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Spatiotemporal functional assembly of 
split protein pairs through a light-activated 
SpyLigation

Emily R. Ruskowitz    1,9, Brizzia G. Munoz-Robles2,9, Alder C. Strange3, 
Carson H. Butcher4, Sebastian Kurniawan    1, Jeremy R. Filteau1 & 
Cole A. DeForest    1,2,5,6,7,8 

Proteins provide essential functional regulation of many bioprocesses 
across all scales of life; however, new techniques to specifically modulate 
protein activity within living systems and in engineered biomaterials 
are needed to better interrogate fundamental cell signalling and guide 
advanced decisions of biological fate. Here we establish a generalizable 
strategy to rapidly and irreversibly activate protein function with full 
spatiotemporal control. Through the development of a genetically 
encoded and light-activated SpyLigation (LASL), bioactive proteins can 
be stably reassembled from non-functional split fragment pairs following 
brief exposure (typically minutes) to cytocompatible light. Employing 
readily accessible photolithographic processing techniques to specify 
when, where and how much photoligation occurs, we demonstrate precise 
protein activation of UnaG, NanoLuc and Cre recombinase using LASL 
in solution, biomaterials and living mammalian cells, as well as optical 
control over protein subcellular localization. Looking forward, we expect 
that these photoclick-based optogenetic approaches will find tremendous 
utility in probing and directing complex cellular fates in both time and 
three-dimensional space.

Biology comprises a series of well-orchestrated chemical reactions 
that are precisely controlled in time and three-dimensional (3D) space 
(that is, four dimensions). Proteins act as the key conductors of these 
reactions, providing essential and unmatched functional regulation of 
many bioprocesses across all scales of life. As proteins offer structural 
integrity, regulate gene expression and serve as the central language 
of cellular communication, there is little question as to why global 
research efforts continue to seek to improve existing techniques and 
develop new ones to regulate protein function within living systems. 

While systematic edits to the genome can enable long-lasting over- and 
underexpression of proteins in vitro and in vivo, these efforts require 
long times ranging from many hours to weeks; critical need remains 
for systems that permit real-time modulation of protein function in a 
user-defined manner.

A growing and powerful trend towards the induction of bio-
activity in living cells involves triggered protein reassembly from 
non-functional fragment pairs. In this strategy, proteins are geneti-
cally split into biologically inactive fragments whose negligible affinity 
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(4D) control. When used to photoligate split protein pairs, we antici-
pated that this light-activated SpyLigation (LASL) could be exploited 
to irreversibly assemble proteins and restore function in solution and 
biomaterials and intracellularly with spatiotemporal control, expand-
ing current capabilities and opening new doors to probe and direct 
cellular fate (Fig. 1).

Results
Construction of a pSC for LASL
Success of the LASL strategy hinges on efficient incorporation of 
Lys(oNB) within pSC, necessitating a high-yielding synthesis of the pho-
tocaged lysine and effectively engineered orthogonal aminoacyl-tRNA 
synthetase/tRNA pairs for site-specific non-canonical amino acid 
installation in both bacterial and mammalian systems. Lys(oNB) was 
produced through an improved synthetic route, yielding sufficient 
gram quantities of the caged amino acid for several litres of protein 
expression from a single two-step synthesis (Supplementary Method 
1). Upon in-solution light exposure and oNB photocage removal, 
native lysine was recovered following expected first-order photo-
cleavage kinetics (Supplementary Fig. 1). For bacterial expression, 
we constructed a plasmid encoding two copies of a variant of Metha-
nosarcina mazei pyrrolysyl-tRNA synthetase (MmPylRS; Tyr306Met, 
Leu309Ala, Cys348Ala and Tyr384Phe amino acid substitutions)12 
previously evolved for Lys(oNB) incorporation and a single copy of 
its cognate Pyl-tRNACUA (Supplementary Method 2). To install Lys(oNB) 
site specifically in mammalian cells, we utilized a plasmid encoding 
a variant of Methanosarcina bakeri synthetase (MbPylRS; Tyr271Ala 
and Tyr349Phe amino acid substitutions) compatible with derivatized 
lysine species14—but not previously with Lys(oNB)—and four copies of 
an engineered M15-tRNACUA recently reported to boost incorporation of 
non-canonical amino acids in pyrrolysine-based systems15 (Supplemen-
tary Method 2). Employing the relevant orthogonal aminoacyl-tRNA 
synthetase/tRNA plasmid for genetic code expansion in bacteria or 
mammalian cells, pSC was created through cotranslational incorpora-
tion of Lys(oNB) at SC’s catalytic Lys31 residue via amber suppression 
(Supplementary Method 3).

Validation and characterization of LASL with purified proteins
To assess and quantify LASL’s efficiency in vitro, we recombinantly 
expressed pSC, SC and a glutathione S-transferase–SpyTag fusion 
(GST-ST) in Escherichia coli and purified each species via affinity chro-
matography (Supplementary Methods 4 and 5). Highly pure samples 
with the expected molecular masses were obtained for all proteins, as 
indicated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS–PAGE) analysis and liquid chromatography mass spectrometry 
(Supplementary Fig. 2, Supplementary Method 6 and Supplemen-
tary Table 1). When exposed to near-ultraviolet light (λ = 365 nm; 
10 mW cm−2; 30 min), pSC’s oNB cage (delta mass = 179 Da) was pho-
tochemically removed to yield protein that precisely matched the mass 
of the native SC construct (13.2 kDa) (Fig. 2a). To assess whether this 
photoproduct was functional and could participate in SpyLigation, 
we reacted differentially light-exposed pSC (λ = 365 nm; 10 mW cm−2; 
0–90 min) with excess GST-ST at physiological temperature (37 °C) 
for non-kinetically limited times (18 h) before SDS–PAGE analysis  
(Fig. 2b,c and Supplementary Method 7). The extent of photoligation 
was determined by quantifying the intensities of the disappearing 
bands from pSC and GST-ST, along with the appearing band corre-
sponding to the SpyLigated product (Fig. 2d). These analyses revealed 
a first-order photouncaging constant of 0.05 ± 0.01 min−1 and a half-life 
of 15 ± 2 min, respectively, corresponding to 0.07 ± 0.02 cm2 J−1 and 
9 ± 1 J cm−2 when accounting for the utilized light intensity. Uncaging 
photokinetics remained unchanged when pSC was exposed to light in 
the presence of GST-ST, and GST-ST bioactivity was unperturbed upon 
incubation and subsequent photoligation with pSC (Supplementary 
Figs. 3 and 4). Highly satisfied with the observed near-complete ligation 

prevents spontaneous reassembly but can be complexed into a func-
tional species under specific conditions1. Currently, controlled reas-
sembly of split proteins is commonly achieved through genetic fusion 
of split fragments with inducible dimerizers, whereby exogenously 
triggered protein dimerization brings fragments into proximity to 
restore the function of the split parent species. Most frequently, 
these methods exploit small-molecule chemical ligands for inducible 
dimerization (for example, rapamycin-induced heterodimerization 
of FKBP/FRB2 or coumermycin homodimerization of GyrB3). Although 
specification over when small-molecule inducers are added to culture 
affords temporal control over split protein activity, such chemical 
activation cannot be readily regulated in two-dimensional (2D) or 3D 
space4. To address this limitation, several optogenetic strategies have 
been developed that employ light-responsive proteins (for example, 
PhyB-PIF (ref. 5), Cry2/CIB1 (ref. 6) or magnets7) that bind under visible 
light irradiation8. While optogenetic approaches have already enabled 
a seemingly limitless collection of exciting new studies, they are not 
without limitations: (1) optogenetic proteins are often quite large (>500 
amino acids per partner), limiting the expression efficiency and pos-
ing potential concern over reaction sterics; (2) previously developed 
systems are universally sensitive to visible light (λ = 450–650 nm), 
making them practically difficult to work with under standard labora-
tory lighting, and dramatically limiting their combined utility with 
common green-, orange- or red-type fluorophores; (3) reactions are 
non-covalent and quickly reverse under dark conditions (often with 
half-lives of seconds to minutes), necessitating continuous illumina-
tion for sustained protein activation that presents challenges with 
long-term culture or migrating systems; (4) the overall extent of the 
reaction is near-impossible to control, rendering intermediate activa-
tion states inaccessible; and (5) light-responsive proteins typically show 
minimal-to-no responsiveness to multiphoton activation, rendering 
full 3D spatial modulation largely out of reach.

Hypothesizing that many of the limitations to existing optogenetic 
approaches could be addressed through chemical advances, we sought 
to establish a genetically encoded protein–protein ligation reaction 
involving small partners that could be optically regulated in a rapid, 
irreversible, dose-dependent and highly specific manner. Towards 
this goal, we were inspired by the versatility of SpyLigation, in which 
genetically encoded SpyCatcher (SC; 113 amino acids; 12.1 kDa) and 
SpyTag (ST; 13 amino acids; 1.5 kDa) protein pairs undergo sponta-
neous covalent coupling with high yield in living cells (mammalian, 
bacterial and plant) that is maintained amid diverse conditions of pH, 
temperature and buffer9. Although recent efforts to shield ST with the 
light-responsive AsLOV2 protein have afforded some photocontrol 
over SpyLigation10, substantial dark reaction precludes the strategy’s 
functional utilization in many contexts, including those within living 
cells and 3D materials. As SpyLigation involves isopeptide bond forma-
tion between a critical lysine on SC (Lys31) and an essential aspartic acid 
on ST, we postulated that complete optical control over SpyLigation 
could be obtained through molecular photocaging of either residue, 
chemically blocking the reactive side chains with a photoremovable 
moiety. Since genetic code expansion can be used to site specifically 
install non-canonical amino acids at user-defined locations within 
proteins during translation11, and requisite transfer RNA (tRNA)/tRNA 
synthetase pairs have been previously evolved for efficient incorpora-
tion of photocaged lysine residues at the rarely utilized amber stop 
codon within bacterial and mammalian culture12, we hypothesized 
that a photoactivatable SC (pSC) could be created through amber 
suppression in which the catalytic Lys31 residue was substituted with 
an ortho-nitrobenzyloxycarbonxyl (oNB)-caged analogue (Nε-(o-nitro
benzyloxycarbonyl)-l-lysine (Lys(oNB))). We expected that pSC’s pho-
tocage would prevent isopeptide bond formation with ST but could be 
rapidly removed in response to cytocompatible near-ultraviolet light 
(λ = 365 nm)13 or near-infrared multiphoton stimulation to yield the 
functional SC in a dose-dependent manner and with four-dimensional 
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in optically stimulated samples and an absence of dark reaction for 
unexposed pSC, we were encouraged to test LASL’s efficiency in more 
complex environments. When performed in E. coli or human embry-
onic kidney 293T (HEK-293T) mammalian cell lysate, LASL yielded the 
expected ligated product band with seemingly no unintended reactions 
with other protein components (Fig. 2e, Supplementary Methods 8 and 
9 and Supplementary Fig. 5). Collectively, these experiments establish 
that LASL is photocontrollable with high specificity and in a dosage- 
dependent manner.

Spatial control over LASL within hydrogel biomaterials
Photochemical reactions are unique in that they can be spatiotempo-
rally initiated based on when and where light is directed onto reactants. 
This feature is now regularly exploited in many subfields, including by 
the biomaterials community to engineer cell culture platforms with 
user-defined and heterogeneous biochemistry16. To guide complex 
anisotropic cellular functions in vitro, our laboratory and others have 
utilized photochemistry to pattern full-length protein immobilization 
within polymeric hydrogels whose stiffness, water content and other 
essential features mimic those of native tissue17–23. Although recent 
efforts have shown the importance of site-specific protein modifica-
tion in maintaining their bioactivity upon tethering21,24,25, genetically 
encoded photochemistries to control such immobilization have not 
yet been established. Towards filling this gap, we opted to employ LASL 
in the photopatterning of poly(ethylene glycol) (PEG)-based hydrogels 

formed through bioorthogonal strain-promoted azide–alkyne cycload-
dition (SPAAC)26–29.

To immobilize the photoactivatable SpyCatcher uniformly within 
SPAAC gels, a pSC variant containing a carboxy (C)-terminal sortase 
recognition motif (that is, LPETG) was expressed, purified and chem-
oenzymatically modified30 with an azido-polyglycine peptide probe 
(H-GGGGDDK(N3)-NH2) to yield the azide-monotagged pSC (pSC-N3) 
(Supplementary Method 10). Photocaged SpyCatcher-decorated 
gels were formed through step-growth polymerization of PEG tetr-
abicyclononyne (PEG-tetraBCN; number-averaged molecular mass 
(Mn) = ~20 kDa), linear PEG-diazide (Mn = ~3.5 kDa) and pSC-N3 (Fig. 3a 
and Supplementary Method 11). Upon mild near-ultraviolet irradia-
tion, the oNB cage is cleaved, converting pSC into its active form and 
permitting localized conjugation with gel-swollen SpyTagged proteins 
via LASL. Diffusive removal of unbound proteins yields patterned 
gel substrates defined by user-selected light exposure locations and 
parameters. Gel modification was performed with a SpyTagged mRuby 
(mRuby-ST; Supplementary Method 4), whereby red fluorescence of 
the immobilized protein permitted visualization and quantification. 
Traditional photolithographic techniques were utilized to control 
the patterning of mask-defined shapes throughout gels with single 
micrometre-scale resolution; no background fouling or undesired 
conjugation was observed, highlighting minimal association of ST 
with pSC (Fig. 3b). Linear exposure gradients imposed across the gel 
surface using an opaque photomask moving at variable rates (0.13, 
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Fig. 1 | LASL affords complete spatiotemporal control over protein activation 
within living systems. a, A photocaged lysine is site specifically incorporated 
within the active site of SC during protein translation via an unnatural tRNA/tRNA 
synthetase pair, giving pSC. b, Owing to the bulky photocage masking its reactive 
amine, pSC remains inactive and unable to interact with or covalently bind ST. 
c, With user-directed light exposure, the critical lysine is liberated to generate 
newly uncaged SC, which is capable of spontaneous isopeptide bond formation 

with ST. d, Photoactivation is imparted through an oNB moiety installed on the 
ε-amine of lysine, such that light exposure restores the native residue. e, When 
pSC and ST are genetically fused to otherwise non-associative split proteins, 
irreversible protein activation is photochemically regulated. f, LASL of the SC/
ST pairs to irreversibly activate split proteins offers many distinct advantages 
over existing optogenetic strategies and can be used to interrogate a variety of 
biological functions in four dimensions.
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0.20 or 0.40 mm min−1) yielded continuous exponential protein gra-
dients of predicted shape (Fig. 3c,d). When accounting for gel position 
and mask translational speed, gradients collapsed onto a single dos-
age–response curve that revealed a pSC uncaging kinetic constant 
of 0.06 ± 0.02 cm2 J−1 and a half-life of 11 ± 2 J cm−2, both of which were 
statistically indistinguishable from values determined in solution 
(Fig. 3e). These experiments demonstrate a genetically encoded pho-
tochemistry to immobilize proteins site specifically within materials, 
as well as highlight LASL’s compatibility with other state-of-the-art 
protein modification chemistries and its ability to be performed with 
high spatiotemporal control.

Spatial control over LASL within living mammalian cells
Building on our success in spatially controlling biomacromolecular 
tethering within hydrogel biomaterials, we turned our efforts towards 
optically specifying protein subcellular location within living mam-
malian cells using LASL. Here we cloned a polycistronic construct 
consisting of a pSC-tagged mCherry31 (mCh), a self-cleaving P2A pep-
tide sequence32 and an enhanced green fluorescent protein (eGFP)33 
fused with ST and a plasma membrane-localizing CAAX motif from 
K-Ras34 (Supplementary Method 12 and Fig. 3f). HEK-293T cells were 
co-transfected with plasmids encoding the membrane-labelling 
components and the variant MbPylRS/tRNA pair (Supplementary 
Method 13). When cultured in media supplemented with Lys(oNB), 
cells fluoresced red (mCh) throughout the cytosol and green (eGFP) 
at the plasma membranes, indicating successful read through of pSC’s 
in-frame amber stop codon and eGFP-ST membrane targeting with 
the CAAX motif (Fig. 3g). Following flood illumination (λ = 365 nm; 
20 mW cm−2; 0–20 min), the uncaged pSC-mCh colocalized with 
eGFP-ST at the plasma membrane via LASL. As predicted, membrane 
labelling with and subcellular distribution of pSC-mCh scaled in a statis-
tically significant manner with light dosage (Fig. 3h,i). Complementary 
experiments in which a membrane-bound pSC was phototagged with 
eGFP-ST yielded similar results (Supplementary Methods 12 and 13 
and Supplementary Fig. 6). Together, these studies showcase LASL’s 

ability to efficiently specify lasting changes to intracellular protein 
localization in a dose-dependent manner.

Split protein assembly and functional activation using LASL
Motivated by our unique ability to photoligate genetically encoded 
protein pairs with spatiotemporal control using LASL, we next sought 
to utilize the reaction to irreversibly restore protein function through 
covalent ligation of otherwise inactive split proteins. As an initial proof 
of concept, we selected UnaG—a green fluorescent protein derived from 
Japanese eel muscle whose activity can be optically assessed rapidly at 
single-cell and subcellular resolutions35 (Fig. 4a). Since its fluorogenic 
chromophore, bilirubin, is non-covalently bound and readily available 
in sera and in vivo, UnaG exhibits virtually no long-term photobleaching 
in living systems36; having an optical readout for protein function that 
would not be affected by LASL’s requisite light exposure led us to explore 
UnaG over alternative fluorescent proteins. Recognizing that split protein 
functional activation is dependent on factors that are often difficult to 
predict a priori (for example, geometry, sterics and intermediate fold-
ing), we exploited a previously validated split site for rapamycin-induced 
UnaG assembly (nUnaG = residues 1–84; cUnaG = residues 85–139)37 
and cloned bacterial expression vectors for all possible permutations 
wherein fragments were amino (N)- or C-terminally monofunctionalized 
with either ST or wild-type SC (Fig. 4b and Supplementary Method 14).  
6xHis-tagged proteins were expressed in E. coli and purified by immobi-
lized metal-ion affinity chromatography. Variants containing N-terminal 
ST moieties did not readily express in a soluble form and were thus 
abandoned; all other species were successfully obtained in good yield, 
validated as pure (SDS–PAGE; Supplementary Fig. 7) and determined to 
exhibit the expected molecular weight (liquid chromatography mass 
spectrometry; Supplementary Table 1). Although individual com-
ponents lacked fluorescence, SpyLigated UnaG fragments brightly 
fluoresced after 30 min of reaction at levels approaching those from 
samples following extended incubation (24 h) (Fig. 4c and Supplemen-
tary Method 15), consistent with the rapid kinetics previously reported 
for the native SpyLigation. Conjugation of nUnaG-ST and SC-cUnaG gave 
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Fig. 2 | pSC provides user control of SpyLigation in solution. a, Intact 
protein mass spectrometry of SC, pSC and light-treated pSC (+hν; λ = 365 nm; 
20 mW cm−2; 30 min). The dashed lines indicate the expected masses of SC and 
pSC containing a single Lys(oNB) (red stars). Exp, expected; Obs, observed. 
b, Covalent linkage of pSC ((1); grey) and a protein of interest (POI)–SpyTag 
fusion (GST-ST; (2); blue) is inhibited by the presence of Lys(oNB) at a critical 
lysine residue. pSC photoactivation allows for formation of the covalently 
ligated product ((3); orange). c, The extent of LASL between pSC and GST-ST 
(10 µM; 37 °C) varies with light exposure (λ = 365 nm; 10 mW cm−2; 0–90 min), 

as visualized by SDS–PAGE following 18 h of post-light incubation. d, pSC 
photoactivation and ligated product formation exhibit a light dose dependency, 
as determined by SDS–PAGE band intensity quantification for each species as 
labelled in b. Light dosage was calculated as the product of the light intensity 
and exposure time. The error bars correspond to s.d. about the mean for four 
experimental replicates. e, Reactivity of pSC and GST-ST (10 µM; 37 °C; 0.5 h) 
with and without light treatment (20 mW cm−2; λ = 365 nm; 0.75 h) in E. coli lysate 
analysed by SDS–PAGE. Similar results were achieved independently in three 
experimental replicates.
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in a dose-dependent manner. c, Representative fluorescent micrograph of 
immobilized mRuby gradient. d, Relative quantification of immobilized mRuby 
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0.40 mm min−1 (blue). The solid lines depict the predicted concentrations based on 

pSC photouncaging kinetics. e, Accounting for gel position and mask translational 
speed, mRuby immobilization gradients collapse onto a single dosage-responsive 
curve. f–i, Optogenetic specification of protein membrane tethering in mammalian 
cells. f, Schematic of the gene cassette used to prime cells for LASL-mediated plasma 
membrane labelling, where a CAAX-anchored eGFP-ST was covalently ligated 
with cytosolic pSC-mCh upon light exposure. g, Representative fluorescence 
micrographs of transfected HEK-293T cells imaged 6 h following treatment 
with varied light exposures (λ = 365 nm; 20 mW cm−2; 0–20 min). h, Membrane 
labelling with mCh scaled in a statistically significant manner with light exposure. 
The relative fluorescence levels are visualized in a violin scatter plot. The asterisk 
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two-tailed unpaired t-test). i, The intracellular mCh distribution transitioned 
through LASL from uniformly cytosolic to more membrane localized with increased 
light treatment duration. Scale bars, 250 µm (b and c) and 20 µm (g).
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a fluorescent species that was between two- and fivefold brighter than 
all other fragment combinations—a result consistent with structural 
protein evaluation, as ST’s N terminus is colocalized with the C terminus 
of SC38. SpyLigated nUnaG-ST and SC-cUnaG exhibited ~15% maximal 
fluorescence compared with the wild-type UnaG species (Supplementary 
Method 16 and Supplementary Figs. 8 and 9); although reconstituted 
bioactivity depends just as much on the protein identity and split site as 
it does on the dimerizing chemistry, this finding is consistent with the 
best reported inducible-dimerizing split protein systems39–41.

After identifying nUnaG-ST and SC-cUnaG as the brightest  
split protein combination, we cloned, expressed and purified 

the photocaged SC variant (pSC-cUnaG) for LASL assembly (Sup-
plementary Method 14). To assess whether LASL could be used to 
photochemically restore UnaG activation, stoichiometrically 
matched nUnaG-ST (0–10 µM) and light-exposed pSC-cUnaG 
(λ = 365 nm; 20 mW cm−2; 0–30 min) were combined (Supplementary  
Method 17). Sample fluorescence was measured immediately following 
light exposure and again after 24 h. Fluorescence excitation/emission 
spectra for the LASL product following the longest exposures (30 min) 
matched those of the spontaneous SpyLigation (that is, nUnaG-ST 
with SC-cUnaG) and wild-type UnaG35 (Fig. 4d and Supplementary 
Method 18). LASL-restored UnaG fluorescence scaled linearly with 
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Fig. 4 | Assembly of UnaG and NanoLuc through LASL of split protein 
fragments in solution and biomaterials. a, UnaG is split into N- (nUnaG) and 
C-terminal (cUnaG) fragments genetically fused to ST and pSC. Fragments remain 
inactive until photoactivation of pSC and LASL-mediated functional assembly of 
split fragments to restore UnaG fluorescence. b, All possible fusion variants of 
ST/SC and UnaG fragments were cloned and recombinantly expressed to screen 
for maximum assembly fluorescence. c Individual and combined variant (10 µM) 
fluorescence after reaction for 0.5 (orange) and 24 h (grey). d, Excitation (dashed 
lines) and emission spectra (solid lines) of pSC-cUnaG kept in the dark (−hν; 
red) or exposed to light (+hν; blue; λ = 365 nm; 20 mW cm−2; 20 min) and reacted 
with nUnaG-ST ((1)). Photoactivated pSC-cUnaG exhibited spectra similar to 
its wild-type counterpart (SC-cUnaG; (7)) when ligated to nUnaG-ST. e, UnaG 
reconstitution and the accompanying fluorescence from nUnaG-ST and  

light-treated pSC-cUnaG exhibited dose dependency. f, UnaG can be 
spatiotemporally reassembled within hydrogel biomaterials functionalized 
with pSC-cUnaG and patterned with nUnaG-ST via LASL. g, Mask-based 
photolithographic exposure generated discrete patterns of active UnaG 
throughout the gel thickness. h, Multiphoton laser-scanning lithography 
affords patterned protein activation with full 3D control. i–k, Split NanoLuc 
is reassembled via LASL in a light dose-dependent manner. i, Schematic of 
reassembly. j, NanoLuc assembly and luminescence only observed upon light 
exposure. k, NanoLuc bioactivity is restored in a dose-dependent manner, 
mirroring the kinetic results for UnaG. The data represent means ± 1 s.d. 
normalized to the experimental minimum/maximum (n = 3 experimental 
replicates). The error bars in k are substantially smaller than the symbols 
indicating mean luminescence. Scale bars, 500 µm (g) and 50 µm (h).
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protein concentration and persisted well after initial light exposure 
(Supplementary Fig. 10). Critically, only small amounts of background 
fluorescence (~15% maximum) were observed in unexposed samples, 
which we attributed to non-covalent association of the UnaG fragments 
partially stabilized with bilirubin (Supplementary Methods 19 and 20 
and Supplementary Fig. 11). UnaG assembly/activation followed LASL’s 
predicted dosage dependency (Fig. 4e); here we observed a pSC uncag-
ing kinetic constant of 0.07 ± 0.02 cm2 J−1 and a half-life of 10 ± 2 J cm−2 
that was statistically indistinguishable from values determined in 
solution and biomaterials.

Building on our ability to photoassemble UnaG in solution, we 
extended efforts towards spatiotemporally controlling its activa-
tion in four dimensions. Although studies reported earlier (Fig. 3) 
and elsewhere have demonstrated photochemical immobilization of 
full-length proteins within hydrogels, patterned functional assembly 
of split proteins in biomaterials has not been reported. The generation 
of active protein only at desired locations within gels offers distinct 
advantages over strategies involving diffusive transport of active pro-
teins before patterned tethering, particularly if these proteins are to 

be used to guide embedded cell fate; the latter technique floods cells 
with active protein throughout the patterning process, whereas the 
former does not. Towards this goal, we appended pSC-cUnaG with a 
C-terminal sortase recognition motif; this protein (pSC-cUnaG-LPETG) 
was expressed, purified and sortagged with H-GGGGDDK(N3)-NH2 
to yield monotagged pSC-cUnaG-N3 (Supplementary Method 21). 
SPAAC-based gels modified uniformly with pSC-cUnaG-N3 were formed 
through reaction of PEG-tetraBCN and a linear PEG-diazide (Fig. 4f 
and Supplementary Method 22). When incubated with nUnaG-ST 
and exposed to photomasked light, UnaG activation was confined 
to 2D mask-defined shapes extending throughout the gel thickness  
(Fig. 4g). Multiphoton laser-scanning lithography, whereby pro-
grammed laser raster scanning within the gel specified photoactivation 
with full 3D control, afforded excellent 3D patterning at user-specified 
regions within the gel (Fig. 4h and Supplementary Fig. 12).

Having shown that LASL can be used to irreversibly assemble and 
activate UnaG, we sought to highlight the versatility of these meth-
ods through extension to another functional protein. We identified 
NanoLuc42 as a bioluminescent enzyme that has found great utility in 
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Fig. 5 | Photoactivation of split UnaG with spatiotemporal precision in 
living cells through intracellular LASL. a, Schematic of the pSC-UnaG gene 
cassette used to prime cells for LASL of non-associative UnaG fragments.  
b, Representative fluorescence images of transfected HEK-293T cells (red)  
with (+hν) and without (−hν) light illustrate UnaG photoactivation (green) 
by LASL. c, Time lapse of intracellular UnaG photoactivation after light 
treatment (+hν), normalized to initial UnaG/mCh ratios. d–f, Mask-based 
photolithography with spatially varied light exposure (0–10 min) yielded  
dose-dependent UnaG activation throughout mammalian culture.  
d, Fluorescence images of a culture dish, with dashed lines highlighting  

the exposure pattern. e, Individual cell UnaG/mCh signal, quantified for each 
exposure subregion and normalized to the average unexposed UnaG/mCh 
ratio. f, Individual cell mCh signal, quantified for each exposure subregion. In 
b–f, the light treatment was 20 mW cm−2 and λ = 365 nm. The asterisks denote 
conditions with statistically significant differences in signal (P < 0.0001, two-
tailed unpaired t-tests). NS denotes conditions with no statistically significant 
difference in signal (P = 0.09 in c and P = 0.11 in f; one-way analysis of variance). 
Similar results were achieved independently in three experimental replicates. 
Scale bars, 20 µm (b) and 1 mm (d).
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its split form for quantifying protein–protein interactions43. Adopting 
the optimal protein arrangement for LASL, identified structurally and 
with UnaG (that is, nPOI-ST + pSC-cPOI, where nPOI and cPOI refer to 
the N- and C-terminal fragments of each protein of interest), we fused 
NanoLuc’s N-terminal fragment (LgBiT; 159 amino acids; 17.6 kDa) 
with ST and its C-terminal fragment (SmBiT; 11 amino acids; 1.6 kDa) to 
pSC. LgBiT-ST and pSC-SmBiT were expressed in E. coli and purified by 
immobilized metal-ion affinity chromatography (Fig. 4i, Supplemen-
tary Method 23 and Supplementary Fig. 13). When NanoLuc fragments 
were combined with equal stoichiometry (0–1 µM) in the presence of 
their substrate (furimazine), almost no luminescence (~5% maximum) 
was observed; this absence of dark activity is consistent with minimal 
reported association of LgBiT and SmBiT, as well as our findings that 
pSC and ST do not associate appreciably. Via LASL, protein bioactivity 
was restored in a light dose- and concentration-dependent manner 
following ultraviolet treatment (λ = 365 nm; 20 mW cm−2; 0–30 min) 
(Fig. 4j,k, Supplementary Method 24 and Supplementary Fig. 14) with 
uncaging kinetics (kinetic constant of 0.07 ± 0.02 cm2 J−1; half-life of 
9 ± 2 J cm−2) matching those for mRuby immobilization, UnaG activa-
tion and in-solution Lys(oNB) photolysis. Taken together, these results 
establish our ability to precisely and irreversibly photoactivate func-
tional proteins through LASL-mediated split fragment reconstitution 
with micrometre-scale 3D control in a plug-and-play manner.

LASL-mediated split protein activation in mammalian cells
Having demonstrated that LASL could be used to functionally 
assemble protein fragments with predictable dose dependence and 
well-defined kinetics in vitro using purified bacterial proteins, we 
pursued extension of the approach to irreversibly activate protein 
function spatiotemporally within living mammalian cells. Towards this 
goal, we cloned a polycistronic split UnaG LASL construct consisting 
of three components—pSC-cUnaG, nUnaG-ST and mCh—each sepa-
rated by P2A (Supplementary Method 25); this design was selected to 
ensure similar expression levels of each UnaG fragment and to provide 
an internal standard (that is, red fluorescence of mCh) to account for 
transfectional variations on a cell-by-cell basis (Fig. 5a). HEK-293T cells 
were co-transfected with plasmids encoding for the variant MbPylRS/
tRNA pair and split UnaG components (Supplementary Method 26). 
When grown in media supplemented with Lys(oNB), virtually all  

cells fluoresced red 24 h post-transfection, indicating high transfec-
tion efficiencies and amber codon read through (Fig. 5b). As predicted, 
cells subjected to flood illumination (λ = 365 nm; 20 mW cm−2; 20 min) 
gained green fluorescence, reflecting successful LASL-mediated  
functional assembly of UnaG intracellularly, while unexposed cells 
did not (Fig. 5b). UnaG/mCh fluorescence ratios from individual cells  
were determined through automated image analysis and quantified 
over time; statistically significant increases (P < 0.0001, unpaired 
t-test) for UnaG/mCh were observed for cells within 30 min of light 
exposure (λ = 365 nm; 20 mW cm−2; 7 min), with peak levels detected 
by 3 h, while UnaG/mCh did not increase over 72 h for unexposed 
cells (Fig. 5c and Supplementary Fig. 15). Although the individual  
fluorophore signal decreased slightly over time (attributed to 
expected protein degradative clearance and/or dilution accompa-
nying cell division), maximal UnaG/mCh fluorescence ratios (around  
fivefold higher than unexposed samples) persisted in photostimu-
lated cells for at least 72 h in a manner consistent with covalent UnaG 
assembly.

To further demonstrate LASL’s ability to spatiotemporally and 
optically regulate specific biomacromolecular function in living sys-
tems, we focused our efforts towards patterning covalent protein 
assembly and concomitant activation within mammalian cell cul-
ture. Co-transfected HEK-293T cells were lithographically subjected 
to collimated light (λ = 365 nm; 20 mW cm−2; 20 min) through an 
open-circle photomask (diameter = 7 mm); cells in the light-exposed 
region exhibited both green and red fluorescence, whereas unexposed 
cells appeared primarily red (Extended Data Fig. 1a). Quantification of 
individual cell UnaG/mCh fluorescence ratios as a function of radial 
distance from the mask’s centre revealed a clear activation pattern 
with micrometre-scale resolution (Extended Data Fig. 1b). Aggregated 
analysis for all cells (~35,000) demonstrated a roughly fivefold and 
statistically significant increase for UnaG/mCh in light-exposed regions 
relative to those in the unexposed outside ring (P < 0.0001, unpaired 
t-tests) with no significant mCh photobleaching (Extended Data  
Fig. 1c and Supplementary Fig. 16). Exposing different regions of culture 
to light for variable amounts of time (0, 3, 5 and 10 min), we observed 
the expected dose-dependent activation, as indicated by significantly 
increasing UnaG/mCh fluorescence ratios (P < 0.0001, unpaired t-tests) 
accompanying lengthened exposures (Fig. 5d–f).
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Following the successful generation of UnaG fluorescence intracel-
lularly via LASL, we expanded our efforts to a protein target whereby 
its activation would yield lasting cellular functional changes, specifi-
cally in the form of irreversible genome editing. Towards this aim, we 
selected Cre recombinase, a topoisomerase that can recognize and 
site specifically excise DNA between two loxP sites, which is commonly 
used for gene knock-in/out studies in vivo. Exploiting a previously 
validated split site for rapamycin-induced Cre assembly (nCre = resi-
dues 19–59; cCre = residues 60–343)44, we created a polycistronic 
split-Cre LASL construct consisting of two components—nCre-ST and 
pSC-cCre—each separated by P2A and individually fused to nuclear 
localization sequences (Fig. 6a and Supplementary Method 27). This 
cassette was transfected into transgenic mouse dermal fibroblasts 
bearing a Cre-dependent dual-colour reporter in the safe harbour 
Rosa26 locus (Supplementary Method 28); cells constitutively express 
red fluorescent protein tdTomato31 but switch expression to eGFP 
upon Cre-mediated recombination (Fig. 6b)45. As designed, isolated 
primary cells fluoresced red but not green under normal culture 
conditions; upon light exposure (λ = 365 nm; 20 mW cm−2; 3 min), a 
substantial percentage of cells stopped fluorescing red and turned 
green, reflecting success in optically restoring Cre activity via LASL 
and downstream genome editing (Fig. 6c). Directed illumination 
through a circle photomask (2 mm diameter opening) permitted spa-
tial patterning of recombination and photoconditional gene regulation  
(Fig. 6d). Together, these experiments establish LASL’s unique ability to 
irreversibly activate intracellular protein function with spatiotemporal 
control and in a dose-dependent manner.

Discussion
In this manuscript, we have introduced LASL, a genetically encoded 
photoclick chemistry for protein–protein conjugation, and demon-
strated its distinct utility in solution and biomaterials and within living 
mammalian cells. Infusing concepts from synthetic organic chemis-
try into the world of protein engineering, we demonstrate that reac-
tant protection, deprotection and ligation schemes can be used for 
site-specific protein heterocoupling. Taking advantage of a transla-
tionally incorporated photocaged amino acid that undergoes rapid 
photolysis in response to cytocompatible light, we attain the unique 
ability to govern biomolecule conjugation with precise spatiotemporal 
control in a dose-dependent manner. Photoligation of biologically 
inactive fragments enables direct gain-of-function intracellularly and 
irreversibly, with 4D control.

Although our initial efforts have focused on photoregulation of 
SC/ST ligation, we anticipate that the introduced chemical strategy of 
caging reactive partners through genetic code expansion can be readily 
extended to trigger covalent assembly using other protein chemistries. 
In cases where even more rapid coupling is desired, evolved variants 
with dramatically enhanced transamination kinetics (for example, Spy-
Catcher003 (ref. 46) and DogCatcher47) could be similarly caged. In sys-
tems where a more minimal ligation scar is required, strategies based 
on three components (for example, SpyStapler48, SpyLigase49, Snoop-
Ligase50, transglutaminase factor XIII51 or sortase30) could be readily 
envisioned. Complementarily, alternatively caged amino acids could 
yield induced protein assembly in a wavelength-dependent manner 
or with stimuli beyond light (for example, pH, enzymes, temperature 
or small molecules). Although its reliance on genetic code expansion 
may place some limits on its utilization in vivo, the introduced strategy 
outperforms those based solely on canonical amino acids (for example, 
BLISS10 and split inteins52) in that it can be tightly controlled with high 
specificity in living systems and no leaky background reaction.

We have demonstrated that phototriggered covalent assembly of 
split protein pairs permits their rapid and sustained functional turn-on 
within complex biological settings. While we initially targeted photo-
activation of UnaG, NanoLuc and Cre, the generalizable mechanism 
defining LASL-mediated reconstitution outlines a clear path towards 

photoregulation of many other bioactive species. Like other protein 
activation schemes based on inducible split protein dimerization, 
LASL’s success hinges on the identification of fragments that exhibit 
minimal background association and conditionally associate into 
highly bioactive species. Nevertheless, countless proteins have been 
functionally split and conditionally activated through non-covalent 
interactions, providing an accessible working blueprint for irreversible 
activation of many different species via LASL. In cases where protein 
splits have not been identified, advanced computational tools for pro-
tein structure prediction (for example, AlphaFold53 and RoseTTAFold54) 
may inform effective split sites and fusion protein pair arrangements.

As established here, LASL represents a uniquely powerful and tun-
able tool to optically couple small protein pairs rapidly and irreversibly 
in a user-defined and dose-dependent manner. Since ligation is photo-
chemically regulated with near-ultraviolet or pulsed near-infrared light, 
product formation can be spatiotemporally driven with micrometre- 
and minute-scale precision and using wavelengths compatible with 
cells and conventional fluorophores. As both reactive components 
are genetically encoded, LASL can be performed with high fidelity in 
living systems. When used to covalently link split protein pairs, LASL 
affords 4D control over their functional assembly and bioactivation 
through a versatile plug-and-play approach. Looking forward, we 
expect that these chemical strategies will find great utility in the quest 
to probe and direct biological systems, whereby precise specification 
over protein function can be used to interrogate or stimulate protein 
signalling pathways, as well as for applications in tissue engineering 
and regenerative medicine.
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Methods
All pertinent experimental procedures and methods are available within 
this manuscript and its associated Supplementary Information. Data 
collection was performed with the assistance of NanoDrop2000/2000c 
1.6.198, Bruker TopSpin 2.1, Gen5 v.3.09, Azure Biosystems 1.6.4.1229, 
DataMax v.2.2, Leica Application Suite X 4.5.0.25531, Analyst TF 1.7.1 
and ScanImage Premium 2021.1.0. Data analysis was performed with 
the assistance of Microsoft Excel 2016, GraphPad Prism v.6, ImageJ 
v.1.53f51, Adobe Illustrator CS6 v.16.0.0, CellProfiler v.4.2.1, Imaris 
Viewer v.1.6.0, ChemDraw v.20.0 and PeakView v.2.2.

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

Data availability
All pertinent experimental and characterization data are available 
within this manuscript and its associated Supplementary Informa-
tion. Plasmids generated during the current study are available from 
the corresponding author upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Photoactivation of split UnaG with spatiotemporal 
precision in living cells through intracellular LASL. a-c, Mask-based 
photolithography spatiotemporally directs UnaG reassembly within HEK-
293T cell culture. a, Fluorescent images of culture dish with inlays of exposure 
boundary magnified. b, Individual cell UnaG/mCh signal quantified radially 
outwards from the photomask’s center, normalized to the average UnaG/mCh 

ratio in unexposed cells. Dashed line indicates exposure edge. c, Violin scatter 
plots of normalized UnaG/mCh ratios in light-(un)exposed regions. Light 
treatments, λ = 365 nm, 20 mW cm−2, 20 min. Asterisks denote conditions with 
statistically significant differences in signal (p < 0.0001, two-tailed unpaired 
t-tests). Similar results were independently achieved in 3 experimental replicates. 
Scale bars, 1 mm (a).
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