dimerization and dissociation systems, including tunable, light-
controlled interacting protein tags for cell biology (TULIP)9,
Improved light-induced dimer (iLID)10, LOV2 trap and release of pro-
tein (LOVTRAP)11, Cryptochrome 2/CRY-interacting bHLH (CRY2/
CIB1)12, and Magnets13,14, are widely utilized to modulate various bio-
logical processes, such as gene transcription, signal transduction,
receptor activation, protein degradation, and protein localization.

Beyond these blue-light systems, additional optogeneticmodules
responsive to other wavelengths, such as UV and red light, have been
developed. The UVR8-COP1 system utilizes UV-B light to regulate

protein-protein interactions. Moreover, red and near-infrared (NIR)
responsive systems, such as PhyB-PIF and BphP1-QPAS1, offer greater
tissue penetration depth, making them particularly advantageous for
in vivo applications1,15–17. Incorporating these alternative wavelength-
responsive optogenetic modules enables multiplexed, wavelength-
specific control of distinct cellular functions. However, despite these
advancements, there remains a growing demand for optogenetic tools
that providemodularity, ease of integration, andminimal interference
with protein function, particularly for applications in complex and
multicellular models.

A promising candidate that potentially meets these requirements
is the ssrA-sspB dimerization system, derived from the protein
degradation machinery of Escherichia coli. This system consists of a
compact, seven-residue ssrA peptide tag and a 13-kDa binding partner,
sspB18–20. The ssrA-sspB pair was first utilized in developing the optical
dimerizer known as iLID-sspB10, where the ssrA tag was fused adjacent
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to theC-terminal Jαhelix of the oat phototropin light-oxygen-voltage 2
(LOV2) domain to sterically occlude sspB binding in the dark21,22. Upon
exposure to blue light, LOV2 undergoes conformational changes that
expose the ssrA tag, thereby restoring its interaction with sspB.
Despite affinity and kinetic optimization of the iLID-sspB system
throughmutagenesis of both domains10, the relatively large size of iLID
and sspB imposes limitations in certain biological contexts. More
recently, the ssrA-sspB system has been adapted into a binder/tag
approach for real-timemonitoring of protein conformation and kinase
activity23. In this setup, the seven-residue ssrA tag is directly inserted
into the protein of interest without perturbing the host protein activ-
ity, making ssrA exposure—and subsequent sspB binding—to depend
on the specific conformation of the host protein. This binder/tag
approach is advantageous due to the minimal size of the ssrA tag and
the simplicity of engineering. However, it remains limited to mon-
itoring protein activity and is incompatible with optogenetic control
over protein function.

In this work, we introduce two types of photo-inducible binary
interaction tools (PhoBITs) that expand the capabilities of the ssrA-
sspB system for precise, light-controlled protein-protein interactions.
To retain the compact nature of the ssrA tag, we engineer the sspB
partner by incorporating distinct photosensory domains to create a
LOV2-based OFF switch (PhoBIT1) and a CRY2-based ON switch (Pho-
BIT2). Both strategies differ substantially from the iLID-sspB design
that relies on steric hindrance imposed by the LOV2 domain. In Pho-
BIT1, light-induced conformational change in LOV2 allosterically
modulates the ssrA binding pocket on sspB, thereby triggering ssrA
dissociation to function as an OFF switch. PhoBIT2, by contrast,
operates as an ON switch by enabling the interaction between mutant
ssrA (A2C mutation) and sspB (A56F mutation) via light-dependent
CRY2 oligomerization. The compact ssrA tag in PhoBITs enables its
integration into a wide range of proteins, thereby minimizing disrup-
tion to host protein function while enhancing modularity and adapt-
ability. Notably, PhoBITs allow reversible and light-inducible
association or dissociation with low basal activity, making them
attractive for optogenetic experiments that require high specificity
and minimal background interference1. Furthermore, we demonstrate
the broad applicability of PhoBITs in remote control of gene tran-
scription, GPCR signaling, calcium influx, necroptotic cell death, and
innate immune response. From a translational perspective, PhoBITs
are further engineered into therapeutic intrabodies to achieve opto-
genetic suppression of tumor growth in vivo.

Results
Engineering of LOV2-based PhoBIT1
The LOV2 photoswitch has been successfully incorporated into sig-
naling proteins and intrabodies to enable photo-manipulation of pro-
tein functions24–27. Here, we applied a similar approach by inserting
LOV2 into sspB to achieve photoswitchable control over its activity.
Guidedby the 2D topology and 3D structureof sspB,we selected seven
insertion sites within the loop regions between α-helices and β-sheets
tominimize the risk of disrupting the overall integrity of sspB (Fig. 1a, b
and Supplementary Fig. 1a, b). We envisioned that blue light-induced
conformational changes in LOV2 would allosterically modulate the
ssrAbindingpocket of the LOV2-sspBchimera (hereafter designatedas
“sspB(LOV2)”), thus enabling photoswitchable control over the inter-
action between sspB(LOV2) and ssrA.

To monitor the light-dependent interaction between sspB(LOV2)
and ssrA, we fused amitochondrial outermembrane localizationmotif
from Ntom20 to ssrA and co-expressed sspB(LOV2) in the same
mammalian cells (Fig. 1c). LOV2 insertion differentially interfered the
interaction between sspB(LOV2) variants and ssrA in the dark, with
moderate decrease at sites 1 and 7, while no significant change
observed at site 2, 3, 4, 5, and 6 (Supplementary Fig. 1c-d). Upon 470-
nm photostimulation, sspB(LOV2) variants S6 and S7 showed

increased co-localization with mitochondria-anchored ssrA. In con-
trast, variants S1, S4, and S5 exhibited varying degrees of light-induced
dissociation from mitochondria, with S5 showing the most pro-
nounced dynamic change (Fig. 1d). Compared to the established
LOVTRAP system11, the sspB(LOV2) variant S5 showed comparable
degree of dissociation upon blue light stimulation (Fig. 1d). Conse-
quently, the combination of the sspB(LOV2) variant S5 with ssrA was
designated as the photo-inducible binary interaction tool 1 (PhoBIT1)
for subsequent applications (Fig. 1e). Further characterization of
PhoBIT1 kinetics revealed a dissociation half-life of 8.5 s and a re-
association half-life of 28.1 s (Fig. 1f, g and Supplementary Movie 1). To
assess the performance of PhoBIT1 over prolonged expression, we
evaluated light-induced dissociation at 24 and 48 h post-transfection
(Supplementary Fig. 1e). No significant differences were detected in
dissociation efficiency or expression levels, with light-induced dis-
sociation fold changes of 0.58 at 24 h and 0.60 at 48 h (Supplementary
Fig. 1f). In summary, we have established PhoBIT1 as a reversible, light-
induced dissociation system that operates as a “light-OFF” switch.

PhoBIT1-mediated optogenetic control of CRISPRi
The clustered regularly interspaced short palindromic repeats inter-
ference (CRISPRi) system, which leverages the dCas9-KRAB effector,
has emerged as a powerful tool for targeted suppression of gene
transcription28. To achieve precise light-dependent regulation of
CRISPRi activity, we engineered PhoBIT1 into the system by inserting it
between dCas9 and BFP-KRAB. Specifically, we fused the ssrA tag to
the C-terminus of dCas9 and sspB(LOV2) to the N-terminus of BFP-
KRAB (Fig. 1h). A P2A self-cleaving peptide ensured approximately
equimolar co-expression of dCas9-ssrA and sspB(LOV2)-BFP-KRAB29.
In the dark, sspB(LOV2)-BFP-KRAB binds dCas9-ssrA via the PhoBIT1
module, enabling CRISPRi-mediated transcriptional suppression at the
SV40 promoter targeted by sgNT1, a single-guide RNA designed to
target this region upstream of an EGFP reporter gene (Fig. 1i). We
observed up to 60% repression of EGFP expression (Fig. 1j, k). Upon
blue light stimulation, sspB(LOV2)-BFP-KRAB dissociated from dCas9-
ssrA, thereby relieving repression and restoring robust EGFP expres-
sion (Fig. 1j, k). Together, by integrating PhoBIT1 into the CRISPRi
machinery, we have developed a light-responsive system that offers
precise control of gene regulation.

PhoBIT1 enables optical control of GPCR activation
Protease-activated receptors (PARs) comprise a subfamily of G
protein-coupled receptors (GPCRs) that are activated through pro-
teolytic cleavage of their N-terminal exodomain30,31. This cleavage
exposes a tethered agonist peptide, which in turn docks to the
binding pocket formed by PAR transmembrane domains to initiate
receptor activation (Fig. 2a). The PAR family encompasses four sub-
types (PAR1-4), all of which can be activated by proteases such as
thrombin, matrix metalloproteinases (MMPs), and factor Xa in
response to (patho)physiological cues32. Here, we sought to mimic
protease-induced PAR activation using light by obviating the need
for proteases. To achieve this, we engineered photoactivable PARs,
termed optoPARs, by combining PhoBIT1 with constitutively active,
cleaved PAR variants (cPAR; Fig. 2b). Specifically, we attached the
ssrA tag to the N-terminus of a cleaved PAR and co-expressed
sspB(LOV2)-TM. The latter was directed to the cell surface by fusing
sspB(LOV2) to the N-terminus of the single transmembrane (TM)
domain derived from the platelet-derived growth factor receptor
beta (Fig. 2c). We reasoned that the interaction between ssrA and
sspB(LOV2) in the dark would effectively sequester the peptide
ligand, preventing it from accessing the binding pocket and main-
taining PAR in an inactive state. Upon blue light stimulation, dis-
sociation of sspB(LOV2) from ssrA would release the tethered ligand,
allowing it to engage the receptor and trigger PAR activation, thereby
eliciting downstream signaling (Fig. 2b).
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Fig. 1 | Design of PhoBIT1 as a light-OFF switch and its application to control
gene expression. a Schematic of a mitochondria translocation assay to assess light-
dependent dissociation betweenmitochondria-anchored ssrA and engineered photo-
responsive sspB. LOV2 is inserted into sspB to generate a hybrid protein, sspB(LOV2).
b, c 2D topology (b) and 3D structure (c) of sspB (green; PDB entry: 1TWB) with LOV2
insertion sites indicated by spheres. The best-performing insertion site, S5, was
highlighted in magenta. dQuantification of light-inducedmitochondrial fluorescence
signal changes in HeLa cells expressing indicated mCherry-tagged sspB(LOV2) var-
iants upon photostimulation (470-nm, 30% input). LOVTRAP: Ntom20-Venus-LOV2
andmCherry-Zdk1 (Addgene # 81057). Data are shown asmean±SD. n= 13 or 15 cells
from three independent biological replicates (two-sided unpaired Student’s t-test). S5,
LOV-TRAP: P<0.0001. e Domain architectures of PhoBIT1 constructs used in the
study. f Confocal images of a HeLa cell co-expressing mCh-sspB(LOV2) (S5; red) with
Ntom20-Venus-ssrA (green) in the absence or presence of photostimulation (470-nm,
30% input). Scale bar, 10 µm. gQuantification of mitochondrial mCherry intensities in

PhoBIT1-expressing HeLa cells expressing PhoBIT1 subjected to repeated light-dark
cycle stimulation (470-nm, 30% input). The half-lives were determined to be 8.5 s
(dissociation) and 28.1 s (re-association), respectively. Data are shown as means ±
s.e.m. n= 14 cells from three independent imaging fields. Also see Supplementary
Movie 1. h Domain architecture of dCas9-KRAB engineered with PhoBIT1 to enable
optogenetic control of the CRISPRi system. i Schematic illustrating light-triggered
restoration of the CRISPRi machinery determined by EGFP expression. The ssrA tag is
fused to the C-terminus of dCas9, and sspB(LOV2) is fused to the N-terminus of BFP-
KRAB. j Confocal images of HeLa cells co-expressing the indicated constructs. Scale
bar, 10 µm. k Quantification of EGFP expression in HeLa cells co-transfected with
sspB(LOV2)-BFP-KRAB, dCas9-ssrA, and SV40-EGFP, with or without sgNT1; with or
without stimulation (470-nm, 30% input). Fluorescence was normalized to the no
sgNT1 control in the dark. n=45 cells from three independent experiments. Data are
presented as means ± SD. Statistical significance was determined with two-sided
unpaired Student’s t-test. ***P<0.000001. (Source Data).
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We leveraged the Tango assay tomonitor PAR activation, wherein
β-arrestin fused with a tobacco etch virus protease (TEVp) is recruited
to the C-terminus of a PAR-tango construct upon activation33,34. This
interaction facilitates proteolysis at the TEVp cleavage site (TEVcs) to
unleash the transcriptional factor (tTA). Upon release, tTA translocates
to the nucleus to drive the expression of a reporter gene, such as the
red fluorescent protein tdTomato, which serves as a convenient indi-
cator of receptor activation (Fig. 2a, b). To accelerate the screening of
engineered optoPARs, we developed a custom-built illumination
device, termed LUX (see Supplementary Fig. 2 for detailed design
specifications). This device provides programmable blue light stimu-
lation with user-defined illumination cycles and patterns, allowing us
to exertprecise control over experimental conditions. InHeLa cells,we
observed higher tdTomato expression in cells co-expressing the

cleaved PAR-Tango variants (cPAR-Tango) compared to those
expressing thewild-type PAR-Tango,which served as a control (Fig. 2d,
e). Co-expression of ssrA-fused cPAR-Tango (abbreviated as sPAR-
Tango) also led to increased tdTomato expression, albeit to a lesser
extent. When sPAR-Tango was co-expressed with sspB(LOV2)-TM,
tdTomato expression was further reduced in the absence of light,
consistentwith the anticipated sequestration of the ssrA-fusedpeptide
agonist by the surface-anchored sspB(LOV2)-TM. Upon light stimula-
tion using the LUX device, tdTomato expression increased by 2.2- to
5.7-fold, with sPAR4 (A3 + B combination) exhibiting the highest fold
change (Fig. 2d, e). This response alignswith light-induceddissociation
of ssrA from sspB(LOV2)-TM, hence enabling the activation of sPAR-
tango and subsequent downstream signaling (Fig. 2b). To determine
whether the downstream pathways inherent to PAR4 activation can be
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cleavage site. Part B (right): Construct design and detection of surface-displayed
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dent biological replicates. Data are presented as means ± S.D. e Representative
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element. (Source Data).
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triggered by light, we assessed Ca2+ influx mediated through the Gαq-
PLCβ-PIP2-IP3 axis using the ultra-sensitive Ca2+ indicator NEMOf
(Supplementary Fig. 3a). Upon blue light stimulation, we observed a
4.7-fold increase in NEMOf intensity with a half-life of 25.3 s, consistent
with light-induced activation of Gαq signaling (Supplementary
Fig. 3b–d).

To further evaluate the advantage of the compact size of PhoBIT1,
we replaced the light-sensitive component of optoPAR4, which
showed the strongest light-induced activation among engineered
optoPARs, with Zdk1 and LOV2 (Supplementary Fig. 4a) from the
LOVTRAP system. We fused the smaller Zdk1 (59 amino acids) to the
N-terminus of cleaved PAR4 (cPAR4) and displayed the larger LOV2
extracellularly. Although this configuration did not significantly affect
protein localization (Supplementary Fig. 4a, right), the LOVTRAP-
based construct failed to elicit light-dependent PAR4 activation, as
evidenced by the lack of tdTomato reporter expression (Supplemen-
tary Fig. 4b). We reasoned that Zdk1, despite its modest size (Supple-
mentary Table 1), may have impose steric hindrance on the agonist-
embedded N-terminus of cPAR4, preventing effective interaction with
the receptor binding pocket and thereby impairing receptor activa-
tion. In contrast, fusion of the ssrA tag (7 amino acids) with the
N-terminus of cleaved PAR4 did not abolish receptor activation, thus
indicating the advantage of PhoBIT1 for applications requiring intra-
domain insertion.

To investigate the elevated basal activity observed in the Tango
assay (Fig. 2d, PAR4 A3 +B group), we adjusted the stoichiometry of
Part A (ssrA-PAR4) and Part B (sspB(LOV2)-TM) by co-transfecting cells
with varying amounts of Part B plasmid (Supplementary Fig. 4c).
IncreasingPart B expression reduced leaky tdTomatoexpression in the
dark, suggesting that excess sspB(LOV2)-TM enhances sequestration
of ssrA-PAR4. However, at a 5:1 ratio, light-induced activation dimin-
ished, likely due to plasmid overload impairing Part A expression. By
fine-tuning the ratio of Part B to Part A, we achieved a greater light-
induced fold change than the 5.7-fold observed with sPAR4 (Fig. 2d),
while simultaneously minimizing basal activity (Supplementary
Fig. 4c). Collectively, we have pioneered a strategy for optogenetic
manipulation of GPCR activity by leveraging the PhoBIT1 system,
which paves the way for future interrogation of GPCR activation
dynamics and cellular responses.

Engineering of CRY2-based PhoBIT2
Next, we set out to use the similar building blocks to engineer a “light-
ON” switch. Our engineering strategy involved two key steps: (i) sys-
tematically introducing mutations in both the ssrA and sspB compo-
nents to minimize background interactions in the dark, and (ii)
enabling light-dependent association between ssrA and sspB variants
by fusing the photolyase-homology domain of cryptochrome 2 (CRY2)
to the sspB component. We reasoned that light-induced oligomeriza-
tion ofCRY2-sspBwould enhance its binding strength for ssrA, thereby
creating a robust and tunable light-dependent binary interaction sys-
tem (Fig. 3a, b). Bearing these in mind, we performed a deep muta-
tional scanning of the ssrA heptapeptide by generating a library of
140 ssrA mutants for evaluation.

To assess the interactions between ssrA and sspB variants, we
utilized the bioluminescence resonance energy transfer (BRET) assay.
This assay detects energy transfer, which occurs only when the donor
and acceptor are in close proximity, thereby providing a quantitative
measure of molecular interactions35. In our design, the fluorescent
protein Venus was fused to a Ntom20-tagged ssrAmutant, serving as a
mitochondria-anchored BRET acceptor, while NanoLuc fused to cyto-
solic sspB acted as the BRETdonor (Fig. 3c). Transient co-expression of
NanoLuc-sspB and Ntom20-Venus-ssrA variants in HeLa cells pro-
duced varying BRET signals, corresponding to different strengths of
interaction between engineered sspB and ssrA mutants (Fig. 3d).
Among the 140 ssrA mutants screened, only a few demonstrated

enhanced binding to sspB compared to WT ssrA, while the majority
exhibited reduced binding strengths (Fig. 3d, e). Based on this
screening,we selected twomutants, A2C (medianBRET ratio) andA2W
(lowest BRET ratio), as representative candidates for further optimi-
zation and functional characterization.

For sspB optimization, we fused CRY2 to two previously reported
sspB variants, R73Q and A56V36, and evaluated their association with
ssrA variants (WT, A2C, and A2W) before and after blue light stimula-
tion. Among all combinations tested, Ntom20-Venus-ssrA-A2C paired
with mCh-CRY2-sspB-A56V exhibited the most notable light-induced
binding by achieving a 3.2-fold increase in colocalization compared to
the dark state (Fig. 3f, left, and Supplementary Fig. 5a). Encouraged by
this result, we performed a second round of targeted mutagenesis at
the A56 residue, systematically substituting it with 19 additional amino
acids (Fig. 3f, g). Among the resulting variants, mCh-CRY2-sspB-A56F
emerged as the most promising candidate. This variant demonstrated
low basal binding in the dark state (Fig. 3g) and exhibited a remarkable
9.9-fold increase in colocalization upon blue light stimulation (Fig. 3f,
right, and Supplementary Fig. 5b). Notably, compared to the estab-
lished light-inducible heterodimerization system CRY2olig/CIB1, the
optimized ssrA-A2C and sspB-A56V pair exhibited lower basal binding
and higher light-induced association, indicating improved overall
performance (Fig. 3h and Supplementary Fig. 5a). In contrast, the ssrA-
A2W variant markedly disrupted the interaction with mCh-CRY2-sspB-
WT, leading to a diffuse cytoplasmic distribution of mCh-CRY2-sspB-
WT inHeLa cells in thedark (Fig. 3g). Uponblue light stimulation,mCh-
CRY2-sspB-WT formed clusters that failed to colocalize with
mitochondrial-anchored ssrA-A2W (Fig. 3g). Based on these findings,
we identified the best-performing pair, consisting of ssrA-A2C
(abbreviated as ssrA2) and sspB-A56V (designated as sspB2; Fig. 3h),
and subsequently named this optimized ‘Light-ON’ system PhoBIT2.

Optogenetic manipulation of Ca2+ channel activation by
PhoBIT2
Wenext sought to utilize PhoBIT2 tomanipulate protein functions in a
light-dependent manner. The compact size of the ssrA2 tag makes it a
highly attractive tool for insertion into proteins with minimal disrup-
tion to their native function. Previous work by us and others have
shown that fusing CRY2 to the N-terminus of the cytoplasmic domain
of stromal interaction molecule 1 (STIM1ct) at positions 233 or 238
effectively induces STIM1ct oligomerization, thereby triggering Ca²⁺
influx through endogenous ORAI channels (Fig. 4a)37–42. However, it
remains unclear whether oligomerization at other sites within the
context of full-length STIM1ctwould elicit similar functionaloutcomes.
CRY2, with its bulky size of nearly 500 residues, poses a risk of dis-
rupting host protein function upon insertion. This limitation can be
circumvented by using the considerably smaller ssrA2 tag with just
seven residues. To explore this, we strategically inserted the ssrA2
heptapeptide at six locations corresponding to flexible loop regions or
major domain boundaries (Fig. 4b): position 276 (between the α1 and
α2 helices of the coiled-coil region (CC1)), position 329 (between α2
and α3 of CC1), position 343 (between CC1α3 and the STIM-Orai acti-
vating region (SOAR)), position 463 (between SOAR and the proline/
serine-rich (PS) region), and position 685 (immediately after the
polybasic (PB) domain). We hypothesized that blue light-induced oli-
gomerization of mCh-CRY2-sspB2 and its subsequent docking with
ssrA2-inserted STIM1ct would switch on the molecule by overcoming
intramolecular inhibition43–46. This activation would enable STIM1ct to
engage and gate ORAI channels, ultimately inducing Ca²⁺ influx
(Fig. 4a). Using the genetically-encoded mNeoGreen-based NEMOf
Ca2+ sensor as a sensitive readout47, we observed that adding ssrA2 to
the position 685 produced the most notable light-induced Ca2+ influx.
In contrast, insertion at other positions resulted in either negligible or
moderateCa2+ responses (Fig. 4b, c). In the dark, insertions at positions
276, 343, and 463 showed significantly different responses compared
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to the control, while othersdidnot. Under light stimulation, all variants
except the WT differed significantly from the control (P < 0.0001).
Notably, the light-induced activation is comparable to that of the
previously established tool, mCherry-CRY2-STIM1ct (233–685)
(Fig. 4c)39. Because PhoBIT2-engineered STIM1ct contains a S/TxIP
motif that interacts withmicrotubule plus-end tracking proteins48–50, it
also exhibited light-dependent comet-like movement along growing
microtubule plus ends (Supplementary Fig. 6a and Supplementary
Movie 2). The light-induced Ca2+ influx in HeLa cells was fully

reversible, with the activation and deactivation half-lives determined
to be 0.4 and 2.9min, respectively (Fig. 4d, e).

To further assess downstream effects of light-induced Ca2+ influx,
we monitored the translocation of the nuclear factor of activated-T
cells (NFAT), which is dephosphorylated and translocates to the
nucleus in response to sustained elevation of cytosolic Ca2+ levels. We
co-expressed ssrA2-STIM1ct (site 685) and mCh-CRY2-sspB2 in HeLa
cells stably expressing NFAT1–460-GFP. Upon light stimulation, we
observed a gradual translocation of NFAT1–460 into the nucleus over
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the course of one hour, suggesting that the light-induced Ca2+ influx
was sufficient to activate the downstream NFAT signaling pathway
(Fig. 4f and Supplementary Fig. 6b). To further validate this finding, we
employed an NFAT luciferase reporter assay in HEK293T cells as a
quantitativemeasure of NFAT activation. Consistent with the results in
HeLa cells, ssrA2-STIM1ct (site 685) induced robust luciferase expres-
sion upon blue light stimulation (Fig. 4g). Additionally, we validated
the endogenous IL-2 mRNA expression and secretion upon blue light
stimulation in Jurkat cells (Supplementary Fig. 7a, b). Jurkat cells co-
expressing ssrA2-STIM1ct (site 685)-mCerulean and mCh-CRY2-sspB2
exhibited significantly elevated IL-2 mRNA levels and IL-2 secretion
following blue light illumination (Supplementary Fig. 7c–e). In contrast
to the NFAT luciferase assay (Fig. 4g), where the 3x NFAT response
element (RE) may have contributed to elevated background activity,
assessment of endogenous IL-2 showed minimal background activa-
tion, providing a more physiologically-relevant assessment of signal-
ing specificity. By contrast, ssrA2-STIM1ct (site 463) and WT STIM1ct
(without ssrA2 fusion) did not produce appreciable light-dependent
luciferase activity. Congruently, these findings establish that PhoBIT2
can be precisely tailored to photomanipulate STIM1, thereby enabling
controlled Ca2+ influx and activation of downstream signaling path-
ways, such as NFAT, in a light-dependent manner.

PhoBIT2 as an ON-switch for light-induced necroptosis
Building on the insight that the ssrA tag can be incorporated into
proteins to elicit photo-activated functional responses, we expanded
our applications to include the mixed lineage kinase domain-like
(MLKL) protein. MLKL, when activated, undergoes oligomerization
and translocates to the plasmamembrane (PM) to trigger cell death, a
process known as necroptosis51–54. To achieve light-induced necrop-
tosis, we adapted PhoBIT2 by fusing ssrA2 to the N-terminal fragment
of MLKL (MLKL-NT, amino acids 1–140), a key domain critical for
necroptosis, and co-expressing mCh-CRY2-sspB2-PB in HeLa cells. In
this construct, the polybasic domain (PB) from STIM1 was attached to
the C-terminus ofmCh-CRY2-sspB2 to enhance PM translocation upon
blue light stimulation39,55,56 (Fig. 5a, b).

We hypothesized that blue light-induced PM targeting and co-
clustering of mCh-CRY2-sspB2-PB with ssrA2-tagged MLKL-NT would
mimic the activation of MLKL to induce necroptosis. To test this, we
generated two ssrA2-fused MLKL-NT constructs: one with ssrA2
appended to the N-terminus of MLKL-NT (construct A1) and another
with ssrA2 fused between MLKL-NT and mCherry (construct A2).
Interestingly, only the A2 construct induced necroptotic cell death in a
blue light-dependentmanner, despite both constructs displaying light-
dependent PM translocation with a half-life of approximately 30 s
(Fig. 5c). This finding aligns with previous studies suggesting that
N-terminal tagging tends to compromise the functional integrity of
MLKL57–60. Light-induced necroptosis, detected through Annexin V

staining, started to occur 6min post-illumination, accompanied with
subsequent membrane rupture (Fig. 5c, d and Supplementary
Movie 3). Additionally,MLKL-NT-ssrA2-mCherry exhibited comparable
levels of light-induced necroptosis to those of the established tool
LiPOP1 following light illumination (Supplementary Fig. 8). Overall,
these results demonstrate that PhoBIT2 canbe effectively harnessed as
a light-controlled ON-switch for necroptosis, which expands its
potential for precise modulation of programmed cell death pathways.

Light-inducible STING activation driven by PhoBIT2
We next applied the PhoBIT2 system to modulate innate immune
signaling by targeting the stimulator of the interferon gene (STING)
pathway. STING is a key mediator downstream of cyclic GMP-AMP
synthase (cGAS), which detects cytosolic double-stranded DNA
(dsDNA) from sources such as pathogens61–63. Upon dsDNA detection,
cGAS catalyzes the synthesis of cyclic GMP-AMP (cGAMP), a second
messenger that binds to endoplasmic reticulum (ER)-resident STING.
This triggers STING oligomerization and its translocation to the ER
intermediate compartment and the Golgi64,65. These events facilitate
the recruitment of TANK-binding kinase 1 (TBK1) and the transcription
factor interferon regulatory factor 3 (IRF3), forming supramolecular
organizing centers (SMOCs). TBK1-mediated phosphorylation of IRF3
drives its multimerization and nuclear translocation, where it colla-
borates with NF-κB to promote the transcription of interferon beta
(IFNβ). This process culminates in the release of type I interferons and
other proinflammatory cytokines to mount a robust innate immune
response65,66.

Here, we tagged ssrA2 to the N- and/or C-terminus of the STING
cytosolic domain (cSTING; amino acids 152–379), a region known to be
sufficient for downstream cytokine activation65,67. We hypothesized
that light-triggered oligomerization of CRY2-sspB2, coupled with its
interaction with ssrA2-fused cSTING, could mimic natural STING oli-
gomerization and activate downstream signaling (Fig. 6a). To test this,
we screened several configurations of ssrA2-fused cSTING constructs
(Part A) and CRY2-fused sspB2 constructs (Part B; Fig. 6b). We noted
that placing ssrA2 at the N-terminus of cSTING (construct A2) only
resulted in mild interaction with sspB2, whereas positioning it at the
C-terminus (construct A3) enhanced co-clustering between cSTING-
ssrA2 and CRY2-sspB2. The strongest effect was observed when ssrA2
was fused to both termini of cSTING (construct A4). For Part B, placing
sspB2 at the N-terminus (construct B2) yielded the most robust co-
oligomerization with ssrA2-fused cSTING (Fig. 6c). In HeLa cells co-
expressing the optimal combination of constructs (A4 and B2), we
observed rapid oligomerization of cSTING within one minute of blue
light illumination (Fig. 6d, e and Supplementary Fig. 9a–c). As control,
GFP alone (construct A0) and cSTING lacking ssrA2 fusion (construct
A1) did not exhibit any light-dependent co-localization with sspB2-
mCh-CRY2 (Supplementary Fig. 9a, b).

Fig. 3 | Design and optimization of PhoBIT2 as a light-ON switch. a Schematic of
PhoBIT2 design. CRY2 is fused to sspB to allow oligomerization, thereby enhancing
its binding with the ssrA tag upon blue light stimulation. Mutations are introduced
into both components to minimize the background interaction in the dark. The
combination of ssrA2 (mutant A2C) and sspB2 (mutant A56F) is used to generate
PhoBIT2, which displays the lowest backgroundwhile retains strong light-inducible
heterodimerization. b The 3D structure of the ssrA-sspB complex (PDB entry:
1TWB), with the optimized residues in PhoBIT2 (yellow, A2C in ssrA;magenta, A56F
in sspB) indicated. c Schematic of a bioluminescence resonance energy transfer
(BRET) assay design to screen ssrA mutants. ssrA mutants were anchored on
mitochondria via fusion toNtom20with a Venus fluorescent tag, whereasmCherry-
sspB-NanoLuc (NLuc) is located in the cytoplasm. The binary interaction between
ssrA mutants and sspB allows the donor (NLuc) to transfer energy to the acceptor
(Venus), resulting in a high BRET ratio. The Venus emission intensity over the
summed emission intensity of NLuc emission is used to calculate the BRET ratio.

d Quantification of BRET ratios for screened ssrA mutants. The BRET ratio for the
wild-type ssrA-sspB interaction was normalized to 1 for comparison. e Heatmap
showing theBRET ratio corresponding toeachmutatedposition in the ssrApeptide
following deep mutational scanning. f Left, cartoon illustration of a mitochondria
translocation assay used to assess the relative strength of ssrA-sspB variant inter-
action in living cells. Right, heatmaps showing the fold-change of mitochondrial
mCherry intensity for the indicated sspB variants following photostimulation.
g Representative confocal images of HeLa cells co-expressing the indicated com-
binations of mitochondria-anchored ssrA mutants (Venus-tagged; green) and
CRY2-fused sspB mutants (mCherry-tagged; red), before and after photostimula-
tion. Scale bar, 10μm.hQuantificationof basalmitochondrialmCherry signal in the
dark state (FDark; X-axis) and the fold-change of mitochondrial mCherry intensity
upon light stimulation (FLight/Dark; Y-axis) during ssrA-sspB screening. CRY2olig-
CIB1: HeLa cells co-expressing Ntom20-Venus-CIB1 and mCh-CRY2olig.
(Source Data).
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To confirm light-dependent activation of STING signaling, we
assessed the phosphorylation of TBK1 and IRF3, two key downstream
effectors67. A549 cells, chosen for their intact cGAS-STING signaling
components and ease for genetic manipulation, were transfected
with the optimal construct combination (A4 + B2), while cSTING
lacking ssrA2 (A1 + B2) was used as a negative control. After 30min of
blue light stimulation, robust phosphorylation of both TBK1 and IRF3
was observed in the A4 + B2 group but not in the A1 + B2 group
(Fig. 6f and Supplementary Fig. 9d). To independently validate STING
pathway activation, we performed an ELISA assay to quantify the
production of interferon beta (IFNβ) by using untagged cSTING as a
negative control and poly I:C treatment as a positive control.

Consistent with the immunoblotting data, ELISA analysis revealed
abundant IFNβ secretion in response to light stimulation for the
A4 + B2 group (Fig. 6g). Though not statistically significant, we did
observe a slight elevation in IFNβ secretion from the A4 + B2 group
without light stimulation. We speculate that the background activity
may arise from overexpression of the cSTING fragment. This limita-
tion could potentially be addressed by optimizing the minimal acti-
vation domain through truncation of the STING fragment, which is a
feasible strategy that has proven effective in several previous
studies68. Together, our findings demonstrate the versatility and
effectiveness of PhoBIT2 as an optogenetic switch, which enables
remote control of STING-mediated innate immune signaling through
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light-induced co-oligomerization and activation of downstream
effectors.

PhoBIT2 allows light-inducible monobody-target recognition
The applications described above successfully demonstrated the
integration of PhoBIT2 into overexpressed signaling proteins with
predominant helical secondary structures. Next, we sought to deter-
minewhether this engineering approach could be adapted to a protein
of interest with a beta-sheet scaffold, such asmonobody, and assess its
potential to control endogenous targets. As a test case, we selected a
monobody that specifically recognizes the oncogenic fusion protein
Breakpoint Cluster Region-Abelson Murine Leukemia (BCR-ABL). The
BCR-ABL gene arises from a fusion between the BCR gene on chro-
mosome 22 and the ABL1 gene on chromosome9, a genetic aberration

frequently found in chronic myelogenous leukemia (CML)69. This
fusion protein encodes a constitutively active tyrosine kinase that
drives oncogenic transformation by activating several pro-growth and
pro-survival signaling pathways70–73. An engineered tandem fusion
monobody, HA4-7c12, has been reported to disrupt BCR-ABL activity,
thus promoting apoptosis in CML-derived cells such as K562 cells74.
Thismakes it an idealmodel for testing the therapeuticpotential of our
engineered approach.

To enable inducible suppression of BCR-ABL kinase activity as a
leukemia mitigation strategy, we incorporated the PhoBIT2 system
into the tandem monobody HA4-7c12, making monobody-target
recognition photoswitchable. By introducing the ssrA2 tag at selec-
ted positions within HA4-7c12 and harnessing the light-driven oligo-
merization of CRY2clust-sspB2, an optimized CRY2 photoreceptor
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with enhanced photosensitivity75, we aimed to enhance binding to the
SH2 domain of BCR-ABL following photostimulation, thereby inhibit-
ing its phosphorylation and suppressing leukemogenesis (Fig. 7a).

The tandemmonobody HA4-7c12 engages BCR-ABL via three key
loops: BC, DE, and FG loops74. To achieve light-dependent monobody-
target recognition, we inserted ssrA2 into eight distinct positions
within the loop regions connecting beta-sheets in the 7c12 moiety
(Fig. 7b and Supplementary Fig. 10a). Again, we adopted a mitochon-
dria co-localization assay to monitor the relative strength of interac-
tions betweenmitochondria-anchored SH2 domain derived fromBCR-

ABL (construct Ntom20-Venus-ABL-SH2) and ssrA2-HA4-7c12 variants
before and after light illumination. Among the tested variants, S2
showed minimal pre-binding to Ntom20-Venus-ABL-SH2 in the
absence of light but exhibited a notable increase in colocalization
upon photostimulation (Fig. 7c, d). In contrast, the WT HA4-7c12
exhibited strong pre-binding to the mitochondria-anchored ABL-SH2
domain regardless of photostimulation (Fig. 7d). Together, we engi-
neered a light-controllable tandemmonobody that could conditionally
target the BCR-ABL oncoprotein, paving the way for testing optoge-
netic strategies in leukemia intervention.
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PhoBIT2-monobody enables light-controlled tumor suppression
Next, we investigated the inhibitory effect of our engineered light-
switchable HA4-7c12 on BCR-ABL Y412 phosphorylation, an indicator
of activation of this pro-oncogenic kinase76. To assess this, we trans-
duced BCR-ABL-expressing K562 leukemia cells with lentiviruses
encoding either mCherry-HA4-7c12 with (A2 + B) or without ssrA2
(A1 + B), alongwithmCerulean-CRY2clust-sspB2 (Fig. 7e).Western blot
analysis revealed light-dependent inhibition of Y412 phosphorylation
in K562 cells co-expressing the A2 + B constructs (Fig. 7f and Supple-
mentary Fig. 10c), whereas cells co-expressing A1 + B (lacking ssrA2)
showedminimal change upon light stimulation. This is consistent with
the weaker pre-binding observed with ssrA2-HA4-7c12 in the dark
(Fig. 7d). The inclusion of a K562WT control (Fig. 7f, left two lanes)
confirmed high basal Bcr-Abl phosphorylation levels. These results
confirmed that the light-mediated effect was specific to the ssrA2-
incorporated HA4-7c12 monodoby chimera. Additionally, K562 cells
expressing the A2 + B constructs showed a pronounced decrease in
cell proliferation upon light exposure (Supplementary Fig. 10b), indi-
cating that light-induced BCR-ABL inhibition effectively suppressed
CML cell growth in vitro.

To rigorously validate these findings in vivo, we moved on to
assess the degree of light-induced tumor suppression using a xeno-
graft model of CML. K562 cells co-expressing mCerulean- and
mCherry-tagged constructs were sorted via flow cytometry to isolate
double-positive populations and subsequently injected sub-
cutaneously into SCID mice. Two days post-injection, the mice were
either shielded or exposed to pulsed blue light stimulation68, which
continued daily for 11 days, with tumors harvested on day 15 (Fig. 7g).
Following photostimulation, mice receiving the A2 + B constructs
exhibited a substantial reduction in tumorburden,whereas the control
group receivingWTK562 cells showedno significant changes in size or
weight, regardless of light exposure (Fig. 7h–j). In summary, the opti-
mized PhoBIT2 system, combined with the BCR-ABL-binding tandem
monobody HA4-7c12, achieved light-dependent inhibition of BCR-ABL
phosphorylation and tumor suppression both in vitro and in vivo.

Discussions
In the present study, we introduced the photo-inducible binary inter-
action tool (PhoBIT), designed by harnessing the protein-protein
interaction between ssrA and sspB—proteins derived from the bac-
terial degradation machinery—to function as both OFF-switch (Pho-
BIT1) and ON-switch (PhoBIT2) modules. In PhoBIT1, a LOV2 domain
acts as an allosteric switch to photo-modulate the ssrA binding pocket
on sspB, creating an “OFF” switch that enables light-induced dis-
sociation between ssrA and sspB. As for PhoBIT2, we leveraged the
light-dependent oligomerization of CRY2 to enhance weak interac-
tions between sspB2 (A56F) and ssrA2 (A2C), establishing a robust
“ON” switch to photo-manipulate target protein activities. The func-
tionality of the PhoBIT systems was demonstrated across diverse
applications, including transcriptional suppression via dCas9-KRAB-
mediated CRISPRi, activation of GPCR using PAR receptors,

modulation of the CRAC channel via engineered STIM1, induction of
necroptosis, activation of innate immune signaling through the STING
pathway, and therapeutic intervention against leukemia through
monobody-mediated inhibition of the oncogenic BCR-ABL fusion
protein. Notably, our engineered PhoBIT system incorporates LOV2 or
CRY2 as photosensory domains, introducing specific mutations into
these well-characterized photoswitches could potentially tune the
light-induced ON/OFF kinetics77–79. This flexibility, with the deactiva-
tion half-lives varying from seconds to hours, offers a versatile plat-
form for achieving precise temporal control over protein interactions,
tailored to a variety of experimental and therapeutic needs.

While PhoBITs primarily utilize blue-light-responsive photo-
switches (LOV2 andCRY2), optogenetic systemsoperatedby alternative
wavelengths offer complementary advantages. For instance, the UV-B-
responsive UVR8-COP1 system provides confined spatial control due to
the limited penetration depth of UV light. Conversely, red and near-
infrared (NIR) light-responsive systems, such as PhyB-PIF and BphP1-
QPAS1, enable deeper tissue penetration and are particularly useful for
in vivo applications1,15. Integrating these alternative modules into future
PhoBITs design could significantly expand the optogenetic toolbox,
enabling multiplexed regulation of protein interactions. By leveraging
different wavelengths, future optogenetic control could achieve even
greater precise and orthogonality in complex biological systems.

A notable advantage of the PhoBIT system is the compact size of
the ssrA or ssrA2 tag, which consists of only seven amino acids. This
minimal size allows for easy integration of ssrA or ssrA2 into any
protein of interestwith low riskof disrupting thehost protein function.
In contrast, many existing optogenetic modules—whether one-
component allosteric photoswitches or two-component optical
dimerization/dissociation tools—are considerably larger in size (Sup-
plementary Table 1). Their bulky size can complicate integration into
target proteins and may readily perturb protein functionality. For
example, replacing the ssrA tag (7 amino acids) in optoPAR4 with Zdk1
(59 amino acids) resulted in a loss of light-dependent PAR4 activation,
possibly due to the steric hindrance imposed by the bulky Zdk1 on the
ligand binding of the agonist-embedded N-terminus of cPAR4 (Sup-
plementary Fig. 4a, b). In contrast, theminimal size of ssrA tag enabled
flexible fusion to the N-terminus of PAR4 without compromising
receptor function, indicating the practical advantage of its compact
design for applications requiringminimal structural perturbation. Very
recently, Liu et al. demonstrated the binder/tag (ssrA/sspB) approach
for probing protein conformation through single particle tracking or
FRET in living cells23. In this creative approach, the interaction between
ssrA and sspB depends on the solvent exposure of ssrA, which is dic-
tated by the conformation of the protein into which ssrA is inserted.
However, this binder/tag strategy is limited to sensing protein con-
formations and cannot be used to actively manipulate or actuate
proteins of interest. To address this limitation, our PhoBIT system
builds upon the minimally disruptive nature of the ssrA tag while
introducing optogenetic control. Through systematic mutagenesis of
both ssrA and sspB components, we optimized their binding affinities

Fig. 6 | ssrA2-tagging of STING to photo-manipulate innate immune response.
a Schematic demonstrating light-dependent activation of STING signaling via
coupling PhoBIT2 with cytosolic STING (cSTING; aa 152–379). Light-dependent
oligomerization of sspB2-CRY2 leads to co-clustering of ssrA-cSTING, which in turn
activates downstream TBK1 and IRF3 phosphorylation. Next, phosphorylated IRF3
(p-IRF3) undergoes nuclear translocation to trigger type I interferon responses.
b Domain architectures of PhoBIT2-cSTING variants used in the study. Part A
consists of GFP control, GFP-cSTING, either tagged or untagged with ssrA at the N
and/or C termini. Part B features mCherry, CRY2, and sspB2 arranged in two dif-
ferent configurations. c Heatmap showing the degree of oligomerization by mea-
suring the fold change in GFP intensity (Part A) relative to mCherry (Part B)
following light stimulation. d Confocal images of HeLa cells co-expressing the

indicated constructs before and after photostimulation. Scale bar, 10μm. e The
intensity profiles of GFP-ssrA2-cSTINGct-ssrA2 (A4; green) and sspB2-mCh-CRY2
(B2; red; across the red line) in response to photostimulation. f Western blot ana-
lysis of TBK1, IRF3, and their phosphorylated forms, in A549 cells expressing the
indicated constructs before and after photostimulation. GAPDH is used as the
loading control.g ELISAmeasurements of secreted IFN-β. A549 cells expressing the
indicated constructs were either kept in the dark or exposed to pulsed blue light
(20 sONand30 sOFF for8 h).Data are shown asmean± s.e.m fromthreebiological
replicates. Statistical analysis was performed using two-way ANOVA followed by
Turkey’s post hoc test. Polyinosinic:polycytidylic acid (Poly I:C) is a synthetic
double-strandedRNA (dsRNA) analog that acts as an immunostimulant in the assay.
(Source Data).
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to reduce basal interaction and maximize the dynamic range of
interaction changes upon photostimulation. Furthermore, we inte-
grated the LOV2 photosensory domain into sspB to achieve light-
dependent dissociation between ssrA and sspB. These advancements
enable precise, light-controlled modulation of the function of ssrA- or
ssrA2-tagged proteins, expanding the utility of this approach from
purely observational to dynamic and functional regulation.

The engineering of PhoBIT1-caged PAR introduces an innovative
approach for optogenetically controlling G protein-coupled receptors
(GPCRs), expanding the repertoires of existing optogenetic GPCR
tools. Current strategies in GPCR optogenetics fall primarily into two
categories: canonical opsins (optoGPCRs) and opsin-GPCR chimeras
(optoXRs)1,80–83. OptoGPCRs are naturally light-sensitive opsins that
directly activate GPCR pathways upon illumination, whereas optoXRs
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are engineered chimeric receptors that combine the light-sensitive
domain of opsins with the intracellular loops of corresponding GPCRs.
Despite their versatility, optoXRs face inherent challenges due to their
chimeric nature, which limits their ability to fully replicate native GPCR
properties, including ligand binding, G protein coupling, and biased
signaling82. In contrast, PhoBIT1-caged PAR enables optogenetic con-
trol of GPCRs without altering their native structure, preserving
intrinsic dynamics and functional specificity to maintain physiological
activation and desired signaling profiles. This approach is readily
adaptable to a wide range of peptide-liganded GPCRs84–87, offering a
versatile and minimally invasive tool for studying GPCR functions
while preserving their native conformations.

The translational potential of PhoBIT-engineered therapeutic
intrabody is exemplified by its ability to conditionally suppress leukemia
driven by the BCR-ABL oncogene (Fig. 7). Current standard-of-care
treatments for chronic myeloid leukemia (CML) involve the use of tyr-
osine kinase inhibitors, such as imatinib, which effectively suppress BCR-
ABL phosphorylation88. However, the emergence of drug resistance,
often due to BCR-ABL mutations, poses a significant challenge, fre-
quently leading to relapse in patients89. The PhoBIT-engineered mono-
body offers a promising alternative by specifically targeting BCR-ABL
activity in a controlled, conditional manner, hence presenting a com-
plementary strategy to overcome TKI resistance and improve treatment
outcomes. Beyond its therapeutic implications, this approach serves as
an excellent proof-of-concept model for the broader application of
PhoBIT-engineered systems in photo-controlling various antibody-like
scaffolds, including affibodies, nanobodies, and designed protein
binders90–94, to target oncogenic and other disease-associated pathways.

In summary, the PhoBIT system enables precise, light-dependent
association and dissociation between two proteins of interest, pro-
viding a powerful and versatile platform for optogenetic control of
diverse biological processes. Its high modularity, ease of integration
into existing systems, and minimal impact on native protein function
make it a robust and highly adaptable tool, which offers considerable
advantages for both basic research and translational applications.

Methods
Ethical statement
We confirm that this research complies with all relevant ethical reg-
ulations. All animal studies were approved by the Institutional Animal
Care Use Committee (IACUC) of the Texas A&MUniversity Institute of
Biosciences and Technology.

Chemicals and reagents
For molecular cloning and plasmid construction, KOD Hot Start DNA
polymerase was purchased from EMD Millipore, MA, USA. Restriction
enzymes, T4 ligase kit, and NEBuilder HiFi DNA Assembly
(M5520AVIAL) were purchased from New England Biolabs, Ipswich,

MA,USA. For cell culture, theHeLa (CCL-2), HEK293T (CRL-3216), A549
(CCL-185), Jurkat (TIB-152), and K562 (CCL-243) cell lines were pur-
chased from ATCC. DMEM was purchased from Sigma-Aldrich, St.
Louis,MO, USA, and RPMI 1640mediumwas purchased fromCorning,
USA. Fetal bovine serum was purchased from Cytiva, USA, and the
penicillin-streptomycin cocktail was purchased from Corning, USA.
Four-well 35-mm glass-bottom dishes were purchased from Cellvis,
USA, and Lipofectamine 3000 transfection reagent was purchased
from Thermo Fisher Scientific, USA. For western blot, RIPA buffer
(#89901) was purchased from Thermo Fisher Scientific, USA, while
protease inhibitor cocktail (#P3100-010), phosphatase inhibitor
cocktail (#P3200-001), and West-Q Pico Dura ECL Solution were pur-
chased from GenDEPOT, Katy, TX, USA. Nitrocellulose membranes
were purchased from Bio-Rad, USA. For immunofluorescence, paraf-
ormaldehyde (PFA) was purchased fromElectronMicroscopy Sciences
(EMS), USA, and Alexa Fluor 488-conjugated goat anti-mouse antibody
(#A28175) was purchased from ThermoFisher, USA. For NFAT-
dependent luciferase assay, phorbol myristate acetate (P8139) was
purchased from Sigma-Aldrich, USA. Bright-Glo Luciferase Assay Sys-
tem (E2610) was purchased from Promega, USA, For ELISA assays,
Ionomycinwas purchased from Sigma-Aldrich, USA. Human IL-2 ELISA
kit was purchased from Thermo Fisher Scientific, USA. The human IL-2
ELISA kit was purchased fromThermo Fisher Scientific, USA. The hIFN-
β ELISA assay (luex-hifnbv2) was purchased from InvivoGen, USA. Poly
I:C was purchased from Sigma-Aldrich, USA. For cell death imaging,
Annexin V (NC9818309) was purchased from Biolegend, USA. For
animal studies, SCID beige mice (CBSCBG) were purchased from
Taconic Biosciences. Antibodies used in the studywere summarized in
Supplementary Table 2.

Molecular cloning and plasmid construction
The plasmids were all created using the standard restriction enzyme
digestion and ligation method. KOD Hot Start DNA polymerase was
used for PCR amplification. For ssrA mutation screening, we ordered
primers with three “N” base pairs on reversed primer to introduce
single mutations at the desired amino acid position. The reverse ran-
dom primers were used together with forward primers to PCR out
Venus and introduce single mutations into ssrA at the C-terminus of
Venus, resulting in 140 Ntom20-Venus-ssrA variants. pTriEX-NanoLuc-
sspB was generated by inserting NanoLuc into the plasmid using
restriction enzymes NcoI and HindIII. ssrA-STIM1ct variants were
generated by introducing the ssrA tag in the forward and reverse pri-
mers, using STIM1ct-mCerulean as templates for PCR. mCherry-CRY2-
sspB was constructed by inserting sspB into the N1-mCherry-CRY2
vector using restriction enzymes BspEI and BamHI. pGL4.30[luc2P/
NFAT RE/Hygro] was purchased from Promega. FLAG-MLKL(1–140)-
ssrA2-mCherry and ssrA2-MLKL(1–140)-mCherry were constructed by
replacing MLKL(1–140)-CRY2 with FLAG-MLKL(1–140)-ssrA2 and

Fig. 7 | Engineering ssrA into monobody to photo-manipulate leukemia cell
growth with PhoBIT2 in vivo. a Schematic illustrating inhibition of BCR-ABL
kinase activity by ssrA2-fused HA4-7c12 fusion monobody upon photostimulation.
In the dark state, the BCR-ABL oncofusion protein in K562 cells is not inhibited by
ssrA2-inserted monobody HA4-7c12, maintaining a high kinase activity to support
leukemia cell growth. Upon blue light stimulation, CRY2-sspB2 oligomerizes and
enhances the binding of ssrA2-fused monobody with its antigen BCR-ABL, subse-
quently inhibiting phosphorylation of BCR-ABL in K562 cells to suppress leukemia.
b The 3D structure showing amonobody (clone 7c12) complexedwith the ABL-SH2
domain (PDB entry: 3T04), with the ssrA2 insertion sites indicated by spheres.
c Quantification of light-induced mitochondrial intensity change (Δ7F/F0) of indi-
cated ssrA2-engineered monobody variants. n = 15 cells from three biological
replicates. Data are shown as mean± s.e.m. d Confocal images of HeLa cells co-
expressing fusion monobody HA4-7c12 with or without ssrA2 insertion (top panel,
WT; bottom panel, S2 variant) and Ntom20-Venus-Abl-SH2 upon blue light stimu-
lation. Enlarged mitochondria regions are shown in white boxed insets. Scale bar,

10 µm. e Constructs used for viral transduction in K562 cells. Part A: Fusion
monobody HA4-7c12 with (A1) or without (A2) ssrA2 insertion (red bar). Part B:
mCerulean-CRY2-sspB2. Created in BioRender. Lee, Y. (2025) https://BioRender.
com/t9kki1m. f Western blot detecting endogenous BCR-ABL and its phosphor-
ylation state in K562 cells expressing indicated constructs and the non-expression
control (K562WT), with or without photostimulation. GAPDH is used as the loading
control. g Schematic illustrating the in vivo experimental setup. 5 × 106 K562 leu-
kemia cells expressing indicated constructs were injected (s.c.) in the flank of SCID
mice. Starting from day 2 post-K562 inoculation, mice were either subjected to
photostimulation for 11 days or maintained in the dark. Created in BioRender. Lee,
Y. (2025) https://BioRender.com/t9kki1m. h Images of isolated tumors for the
indicated groups on day 15. i, j Quantification of xenograft tumor sizes (i) and
tumor weights (j). n = 7 mice (mean ± s.e.m.). j Line at median for the scatter plot.
Statistical analysis was performed using two-way ANOVA followed by Turkey’s post
hoc test. (Source Data).
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ssrA2-MLKL(1–140), respectively, using XhoI and EcoRI. mCherry-
CRY2-sspB2-PB was constructed by inserting PB into mCherry-CRY2-
sspB2 using XhoI and BamHI. Ntom20-Abl-SH2 was constructed by
amplifying the SH2 domain of BCR-ABL from pDONR223-ABL1
(Addgene # 23939) and cloned it into the pTriEX vector using BamHI
and XhoI. mCh-sspB(LOV2) was constructed by inserting LOV2 into
pTriEX-NES-mCherry-sspBusingNEBuilderHiFi DNAAssembly. PAR1-4
were cloned from the PRESTO-Tango plasmid kit. The PRESTO-Tango
plasmid kit was a gift from Bryan Roth (Addgene kit # 1000000068).
cPAR1-4-Tango variants were generated by truncating the N-terminal
sequence at the reportedprotease cleavage sites. ssrA tagswere added
to the N-termini of cPAR1-4 by introducing forward primers and PCR
amplifying the whole cPAR1-4 plasmids together with reverse primers.
pDisplay-LOV2-sspB was generated by replacing the mSA of pDisplay-
mSA-EGFP-TM (Addgene#39863)with sspB-LOV2usingApaI andAscI,
followed by deletion of EGFP using PCR. pAAV-beta-arrestin2-HA-
TEV219 was a gift from Dr. Alice Ting (Addgene # 104845). pTRE-
tdTomato was a gift from Dr. Connie Cepko (Addgene # 50798). Key
primers used in plasmid construction were summarized in Supple-
mentary Table 3.

Cell culture and transfection
HeLa, HEK293T, Jurkat, and A549 cells were cultured in DMEM, while
K562 and Jurkat cellswere cultured inRPMI 1640. For Jurkat cells, 2mM
L-glutamine (Sigma-Aldrich)was supplemented. BothDMEMandRPMI
1640 media were maintained at 37 °C with 5% CO2 and supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin cocktail.
For fluorescence imaging experiments, cells were seeded in four-well
35-mm glass-bottom dishes one day before transfection. The plasmids
were transfected using Lipofectamine 3000 transfection reagent
according to the manufacturer’s instructions. Cells were imaged
18–24 h after transfection.

Mice
All animal studies were approved by the Institutional Animal Care and
Use Committee (IACUC) of the Texas A&M University Institute of Bios-
ciences and Technology. Female SCID beige mice (CBSCBG), 6 to
8weeks of age, were used in all experiments. All animals were housed at
the Institute of Biosciences and Technology, Texas A&M University
(Houston, TX, USA), under specific pathogen-free (SPF) conditions and
standard housing parameters (23–26 °C, 40%–60% humidity, under 12-h
light/dark cycle). Themaximum permitted tumor diameter was 20mm.

Design of the LUX illuminator
The LUX illuminator is a customizable, cost-effective device designed
for high throughput optogenetics research. Its modular design, illu-
strated in the exploded view (Supplementary Fig. 2a), facilitates easy
assembly and component swapping, making it adaptable to various
experimental needs. The assembled device and the LED array close-up
highlight its compact design and the individually programmable LEDs,
capable of running up to 96 different sequences simultaneously
(Supplementary Fig. 2b, c). The bill of materials lists affordable, com-
mercially available components, ensuring accessibility (Supplemen-
tary Fig. 2d). The microcontroller and PCB design along with the
internal component layout emphasize robust engineering and ease of
assembly (Supplementary Fig. 2e, f). The circuit diagram provides
detailed electrical connections, crucial for accurate replication and
modification (Supplementary Fig. 2g). The LUX illuminator is user-
friendly, programmable via a custom Excel worksheet, and includes
enhancements like a 6800mAh battery and a micro-SD card slot for
extended use and easy program transfer.

Western blot analysis
On day 1, cells were trypsinized and washed three times with cold PBS,
then lysed directly using RIPA buffer for 30min on ice. The lysis buffer

contained 1× protease inhibitor cocktail and phosphatase inhibitor
cocktail. After lysis, the sampleswere centrifuged, and the supernatant
was transferred to new tubes and denatured at 95 °C for 5min, then
loaded onto a 10% SDS-PAGE gel along with 1× SDS loading buffer
(100mM Tris-HCl, 4% SDS, 0.2% bromophenol blue, 20% glycerol,
200mM DTT, pH 7.4). Proteins were transferred onto nitrocellulose
membranes and incubated with the indicated primary antibodies
overnight at 4 °C. On day 2, the membranes were incubated with sec-
ondary antibodies at room temperature for 1 h and visualized using the
ChemiDoc Imaging System (Bio-Rad) with West-Q Pico Dura ECL
Solution. Densitometric analysis ofWestern blot bands was performed
using the Gel Analysis function in Image J (NIH) (version 2.16.0/1.54p).
Net intensities were calculated by subtracting background signal from
the plot profiles and normalized to GAPDH or the indicated reference
proteins.

Time-lapsed confocal imaging and data analysis
Fluorescence imaging was performed using a Nikon Ti2 inverted epi-
fluorescencemicroscope equipped with a YokogawaW1 spinning disk
scan-head, a LU-NV solid-state laser system, and a live-cell culture cage
to maintain the temperature at 37 °C with 5% CO2. High-resolution
imagingwas achievedusing a 60×oil lens.Data analysiswas performed
using Nikon NIS-Elements imaging software (version 4.5 1.00), and the
results were plotted using the Prism 10.5.0 (673) software (GraphPad).
For analysis of mitochondrial fluorescence intensities, cells exhibiting
aggregatedormorphologically abnormalmitochondriawereexcluded
from analysis. Regions of interest (ROIs) were then selected based on
the expression of the mitochondria-anchored plasmid. Specifically, in
experiments using NTOM20-Venus fused to ssrA, green fluorescence
was used to identify mitochondria. Subsequently, the fluorescence
intensity of the target protein within the ROI was quantified for further
analysis.

Bioluminescence resonance energy transfer (BRET) assay
HEK293 cells were seeded in 24-well plates and transfected with
Ntom20-Venus-ssrA variants and NanoLuc-sspB, with a total 0.5μg of
DNA in each well of a 24-well plate. After 24 h, cells were washed twice
with cold PBS, resuspended in PBS, and transferred to an opaque 96-
well plate for luciferase assay. The PBS-resuspended cells were sub-
jected to the Bright-Glo Luciferase Assay System (E2610; Promega),
and luminescence signals at a wavelength of 535 nm were measured
using aCytation 5Cell ImagingMulti-ModeReader (BioTek). RawBRET
signals were calculated as the emission intensity at 520 to 545 nm
divided by the emission intensity at 475 to 495 nm. Net BRET signals
were calculated as the raw BRET minus the raw BRET signal measured
from cells expressing only the NanoLuc donor. The BRET ratio heat-
map was generated using GraphPad Prism v.10.5.0 (673) (GraphPad).

Immunofluorescence for surface expression validation
On day 1, HeLa cells transfected with the plasmid were fixed with 4%
paraformaldehyde (PFA) for 20min at room temperature (RT). Sub-
sequently, cells were incubated with an anti-FLAG antibody overnight
at 4 °C. On day 2, the cells were incubated with Alexa Fluor 488-
conjugated goat anti-mouse antibody for 1 h at RT, washed with PBS
three times, and then subjected to confocal imaging.

Ca2+ imaging using NEMOf
HeLa cells were plated and transfected with 250ng of ssrA2-STIM1ct
constructs and 50ng of the ultrasensitive, genetically encoded Ca2+

sensor NEMOf after 24 h. Cells were imaged by confocal microscopy
24 hpost-transfection. During one light-dark cycle, cellswere recorded
with 488 nm and 561 nm channels simultaneously at 3-s intervals for
the light cycle, followed by recording with only the 561 nm channel
during the dark cycles. Light-dark cycles were repeated three times.
Based on our previous studies, the 470-nm laser source with a 1–5%
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input was sufficient to activate the LOV2- or CRY2-based optogenetic
constructs24,77,95–97.

NFAT-dependent luciferase assay
For the NFAT-dependent luciferase expression assay, HEK293T cells
seeded in 96-well plates were co-transfected with ssrA2-STIM1ct var-
iants, mCherry-CRY2-sspB2, and pGL4.30[luc2P/NFAT RE/Hygro]
(NFAT RE-luc; Promega). 24 h after transfection, cells were placed in a
home-made LUX microplate illumination device (see Supplementary
Fig. 2 for the configuration) and stimulated with blue light (power
density of 4mW/cm2) in the presence of phorbol myristate acetate
(PMA) at a final concentration of 15 nM. 4 h later, luciferase activity was
determined using the Bright-Glo Luciferase Assay System, and lumi-
nescence signals weremeasured using a Cytation 5 Cell ImagingMulti-
Mode Reader (BioTek).

ELISA quantification of human IFNβ
A549 cells were seeded in a 6-well plate on day 0. On day 1, cells were
co-transfected with 500 ng of GFP-cSTING (ssrA2-fused or without
ssrA) and mCh-CRY2-sspB2 or sspB2-mCh-CRY2 plasmids. On day 2,
cells were stimulated were stimulated with 10μg/ml poly I:C or pulsed
470nm blue light (20 s ON and 5min OFF) for 24 h. The supernatant
containing secreted IFNβ was collected the following day and sub-
jected to hIFN-β ELISA assay according to the manufacturer’s instruc-
tions. Data are shown as means ± s.e.m. of five replicate wells and
represent three independent experiments.

Electroporation and treatment of Jurkat cells
Jurkat T cells were electroporated using the NeonTransfection System
(Invitrogen) according to the manufacturer’s instructions at day 0. In
brief, 1 million Jurkat T cells were mixed with a total of 10 µg plasmids
encoding ssrA2-STIMct (site 685)-mCerulean and mCh-CRY2-sspB2 or
mCerulean and mCherry as control. Cells are subjected to electro-
poration and incubated in fresh RPMI 1640 in a 6-well plate overnight
for recovery. On day 1, mCerulean and mCherry double positive cells
were sorted and transferred into a new6-well plate supplementedwith
fresh medium for growth. On day 3, cells were subjected to indicated
treatments, including 1μM ionomycin, blue light (30 s ON, 1min OFF,
10–40mW/mm2), 10 nM PMA for 8 h. Supernatants were collected by
centrifugation at 300 × g for 5min and stored at −20 °C until analysis.
Pellets were collected for western blot analysis and RNA isolation for
real-time PCR analysis.

ELISA measurements of human IL-2
Supernatant collected from Jurkat cells was prediluted at a ratio of 1:25
(20μL supernatant + 480μL sample diluent). Then, 50 μL of the dilu-
ted supernatantwas added to pre-coated anti-IL-2 antibodymicrowells
of the Human IL-2 ELISA Kit (BMS221-2, Thermo Fisher Scientific),
alongwith 50μL of biotin-conjugated anti-IL-2 antibody (1:100dilution
in 1× Assay Buffer), and incubated at room temperature for 2 h. The
plate waswashed 6 timeswithWash Buffer, and 100μL of streptavidin-
HRP (1:100 dilution) was added, followed by a 1-h incubation at RT and
another 6 washes. Then, 100μL of TMB substrate solution was added
and incubated for 30min at room temperature. The reaction was
stopped with 100μL of Stop Solution, and absorbance was measured
at 450nmusing aCytation 5Cell ImagingMulti-ModeReader (BioTek).
IL-2 concentrations were calculated using a standard curve (range:
18.8–1200pg/mL) and multiplied by the total dilution factor
(25 × 2 = 50, accounting for the 1:25 predilution and the additional 1:2
dilution in the assay) to obtain the final concentrations. Statistical
analysis was performed using a one-way ANOVA.

Real-time PCR analysis
Total RNA was isolated from electroporated Jurkat cells using TRIzol
reagent (Invitrogen, Waltham, MA, USA) according to the

manufacturer’s instructions. Concentration was determined using a
Nanodrop. cDNA was synthesized from the RNA using the Superscript
III First-Strand cDNA Synthesis Kit (Invitrogen, Waltham, MA, USA)
following the manufacturer’s instructions. Real-time PCR was then
conducted on the ABI Prism 7000 analyzer (Applied Biosystems) with
the SYBR Green ER qPCR Super Mix Universal kit (Invitrogen) and
specific primers. The resulting data were presented as the accumula-
tion index (2ΔΔCt). The primer sequences are listed in Supplementary
Table 3. IL-2 mRNA expression level was normalized to GAPDH.

Cell death monitored and cell viability assay by Annexin V
staining
For real-time imaging of cell death, HeLa cells seeded on glass-bottom
dishes were transfected with Flag-MLKL(1–140)-ssrA2-mCherry or
ssrA2-MLKL(1–140)-mCherry and mCherry-CRY2-sspB2-PB. 24 h after
transfection, HeLa cells were washed twice with cold PBS and stained
with 1μM Pacific Blue Annexin V diluted in 1X binding buffer. Time-
lapse confocal imaging was initiated and recorded with 488 nm,
561 nm, and bright field channels with 500 milliseconds ON and 15-s
intervals. For the cell viability assay, LiPOP1 made of mCherry-CRY2-
MLKL-NT(3 A)wasused as the positive control98. Confocal imagingwas
performed 4 hours after stimulation with pulsed 470nm blue light
cycles (30 s ON, 3min OFF).

Generation of a murine xenograft model of leukemia
For each K562 cell line expressing the indicated constructs validated
by flow cytometry, 5 × 106 cells were trypsinized, counted, resus-
pended in 50μl PBS, and injected subcutaneously (s.c.) into the flank
of mice on Day 0. Mice were subjected to pulsed blue light stimulation
(470 nm; 250mW/cm2; 20 s ON and 5min OFF; 6 h every other day) or
left without blue light stimulation two days post-inoculation. Tumor
size was measured at indicated time points and calculated using the
formula (4/3 π ×0.5 × length ×0.5 ×width ×0.5 × height) (mm3). On
Day 15, mice were euthanized by CO2 inhalation for tumor isolation
and imaging.

Flow cytometry analysis
The transduced K562 cells or electroporated Jurkat cells expressing
mCherry-tagged and/or mCerulean-tagged protein were resuspended
in 1× FACS buffer (PBS containing 2% FBS) on ice, then sorted by
comparison to negative control without fluorescent-tagged protein
expression to >90%purity using LSRII flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). The following experiments were stated in
each experiment.

CRISPRi assay
The pHR-SFFV-dCas9-BFP (Addgene # 46910), pHR-SFFV-dCas9-BFP-
KRAB (Addgene # 46911), pMLS-SV40-EGFP (Addgene # 46919), and
pU6-sgGFP-NT1 (Addgene # 46914) plasmids were obtained from
Addgene. HEK293T cells were seeded on glass-bottomdishes onday0.
On day 1, cells were transiently transfected with 100 ng of pMLS-SV40-
EGFP plasmid, 500ng of pHR-SFFV-dCas9-BFP or pHR-SFFV-dCas9-
BFP-KRAB, with orwithout 500ng of pU6-sgGFP-NT1. Confocal images
were performed on day 6. Cells expressing BFP were selected for
subsequent fluorescence imaging analysis. The relative EGFP expres-
sion was calculated by normalizing the EGFP fluorescence intensity to
the mean intensity of the dark group lacking sgNT1.

Statistics and reproducibility
Quantitative data are presented as the mean± standard error of the
mean (s.e.m.), unless otherwise specified. The sample size for each
experiment is provided. No data were excluded from experiment
analyses. All experiments were not randomized in this study. All
representative confocal images were obtained from at least three
independent experiments, eachproducing similar results.Graphswere
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created using GraphPad Prism version 10.5.0 (673). Half-life calcula-
tions were performed using the “one-phase decay” function in the
software. Statistical analyses were conducted using indicated test in
figure legends.

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

Data availability
The PhoBIT1 components include Ntom20-Venus-ssrA (Addgene
#223688) and mCh-sspB(LOV2) (Addgene #223689). The PhoBIT2
components, fused with STIM1ct, consist of STIM1ct-ssrA2-mCerulean
(Addgene #223690) andmCh-CRY2-sspB2 (Addgene #223691). Source
data is available for Figs. 1d, g, k, 2d, 3d–f, h, 4c, e, g, 5d, 6c, e–g, 7c, f, i, j
and Supplementary Figs. 1c, f, 3c, d, f, g, 4a, b, 6c–e, 7, 8d, and 9b, c in
the associated source data file. Creative Commons (CC-BY) license
from Biorender listed here: Fig. 4a (https://BioRender.com/qnjigjh),
Fig. 7e and g (https://BioRender.com/t9kki1m). Source data are pro-
vided with this paper.
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