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Abstract

A comprehensive understanding of signaling mechanisms
helps interpret fundamental biological processes and restore
cell behavior from pathological conditions. Signaling outcome
depends not only on the activity of each signaling component
but also on their dynamic interaction in time and space, which
remains challenging to probe by biochemical and cell-based
assays. Opsin-based optogenetics has transformed neural
science research with its spatiotemporal modulation of the
activity of excitable cells. Motivated by this advantage, opsin-
free optogenetics extends the power of light to a larger spec-
trum of signaling molecules. This review summarizes
commonly used opsin-free optogenetic strategies, presents a
historical overview of split protein complementation, and
highlights the adaptation of split protein recombination as
optogenetic sensors and actuators.
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Introduction

Optogenetics uses light to control protein conformation
through a variety of light-sensitive motifs. Foundational
work demonstrated that light illumination opens a

cation-selective channel called channelrhodopsin-2 [1].
"This strategy quickly expanded to the optical control of
other channelrhodopsins (sodium, potassium, calcium,
and hydrogen pumps), halorhodopsins (chloride
pumps), and bacteriorhodopsins (hydrogen pumps),
often in neuronal systems, that allows for precise mod-
ulation of neural circuits in live cells and animals [2,3].
Since optogenetics was termed in 2006, optogenetics
has transformed neural science research in the past
decade, as evidenced by the recent recognition of the
2021 Laskar award.

While opsin-based technologies undoubtedly began the
field of optogenetics, there has been extensive growth in
the field that led to “opsin-free” applications, which
expands optogenetic applications to macromolecular
recruitment, sequestration, degradation, and uncaging
with new light-responsive elements. Opsin-free opto-
genetics allows for interrogating processes previously
inaccessible to genetic or pharmacological treatment.
Although challenges such as deep-tissue light delivery
must be overcome [5], it is exciting that both opsin-
based and opsin-free optogenetics have started pro-
ducing promising animal and preclinical research results
[4,5]. This work focuses on an emerging optogenetic
strategy based on split protein complementation among
various opsin-free optogenetic strategies. We walk
readers through applications of using split protein
complementation as both sensors and actuators.
Because optogenetic recombination of split protein
often depends on light-mediated protein—protein as-
sociation and dissociation, we will also update recent
advances of such optogenetic systems.

Light-mediated protein—protein association
and dissociation

Protein activity often depends on association and
dissociation with a binding partner, such as a chap-
erone, regulator, effector, or scaffold. A common opsin-
free optogenetic strategy uses light to induce macro-
molecular (e.g., protein and nucleic acid) association
or dissociation to achieve spatial and temporal control
of protein activity in live cells. This strategy is
accomplished by fusing the proteins of interest to an
optogenetic protein pair that associates upon
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Summary of commonly employed opsin-free optogenetic strategies involving optical control of protein association, dissociation (a), sequestration, caging

(b), and degradation (c).

illumination with light and dissociates in the dark
(Figure 1a). Examples include heterodimerizers CRY2/
CIBN [6], PhyB/PIF [7], BphP1/PpsR2 [8], iLLID [9],
Magnets [10], PixE/PixD [11], and TULIPs [12].
Advances in these systems have been recently
reviewed [13,14]. These proteins vary in size, activa-
tion wavelength, association and dissociation kinetics,
and dark—state activity.

These design parameters must be considered depend-
ing on the model systems, tolerance of cytotoxicity and
phototoxicity, kinetics of probed processes, functional
readout strategy (single-color or multi-color). For
example, model systems of live animals may require
viruses for optogenetic delivery, limiting the system’s
size. Therefore, tissue-specific promoters with smaller
size and single-chain optogenetic systems, such as
homo-dimer/oligomer CRYZPHR [15], CRYZclust [16],
CRYZ2o0lig [17], VfAuLOV [18], or CPH1 [19], are
preferred. On the other hand, transient transfection of
plasmids often suffices to produce phenotype in
cultured cell lines.

The phytochrome-based proteins absorb in the far red
region, often advantageous when tissue penetration is a
priority. Far-red light also poses less phototoxicity

compared with shorter wavelength light. However, PhyB
is quite large (approximately 1000 amino acids) and its
expression may pose a challenge if minimal size is
preferred. Plant-based phytochromes also require
phycocyanobilin that is often added exogenously, so
cytotoxicity should be tested ahead of experiments.
In other cases, it may be advantageous to select a
shorter wavelength system to allow for multiplexing
with long-wavelength dyes and other fluorometric
assays. While this may limit the choice of optogenetic
protein, the ability to image at longer wavelengths
independently of optogenetic activation might prove
extremely valuable.

Light-driven protein association remains a major mo-
dality to provide new insights into biological processes.
For example, recent work showed that the liquid—liquid
phase separation of transcription factors enhances
transcription activation based on the fusion of CRY2/
CIBN to intrinsically disordered regions [20]. Note that
blue light could also modulate the binding of a protein
to nucleic acid [21]. A final consideration is that estab-
lished modules like ELL222-based optogenetic expres-
sion cassettes continue finding their application in new
model systems such as the methylotrophic yeast
P, pastoris [22].
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An alternative strategy is to use light to drive proteins of
interest apart. Wang ¢z @/. described the LOV2 trap and
release of protein (LOVTRAP) system, which allows the
trap and release of proteins under light control [23]. By
tethering proteins to the mitochondria and releasing
them upon illumination, they discovered Vav2-
dependent resonant cycling of cell protrusion and
retraction. The circular permutated LOV2 (cpLOV2)
binds to Zdk2 in the dark and dissociates under blue
light illumination [24]. A similar system uses 405 nm
light to cleave a photocleavable fluorescent protein
(PhoCl), although the cleavage is irreversible [25]. The
phototoxicity of violet light could be mitigated by
primed conversion, which can activate the system using
combined 458 nm and 730 nm light. It should be noted
that the photocleavage is irreversible. Additionally, the
bacterial cobalamin (vitamin B12) binding domain
(CBD) forms a complex in the dark but dissociates
under green light (545 nm) stimulation [26]. Opto-
genetic systems based on photoinducible dimerization,
oligomerization, and dissociation are listed in Table 1.

Table 1

Optogenetic recombination of split proteins Skeeters et al. 3

Optogenetic sensors based on split protein
complementation

The strategies mentioned above primarily target full-
length proteins to drive desired cellular processes. An
emerging method employs optogenetically controlled
split protein recombination, reversibly sensing or con-
trolling protein activity. Although splitting a protein
poses a potential challenge resulting from the exposure
of initially buried protein surfaces, this strategy could, in
theory, be generalized to a large pool of protein targets.
This section presents successful cases for split protein
complementation as biosensors.

A method that reconstitutes functionality from a split
pair of protein halves is often called a Protein Comple-
mentation Assay (PCA). The split point must result in
the inactivity of either portion alone but allow for
reconstitution and regained function. This reconstitu-
tion can be spontaneous or induced by dimerization.
The first example of protein complementation can be
credited to researchers who recognized that the

Summary of photo-inducible protein—protein association and dissociation systems.

Protein Photoinducible effect Size (a.a.) A (nm) Ref.
CRY2/CIB1 variants Dimerization 535 (CRY2), 498 (CRY2PHR), 470 [6,44,73]
170 (CIBN), 81 (CIB81)
iLID-SspB Dimerization 149/112 470 [9]
cpLID Association 150/112 470 [24]
Magnets Association 150 470 [10]
LOVTRAP Dissociation 146/65 470 [23]
TULIP Dimerization 153/194 470 [12]
PhoCl Dissociation 241 400 [25]
PhyB-PIF variants Association 1211 (PhyB-FL), 621, 908 (PhyB-NT), 650 [7,74]
524 (PIF3), 100 (PIF6)
BphP1-PpsR2 Association 731/464 740/636 [75]
EL222 Dimerization 150 470 [76]
VVD Dimerization 150 470 [77]
VfAU1LOV Dimerization 150 470 [18]
CRY2olig Oligomerization 498 470 [73]
CRY2clust Oligomerization 507 470 [78]
CBD Oligomerization 200 545 [26]
Cph1 Dimerization 513 660/720 [19]

CRY2: cryptochrome 2.

CIB1: cryptochrome-interacting basic-helix-loop-helix 1.

iLID: improved light-induced dimer.

cpLID: circularly permutated (LOV2) light-induced dimer.

LOVTRAP: LOV2 trap and release of protein.
TULIP: tunable light-inducible dimerization tags.
PhoCl: photocleavable protein.

PhyB: phytochrome B.

PIF: phytochrome interacting factor.

VVD: vivid (a blue light photoreceptor).

VfAULOV: light-oxygen-voltage domain of aureochrome1 from V. frigida.

CBD: cobalamin-binding domain.
Cph1: phytochrome-like protein.
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endogenous proteolytic cleavage of ribonuclease S
resulted in a fully functional, reconstituted enzyme in
the 1950s [27]. Fields and Song demonstrated in 1989
the complementation of two isolated domains from Gal4
in the yeast 2-hybrid system [28]. In this technique, a
transcription-based split protein system was used as a
reporter to study protein—protein (bait-prey) in-
teractions. Other split protein designs guided by their
natural functions include split beta-galactosidase [29],
split inteins [30], and RNaseHI [31].

Bi-molecular Fluorescence Complementation (BiFC)
applies the split protein complementation to generate a
fluorescence signal to probe protein—protein in-
teractions [32—36]. It should be noted that most BiFC
interactions are irreversible as chromophore maturation
creates an  irreversible  complex. To  probe
protein—protein interaction in live cells, Tebo and co-
workers have recently reported a rapid and reversible
complementation system, split Fluorescence-Activating
and absorption-Shifting Tag (splitFAST). Upon recom-
bination, FAST forms a binding cavity to the fluorogenic
hydroxybenzylidene rhodanine (HBR) analogs, whose
fluorescence increases 5—10 fold compared with its
diffusive forms. The rapid fluorogen binding enables
fast fluorescence maturation [37]. When combined with
opsin-free optogenetics, BiFC could monitor the acti-
vation of signaling processes. For example, Moser e a/.
utilized CRY2PHR/CIB1 dimerization to control the
innate immune system through photoactivated Pattern
Recognition Receptors (PRRs). A cytosolic PRR termed
DAI (DNA-dependent activator of IFN-regulatory fac-
tors) uses dimerization to activate the NF-kB and IRF3
pathways. In order to monitor dimerization, the con-
structs were fused to a split-mCherry fluorescent pro-
tein yielding Photo-DAI, which allowed for tracking of
activated cells with flow cytometry or optical micro-
scopy [38].

Bioluminescence uses chemicals, instead of the excita-
tion light, to generate emission, which produces a higher
signal-to-background ratio and induces no photo-
bleaching. In addition to fluorescence, bioluminescence
could be used to develop split protein complementation
strategies. The firefly luciferase was the first demon-
strated split bioluminescent reporter, based on a rational
design that intentionally divides the active site [58].
This system was later improved by screening 115 split
point candidates and testing luciferase signals when
fused to dimerizers FKBP12 and FRB. Additional
luciferase reporters have been developed, including
Renilla luciferase [60 36], Gaussia luciferase [39], and the
commercially available nanolLuc (nanoBiT).

Notably, instead of using fluorescent protein or lucif-
erase as a readout, protein—protein interaction can also
be probed with RNAs via split 'T7 RNA Polymerase
(split at residue 179) [40,41]. RNA could allow for

multi-dimensional analysis for protein—protein interac-
tion via orthogonal RNA output driven by T7 or CGG
promoters. Additionally, according to the authors, split
RNAP appears to be less sensitive to parameters like
linker length than conventionally used 1- or 2-hybrid
strategies. A summary of split proteins, the design
principles, and applications is listed in Table 2.

Optogenetic actuators based on split
protein complementation

Optogenetic actuators actively control protein recombi-
nation instead of sensing it. Early applications involve
optogenetic control of protein splicing, where endoge-
nous protein domains called inteins are autocatalytically
cleaved while ligating the two flanking peptides
(exteins). By fusing PhyB and PIF3 to the artificially split
S. cerevisiae vacuolar ATPase (VMA) intein, Tyszkiewicz
and Muir demonstrated photoinducible recombination of
maltose-binding protein (MBP) and Flag tag [42].

Split Cre recombinase was first identified through
chemical-induced dimerization [43] and later adopted
in optogenetic systems to control gene regulation.
Kennedy ez a/. fused split Cre (N: 19-104, C: 106-363) to
CRY2 and CIB1 to control Cre-mediated recombination
with light [6]. Following up work from the same lab used
CIB1 and the CRY2 (IL348F) variant to reduce basal Cre
activity in the dark, thus improving the dynamic range of
the optogenetic outcome [44]. The recombination ef-
ficiency was improved when a different split Cre (N: 19-
59, C: 60-363) was fused with nMag and pMag [45]. In
2020, Tako er al. used the split Cre nMag/pMag system
with CRISPR/Cas9 to make a knock-in mouse model
with a Tetracycline-dependent photoactivatable Cre
[46]. As Magnets were derived from VVD, split Cre at
residue 46 can also be successfully controlled by VVD
[47]. Magnets have also been used to control Dre
recombinase, derived from bacteriophage D6, with a
split point at Dre246 (DreN246/DreC247) [48].

Another example of split protein complementation is in
the design of split clustered, regularly interspaced, short
palindrome repeats (CRISPR) for targeted genome
editing. Zetche ¢z a/. used FKBP and FRB fused to split
Cas9 and a transcriptional activator VP64 [49]. Addition
of rapamycin upregulates the transcription of reporter
genes, with no significant difference between contin-
uous and a 2-h rapamycin treatment . Wright ez 4/
designed a new way to split Cas9 following the rationale
that maintaining the natural structure of the o-helical
lobe and nuclease lobe would maximize the recon-
stituted Cas9. The nuclease lobe in the split half was
constructed by linking the N-terminal RuvCI motif with
the remainder of the nuclease lobe located at residues
~56 and ~720. Interestingly, the reconstitution of
split-Cas9 is facilitated by sgRNA [50]. Importantly,
split Cas9 could bypass the packaging limit of adeno-
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Table 2

Optogenetic recombination of split proteins Skeeters et al.

5

Summary of naturally occurred or synthetic split proteins.

Split Protein Split Site Split Site Design Reconstitution Method Year Ref.
Ribonuclease S N: 1-20 Rational design: nature- spontaneous 1957 [27]
C: 21-124 guided
Gal4 N: 1-147 Rational design: subdomain SNF1 and SNF4 1989 [28]
C: 786-881
tRNA synthetase 11 split pairs Screening: synthetase spontaneous 1992 [79]
activity
Ubiquitin N: 1-37 Rational design: ubiquitin Leucine Zippers (GCN4) 1994 [80]
C: 35-76 function
RNase HI N: 1-87 Rational design: nature- spontaneous 1995 [31]
C: 88-155 guided
B-galactosidase N: Ao B-Gal Rational design: nature- FRAP and FKBP12 1997 [29]
C: Aw B-Gal guided
Inteins N: dnaE-n Rational design: nature- post trans-splicing. 1998 [30]
C: dnaE-c guided
Dihydrofolate reductase N: 1-107 Rational design: subdomain Leucine Zippers (GCN4) 1998 [68]
C: 108-186
GFP N: 1-158 Rational design: subdomain Leucine Zippers (GCN4) 2000 [81]
C: 159-238
GFP N: 1-214 Rational design: subdomain spontaneous 2005 [82]
C: 214-230
Multicolor FP see ref.for details Rational design: subdomain bZIP (bFos and bJun) 2003 [83]
Firefly Luciferase N: 1-437 Rational design: split active post-translational splicing 2001 [69]
C: 438-454 site
Firefly Luciferase N: 1-398 Screening: luciferase FRB + FKBP12 2007 [84]
C: 394-454 activity
B-lactamase N: 26-196 Rational design: subdomain Leucine Zippers (GCN4) 2002 [65]
C: 198-290
Renilla Luciferase N: 1-229 Screening: luciferase MyoD-ID 2003 [85]
C: 230-3117 activity
Renilla Luciferase N: 1-110 Rational design: subdomain Targeted protein—protein 2007 [66]
C: 111-311 interaction
APT (Neo) N: 1-59 Combinatorial approach Leucine Zippers (GCN4) 2005 [86]
C: 59-X*
SiMP1 APT N: 1-118 Computational design: N/A 2019 [64]
C: 119-271 CABS-flex 2.0 [60] and
Raptor X [57]
TEV protease N: 1-118 Rational design: split active GABAg receptor 1a&2, 2006 [70]
C: 119-242 site GBR1acc and GBR2cc
Trpip N: 1-44 Screening through random Coil—Coil interaction 2004 [87]
C: 45-224° circular permutations between C1 and C2
Gaussia luciferase N: 1-93 Rational design: PHD [56] Leucine Zippers (GCN4) 2006 [39]
C: 94-185 and experimental
validation
Cre recombinase N: 19-104 Rational design: maintain FKBP12 and FRB 2003 [43]
C: 106-343 the active site in one split
half
Cre recombinase N: 19-59 Rational design: maintain FKBP12 and FRB 2003 [43]
C: 60-343 the active site in one split
half
IFP1.4 N: 1-132 Rational design and Leucine Zippers (GCN4) 2014 [88]
C: 133-321 screening based on
subdomains
Cas9 N: 1-573 Screening: subdomain FKBP and FRB 2015 [49]
C: 574-1368
Cas9 N: 2-713 Screening: chemical- Magnets 2015 [52]
C: 714-1368 inducible luciferase assay
NanoLuc (nanoBiT) N: 1-156 Rational design: luciferase FKBP and FRB 2016 [89]
C: 157-169 activity
HRP N: 1-213 Screening and direct FKBP and FRB 2016 [67]
C: 214-308 evolution

(continued on next page)
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Table 2 (continued)

Split Protein Split Site Split Site Design Reconstitution Method Year Ref.

RNA polymerase N: 1-179 Rational design: subdomain Leucine Zippers 2017 [40]
C: 180-XX?

FAST N: 1-114 Rational design: subdomain FKBP and FRB 2019 [37]
C: 115-125

GFP: green fluorescent protein.

APT: aminoglycoside 3'-phosphotransferase.

SIMPL: split intein-mediated protein ligation.

TEV: tobacco etch virus.

TRP1P: N-(5’-phosphoribosyl)-anthranilate isomerase.
IFP1.4: infrared fluorescent protein 1.4.

Cas9: CRISPR-associated protein 9.

HRP: horseradish peroxidase.

FAST: fluorescence activating and absorption shifting tag.

& Based on the estimation of protein size because the C-terminal end was not explicitly stated.

associated virus (AAV) as shown by Truong ¢ &/ in the
intein-mediated split-Cas9 system (two versions whose
split points at Glu573/Cys574 and Lys637/Thr638,
respectively) [51]. Shortly after that, Nihongaki ez 4/
demonstrated a photoactivatable version of split Cas9
(psCas9) [52] (Cas9-N2-713 and Cas9-C714-1368)
fused to pMag and nMag for light-dependent dimer-
ization. The split Cas9 showed similar DNA targeting
specificity and 60% indel mutation activity to the full-
length Cas9. The activity of dCas9 can also be
controlled with Magnets to develop a light-inducible
transcription system [53].

Versatility could be introduced to the conventionally
chemical biological tool by empowering optogenetic
control. For instance, the photo-inducible SNAP-tag
could be generated by split human DNA repair enzyme
06 -alkylguanine-DNA alkyltransferase (hAGT) ([54]).
Intracellular antibodies (Nanobody) could also be split
and fused with optogenetic dimerizers [55].

Strategy to design split protein
complementation systems

Besides the naturally occurring split proteins, structur-
ally and computationally guided rational design or
experimental screening could generate synthetic ones.
We summarize recent computational resources that
could help design split protein systems. To our knowl-
edge, there is to date no consensus view on the best
protocol for such a design. Here, we aim to formulate a
workflow based on available successful cases. By no
means is this workflow comprehensive, and we expect
that new resources will be rapidly developed to fulfill
new functions with more economic computational
power. We outline the workflow into the following steps:

Build a structural model of the protein
A structural model is the first step for designing split
protein systems. For proteins with available crystal

structure, visualization of the structure is convenient.
Without diving into the technical details of these protein-
structure prediction algorithms, we can categorize the
prediction framework into template-based and template-
free modeling. Template-based approaches identify
target sequence from solved, evolutionarily related
structures by sequence or sequence-profile comparison,
as used by 1D protein structure prediction software
called PHD [56]. In contrast, template-free modeling
aims to build a 3D protein model without such a tem-
plate through, e.g., @b initio or semi-ab initio methods. As
expected, template-free modeling would typically work
well for short target sequences (<120 residues). How-
ever, template-free modeling has been significantly
advanced with co-evolution data and deep learning, as
used in Raptor X [57,58] and the recently developed
Deep Mind’s Alphafold [59].

Identify flexible domains

Once a structural model is available, the next step is to
identify possible split points in a given protein. CABS-
flex 2.0 [60] evaluates the flexibility of protein in
terms of the fluctuation of the Co atoms (root mean
squared fluctuation or RMSF). Regions with higher
RMSF are more flexible and could serve as a better
choice of split points. A more streamlined prediction
named Split Protein rEassembly by Ligand or Light
(SPELL) [61] uses a scoring function “split energy” to
identify split points. The total energies of the split parts
relative to the native energy of the intact protein were
calculated based on Eris, a protein stability estimator, by
considering atomic force field and side-chain packing
and backbone relaxation [62]. The split energy profile
revealed sites that are critical for protein folding and,
therefore, should not be used as split sites. Note that
the algorithm does not take into account the entropic
change. A “deeper” split site would indicate more hy-
drophobic residues become exposed, leading to
increased spontaneous reassembly.

Current Opinion in Pharmacology 2022, 65:102236
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Turning split protein reconstitution

Once potential split points can be identified, one can
further optimize the performance of such a split system
by precluding spontaneous reconstitution but enabling
conditional reconstitution (e.g., through chemical or
light). For example, a pipeline named split protein
optimization by reconstitution tuning (SPORT) [63]
aims to achieve this by first identifying critical interfa-
cial residues, those showing a large difference in solvent-
accessible surface area, followed by  si/ico mutational
scan to evaluate the energy perturbation of all possible
single-point mutations (AAG). Final mutants will be
selected so that the degree of disruption from split
halves would strike a balance between insufficient
(causing high basal activity) and excessive (impairing
catalytic activity) perturbation.

Finally, the i si/ico predicted split protein pair is ready to
be validated experimentally through various molecular
or cell-based paradigms. Typically, a readout (optical,
biochemical, transcription, cell behavioral) would be

Figure 2

Optogenetic recombination of split proteins Skeeters etal. 7

triggered by conditional reconstitution of split halves,
e.g., through small molecules (rapamycin or other
crosslinkers) or the administration of light on photo-
activatable protein-fused split halves. One would typi-
cally validate that the split system does not have high
basal activity in the absence of inducers and aim at the
highest dynamic range by comparing the effect of the
inducer with that of the control. Leucine-zipper or
rapamycin is often used as a constitutive or chemical-
inducible protein reconstitution, as for G. princepts
luciferase [39]. It was also proposed that FKBP12
missing the first 20 residues, or insertable FKBP12
(iFKBP12), and FRB could prevent spontaneous reas-
sembly [61]. Alternatively, antibiotic resistance selec-
tion could be used as a cell-based assay given the
reconstitution of split enzymes conferring resistance
against ampicillin, chloramphenicol, hygromycin, and
puromycin [64].

In general, the protein can be split in a way that either
mimimally disrupts the active site such as with split beta-
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(
&Ra ptorX$fi.
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Split protein complementation can be guided by computational Resources such as 1D Protein Structure Prediction, RaptorX, CABSflex, Split Protein

rEassembly by Ligand or Light (SPELL), Split Protein Optimization by Reconstitution Tuning (SPORT), or Alphafold by DeepMind or based on empirical
screening of many candidates. Rationally designed split protein either intentionally disrupts the active site, such as in splitTEV [70], or maintains all active
sites in one split half, as in the case of Cre recombinase [43]. In splitTEV, the N terminal portion (yellow) contains two of the residues in the catalytic triad
(magenta), and the C terminal portion (cyan) contains one. In split Cre recombinase, all five active site residues (magenta) are in the C terminal position

(cyan).
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lactamase [65], split Renilla luciferase [66], split horse-
radish peroxidase [67], dihydrofolate reductase [68],
and split RNA polymerase [40], or utentionally splits the
active site such as with split firefly luciferase [69] or to-
bacco etch virus (TEV) protease [70]. These split
points can then be validated to reconstitute a functional
protein by fusing them to dimerizing motifs, such as
constitutive dimerizing leucine zippers or the chemical-
inducible dimer FKBP12 and FRB (Figure 2).

Conclusions

Our current understanding of signal transduction in-
tegrates multi-faceted information. For instance, ge-
netic and genomic manipulation identifies essential
signaling molecules; structural biology reveals three-
dimensional organization of signaling molecules;
biochemistry probes molecular activity state inside or
outside of the cell; proteomic and lipidomic analysis
could further map the interaction network (or inter-
actome) of specific signaling molecules. The seemingly
overwhelming information leaves one to wonder: what
is next?

An emerging view forms that signaling outcomes depend
not only on the activity of each signaling component but
also on their dynamic interactions in time and space. As
structural and functional insights have been gained
through advances in computational and experimental
strategies, technology that allows for the direct probing
of signaling dynamics in live cells remains limited. The
initial opsin-based optogenetics has inspired a rapid
expansion into opsin-free optogenetics, which inherits
the precise spatiotemporal resolution but expands the
target into a diverse pool of signaling enzymatic mole-
cules. In this focused review, we highlighted the use of
split protein complementation as a promising optobio-
logical strategy. Because split protein recombination
depends on protein—protein association, we only sum-
marized recent advances for such optogenetic systems.
We also note that advances in other optogenetic systems
have brought new opportunities for innovative opto-
genetic applications. For example, the single-chain
membrane translocation system BcLLOV4 [71,72] and
the circularly permutated mutant of LOV2 (cpLOV2)
[24] both promise to offer simplified and flexible
optogenetic strategies. Interested readers should stay
tuned for new research progress in these systems, but
we would not be able to cover them due to the scope of
this review. With the continuous expansion of tools and
strategies, we expect that opsin-free optogenetics will
continue pushing the frontier of biomedical science,
biomaterials, and synthetic biology.
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