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Abstract

Luciferase complementation assays have emerged in 2001 as a useful tool to analyze biological processes through diverse
biological assays such as cellular studies and in vivo imaging. The assay has an advantage of wide dynamic ranges, high
signal-to-noise ratios, and capability for real-time monitoring of dynamic biological events with a readout of biolumines-
cence. While it was initially harnessed for detecting protein—protein interactions, biosensors based on luciferase-fragment
complementation have achieved significant advancements in their designs, expanding versatility and applicability beyond
the initial scope. This review aims to provide a comprehensive overview of designing strategies employed in split luciferase
complementation assays and to highlight their diverse bioanalytical applications. Because simple bi-molecular detection of
protein—protein interactions by this approach is well-established, this review will focus on introducing diverse sensor designs

using the concept of split luciferase complementation.
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Introduction

Protein-fragment complementation assays (PCAs) are a
unique experimental technique to quantitatively assess the
dynamics of protein—protein interactions (PPIs). Since the
pioneering development of a conditional association of split
protein fragments of ubiquitin [1], the principle of PCA has
been adapted to a variety of the reporter proteins, including
fluorescent protein [2], dihydrofolate reductase (DHFR) [3],
p-lactamase [4], and bioluminescence protein such as lucif-
erases [3, 6]. To implement a PCA, a protein is divided into
two or three fragments at specific cleavage sites, rendering
it an inactive state where the readout from the reporter can-
not be detected. These fragments are then fused to proteins
of interest. Upon interaction with the fused proteins, the
fragments reassemble and regain their activity, generating
a detectable signal.
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The PCAs with a luciferase offer several advantages over
other reporter protein-based systems. Like the conventional
luciferase-based assay systems including reporter gene
assays and two-hybrid systems, the luciferase complemen-
tation approach detects readouts of bioluminescence that
have the character of high signal-to-noise (S/N) ratio and
wide dynamic ranges [7]. This is because bioluminescence
assays emit light without needing an external light source,
resulting in minimal background noise, even for subtle sig-
nals. In addition, luciferase complementation assays offer an
additional advantage for detecting PPIs, such as an ability
to monitor them in real time. Most of the luciferase com-
plementation assay systems are shown to be reversible,
with luciferase activity switching on and off in response to
changes in the complementation status of the fragmented
luciferase. Furthermore, in vitro assays indicated that the
time required for the bioluminescence signal to be detected
upon PPI induction falls on the order of seconds [8], demon-
strating that luciferase complementation assays as an ideal
tool for real-time monitoring of dynamic interactions.

Over the past two decades, the system has proven its ver-
satility in detecting various PPIs across cell-free systems,
cultured cells, and in various organisms including small
animals and plants. In addition, luciferase complementation
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biosensors have been demonstrated for their utility for high-
throughput screening, real-time monitoring, and in vivo
imaging of biological functions. Building upon this founda-
tion, we will review creative design approaches and recent
advancements in luciferase complementation-based biosen-
sors. In this review, we refer to biosensors as genetically
encoded probes that consist of a reporter protein, for exam-
ple, a luciferase, and a sensing domain, which modulates the
signal of the reporter protein in response to PPIs or binding
to a target molecule.

Basics of luciferase-fragment
complementation assays

Classification of luminescence emitting luciferase
systems

Luciferases are a diverse family of enzymes that catalyze
the oxidation of specific substrates, known as luciferins.
This oxidative reaction excites the resulting oxyluciferin
molecule, which then releases energy in the form of light
as oxyluciferin returns to its ground state. The simplicity of
the luciferase reaction is that it only requires the luciferase
enzyme, its specific substrate luciferin, and a few cofactors
for the emission of light. This feature makes the luciferase-
luciferin system a versatile tool to be applied for various
applications.

A wide variety of organisms on Earth, including insects,
marine life, fungi, and bacteria, exhibit bioluminescence.

Table 1 Properties of commonly used luciferases

While luciferases and luciferins have not been character-
ized for all bioluminescent species, currently identified
luciferases can be broadly categorized based on their sub-
strate specificity. Beetle luciferases, which utilize D-lucif-
erin as their substrate, are found in terrestrial organisms.
Marine luciferases, on the other hand, employ different
substrates, ranging from reduced form of flavin mononu-
cleotide (FMNH,) and a long-chain aldehyde for bacterial
luciferases, tetrapyrrole for dinoflagellate luciferase, ostra-
cod luciferin for cypridina luciferase, and coelenterazine
(CTZ) for various luciferase from diverse organisms [9].

Among these, beetle and CTZ-utilizing marine lucif-
erases are widely applied to biological assays (Table 1).
Beetle luciferases generally exhibit larger protein sizes
and lower luminescence signal compared to marine lucif-
erases. However, beetle luciferases often exhibit a glow-
type emission, where the catalytic activity of luciferase
persists for a certain period, enabling the monitoring of
sustained biological processes for over 4 days [10]. On
the other hand, marine luciferases tend to have smaller
sizes of 13-36 kDa for the catalytic activity, with flash-
type bright emission making them a suitable luciferase for
applications such as high throughput screening or subcel-
lular localization analysis. We will explore their specific
characteristics in the following sections.

Luciferase Original species Luciferin compound Size (kDa) Amax Cofactor Refs.
(nm)
Beetle luciferases
FLuc Photinus pyralis D-Luciferin 61 560 ATP, Mg2+, 0, [102]
CBG Pyrophorus plagiophthalamus D-Luciferin 61 540 ATP, Mg2+, 0, [74]
CBR Pyrophorus plagiophthalamus D-Luciferin 61 615 ATP, Mg**, 0, [74]
ELuc Pyrearinus termitilluminans D-Luciferin 61 538 ATP, Mg2+, 0, [103]
Akaluc Engineered from FLuc Akalumine 61 650 ATP, Mg2+, 0, [91]
Railroad-worm luciferase Phrixotrix hirtus D-Luciferin 61 628 ATP, Mg2+, 0, [12]
Marine luciferases
RLuc Renilla reniformis Coelenterazine 36 480 0, [104]
GLuc Gaussia princeps Coelenterazine 20 473 0, [105]
OLuc Oplophorus gracilirostris Coelenterazine 106 454 0, [106]
NanoLuc Engineered from OLuc Furimazine 19 460 0, [19]
MLuc Metridia longa Coelenterazine 17 480 0, [107]
TurboLuc Engineered from MLuc Coelenterazine 16 480 0, [20]
ALuc (ALuc23) Engineered from Copepoda lucif- Coelenterazine 21 503 0, [21]
erase database
picALuc Engineered from ALuc Coelenterazine 13 482 0, [22]
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Split-luciferase complementation of beetle
luciferases

Beetle luciferases, exemplified by North American firefly
luciferase (FLuc, 61 kDa) from Photinus pyralis, catalyze
the oxidation of D-luciferin in the presence of ATP, Mg**
and O, (Fig. 1A). Despite sharing a common substrate and
homologous luciferase structure, beetle luciferases exhibit a
wide range of emission spectra, spanning from green to red.
For instance, blue-shifted Brazilian firefly luciferase from
Amydetes vivianii emits at 538 nm [11], while red-shifted
railroad worm luciferase from Phrixothrix hirtus emits at
628 nm as its emission maximum [12]. The molecular basis
for the color-tuning mechanism has been extensively stud-
ied from the aspects of biochemistry and structural biology,
however, because luciferase reaction involves multiple reac-
tion steps involving various light-emitting intermediates, a
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comprehensive understanding of the color-tuning mecha-
nism is yet to be identified [13].

Beetle luciferases are composed of a large N-terminal
domain and a small C-terminal domain connected by a linker
region of approximately 5 amino acids. Structural studies
have revealed that the active site of the luciferase is primar-
ily located within the N-terminal domain, with one crucial
lysine (K529 for FLuc) in the C-terminal domain, which is
involved in the phosphorylation of the intermediate during
the acylation of D-luciferin [13]. This structural arrange-
ment suggests that the composition of both domains plays a
role in substrate binding and color tuning, highlighting the
importance of careful split point selection.

Early attempts to develop beetle luciferase complemen-
tation assays utilized the split fragment pair of N-terminal
from the start to 436 amino acid residue and C-terminal
from 437 amino acid residue to the last residue (N436/
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C437), assuming that it would separate the N-terminal and
C-terminal domains. While this approach successfully mon-
itored interactions between IRS-1 and SH2 domain upon
insulin stimulation, the N-terminal fragment retained some
bioluminescent activity, even without the C-terminal domain
[5]. Further research emphasized the significance of over-
lapping amino acids for efficient complementation in beetle
luciferases (N416/C398), which was unexpectedly identi-
fied during comprehensive screening for the split-site that
would reduce the background luminescence by shortening
the N-terminal fragment [14]. Since then, split-point deter-
mination for luciferases has adopted a screening approach,
often involving the construction of small libraries to sys-
tematically evaluate various combinations of N-terminal
and C-terminal fragments [15]. Continuous efforts had
successfully identified dissection sites for most commonly
used beetle-type luciferases in biological studies, including
click-beetle luciferases ELuc (N413/C394) [16], CBG (N413
or N414/C395) [17], CBR(N413 or N414/C395) [16, 17],
and FLuc derived Akaluc (N416/C417) [18]. These insights
into split points of beetle luciferase suggest a high degree of
conservation, indicating that split site of the beetle luciferase
could be generalized as a linker region connecting N and C
terminals with an overlapping sequence (Fig. 1B). Moreover,
analysis of biophysical properties across beetle luciferases
revealed that regions surrounding successful split sites tend
to be hydrophilic, suggesting that split site favors exposed
hydrophilic regions (Fig. 1C). It is worth noting that the
assay system used in the Akaluc split point determination
was conducted with constitutively dimer forming proteins
without considering overlapping residues. Then, split sites
with overlapping regions may also exist for Akaluc that
would be explored in the future study.

Split luciferase complementation of marine
luciferases

Marine luciferases utilizing CTZ as a substrate are a diverse
group of enzymes that catalyze the oxidation of CTZ to pro-
duce bioluminescence (Fig. 1D). Unlike beetle luciferases,
marine luciferases require only molecular oxygen (O,) as
a cofactor. Various luciferases have been isolated from a
range of marine organisms, including the sea pansy Renilla
reniformis (RLuc, 36 kDa), the copepods Gaussia princeps
(GLuc, 20 kDa), Metridia longa (MLuc, 17 kDa), and the
deep-sea shrimp Oplophorus gracilirostris (OLuc, 106 kDa).
For marine luciferases, artificially modified version of the
luciferase, including NanoLuc (19 kDa) from OLuc [19],
TurboLuc (16 kDa) from MLuc [20], and artificial lucif-
erases ALuc (21 kDa) or its smaller version picALuc
(13 kDa) [21, 22], has been exploited as a luciferase with
favorable properties, such as improved thermostability.
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Marine luciferases have also been employed as tools for
analyzing biological events through split luciferase com-
plementation strategies. Unlike beetle luciferases, marine
luciferases often have a single-domain structure. Popular
marine luciferases, such as RLuc, GLuc, and NanoLuc,
possess well-defined split sites without overlapping amino
acids (Fig. 1E-G). This suggests that complementation reas-
sembles the fragments into their original domain structure,
and excess amino acids could interfere with this association.

RLuc has been adapted for complementation assays with
splits at positions N91/C92 [23], N111/C112 [24], or N229/
C230 [25]. GLuc, with a split at position N93/C94 [26],
has been utilized for in vivo ligand-receptor binding studies,
expanding the potential applications of marine luciferases.
The smallest of these systems is the split NanoLuc system,
widely known as the NanoBiT system, which uses an N-ter-
minal 159-amino acid fragment (LgBiT) and a C-terminal
11-amino acid fragment (SmBiT) to create a complementa-
tion reporter. With the coevolution of NanoLuc substrate,
furimazine [19], split NanoLuc assays have been consid-
ered as one of the luciferase complementation assay systems
with the most stable, brightest, and smallest in size as a tag
among marine luciferases.

Computational approach to designating the split
point of luciferases

For designing a PCA, the identification of optimal dissection
points is crucial. Ideally, the split sites should minimally
disrupt the protein's structure, avoiding misfolding and deg-
radation of the fragments. While spontaneous complemen-
tation can be advantageous for certain applications, such as
detecting transient weak protein interactions or if the assay
system is intended to be an all-or-none type detection, it can
hinder the detection of dynamics of PPIs. Therefore, the
split fragments would favor minimal spontaneous comple-
mentation to ensure a low background signal for detecting
specific protein interactions. Conventionally, a labor-inten-
sive screening approach has been adopted to determine split
points. To circumvent this, computational approaches have
been explored to predict appropriate split points. Early stud-
ies focused on unstructured regions that divide proteins into
subdomain fragments, as these sites were considered less
likely to disrupt the protein's structure and generate unsta-
ble fragments [14]. A similar strategy involves identifying
highly hydrophilic regions that are exposed to the aqueous
environment through a hydrophilic search [27].

More recently, the computational program has been
designed to identify optimal split points for target proteins
based on the “split energy”, a score of the total energies of
the split parts relative to the native energy of the intact pro-
tein, along with solvent accessibility and sequence conserva-
tion [28]. Indeed, according to the program provided through
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the web interface, the program has successfully identified
suitable split points for FLuc as N435/C436 (using PDB:
5DV9 as a template), which was adjacent to the originally
identified split point for FLuc, N436/C437 [5]. Strikingly,
three of the predicted split site of the Renilla luciferase, N88/
C89, N112/C113, and N227/C228 (using PDB: 2PSF as a
template), were all in close proximity to the experimentally
identified split site for the RLuc (N91/C92 [23], N111/
C112 [24], N229/C230 [25]), suggesting that the program
can practically predict the region of sequence where optimal
split site exists. However, the tool could not predict lucif-
erases with intrinsically disordered regions such as GLuc
or well-defined single domain structures such as NanoLuc,
and prediction of split sites with overlapping residues is cur-
rently out of the scope of the program, possessing a neces-
sity for further development of a program for generalized
applicability.

Design strategies for various modes
of luciferase complementation

Since the development of luciferase complementation
assays, the system has been adapted to analyze a wide vari-
ety of PPIs, which has been reviewed elsewhere [29, 30]. In
the following sections, we will herein introduce biolumi-
nescence biosensors that are dependent on luciferase com-
plementation, but that differ from simple detection of PPIs
(Fig. 2A).

Spontaneous complementation

Although luciferase complementation assays offer a prom-
ising approach for designing a system to detect biological
events, enzymatic capabilities of complementation luciferase
does not fully recover, making the system 0.5-10% dim-
mer compared to the activity of full-length luciferase [30].
To circumvent this situation, spontaneous complementation
driven by a high-affinity variant of the luciferase fragment
was adopted to induce stable interactions [31]. This system
utilizes a small, high-affinity C-terminal fragment of Nano-
Luc, known as HiBiT, which binds to its partner, LgBiT,
with a dissociation constant of 700 pM (Fig. 2B) [31]. This
strong affinity enables spontaneous binding and signal gen-
eration. Because of its small size (11 amino acids, 1.3 kDa),
HiBiT can serve as a versatile protein tag for various appli-
cations, including CRISPR-mediated tagging of endogenous
proteins [31], quantitative immunoprecipitation [32], quan-
tification of secreted chemokines [33], and quantification
of degradation kinetics of a protein (Fig. 2C) [34]. With a
bright emission of bioluminescence from NanoLuc, endog-
enous proteins that are tagged with HiBiT enabled analysis
of not only their quantity but also their cellular localization
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Fig.2 Luciferase complementation-based biosensors. A Schematic
of the PPI-induced luciferase complementation. B Schematic of the
spontaneous luciferase complementation using HiBiT-tag. C Appli-
cations of spontaneous complementation for endogenous protein
dynamics analysis. D Quantification of transporter exocytosis using
spontaneous complementation

[35]. Moreover, the HiBiT system can be employed to quan-
tify cell surface protein levels. In this technique, HiBiT is
fused to the outer plasma membrane exposed domain of the
receptor. Membrane impermeable LgBiT is added to the
system, triggering spontaneous complementation of lucif-
erase and subsequent emission of the signal that correlates
with the membrane-expressed HiBiT-tagged receptor. This
strategy has been successfully applied to quantify both the
endocytosis of G-protein coupled receptor (GPCR) [36],
and also an exocytosis of glucose transporter type 4 (Glut4)
(Fig. 2D) [37].

Tripartite split-luciferase complementation

Another recent advancement in luciferase complementation
assays was the discovery of tripartite split NanoLuc frag-
ments. Ternary NanoLuc complementation system was gen-
erated by splitting NanoLuc, a 10-strand $-barrel luciferase,
into two small C-terminal strands f9 and p10 (11-mers,
respectively) and a larger N-terminal body of the protein
(Fig. 3A) [38, 39]. In practice, two small fragments are fused
to the protein of interest, and an intact larger N-terminal
fragment was introduced to the assay system for spontaneous
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Fig.3 Biosensors to detect ternary interactions. A Principle of tri-
molecular NanoLuc complementation. B Application of ternary
complementation to detect antigen. C Principle of complementation-
dependent BRET for detecting ternary protein complex. D Sequential
detection of GPCR, G-protein, and arrestin interactions

complementation with the two small C-terminal fragments
to drive bioluminescence signal emission. This ternary com-
plementation system offers advantages over binary comple-
mentation assays in terms of low background signal, and
lower possibility of encountering unexpected detection of
PPIs owing to the small size of the fragment that would
not interfere with the original function of the fused target
protein [40].

The method has successfully been applied to the immuno-
detection of various analytes, including IL-6 [41], TNFa [42],
and immunoglobulin G (IgG) antibodies against SARS-CoV2.
The assay system is similar to the enzyme-linked immuno-
sorbent assays (ELISA), where two C-terminal strands fused-
antibodies that bind different epitopes on the target analyte are
brought into close proximity in the existence of the analyte to
emit bioluminescence (Fig. 3B). Recently, robustness of the
tripartite fragment complementation were improved by split
intein mediated reconstitution of the two small fragments upon
interaction [43]. Accordingly, the system shows a good cor-
relation with the result of ELISA, suggesting that the assay

@ Springer

An alternative approach to decipher ternary protein interac-
tions combines the luciferase complementation assays with
bioluminescence resonance energy transfer (BRET) (Fig. 3C).
BRET relies on energy transfer from a bioluminescent donor
protein to a fluorescent acceptor protein. The efficiency of this
energy transfer is dependent on the proximity of the donor
and acceptor, typically within 10 nm [44, 45], making BRET
a highly sensitive tool for detecting protein—protein interac-
tions. Marine luciferases, with their strong emissions in the
460-490 nm range, are well-suited as BRET donors. Since
the development of the initial RLuc-EYFP BRET pair [46],
numerous more efficient and spectrally separated BRET sys-
tems have been developed [47, 48]. Despite the reduced lumi-
nescence of split luciferases compared to full-length enzymes
(approximately 0.5-10%), the signal remains sufficient to act
as a BRET donor.

By combining luciferase complementation and BRET, it is
possible to detect sequential protein interactions. The BRET
signal is directly dependent on the complementation of the
split luciferase, making this system ideal for studying complex
protein networks. A prominent example of this approach is its
application in GPCR research, where it was first demonstrated
with RLuc and Venus BRET system. In this system, split
fragments of the RLuc were fused to dopamine receptors and
Venus to G-protein to observe the dimerization of dopamine
receptors and their association with G-protein [49]. Since then,
this technique enabled the detection of interactions between
GPCRs, G-proteins, arrestins, and other GPCR-related effec-
tors such as ERK kinase [50] or GRK (Fig. 3D) [51]. In these
assays interactions among GPCR signaling components were
simultaneously quantified in real-time. Because the BRET
acceptor fluorescent dye can be incorporated into small mol-
ecules such as ligands, this approach is also applicable to
monitor ligand-GPCR interaction dynamics. For instance, the
spontaneous complementation of HiBiT-tagged GPCRs was
employed to detect GPCR internalization, while simultane-
ous BRET measurements between GPCR and fluorescently
labeled ligands allowed for the analysis of their pharmacologi-
cal kinetics [52].
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Design strategies
for complementation-based single-chain
probes

Intramolecular complementary probes

In contrast to bi- or tri-molecular complementation assays,
single-chain probes offer several advantages, such as rapid
response times (~ 1 min) and reduced reliance on precise
stoichiometric expression. These probes typically consist
of split-luciferase fragments connected by a linker region
including a sensing domain, enabling intramolecular
complementation upon specific molecular events. Early
research focused on inserting ligand-binding domains
between luciferase fragments to detect ligand-induced
conformational changes. For instance, the ligand-binding
domains (LBDs) of androgen receptor (AR) or estrogen
receptor (ER) have been incorporated into various lucif-
erase types, including Gaussia [53], Firefly [54], and Click
beetle luciferases [55], to create sensitive hormonal ligand
sensors (Fig. 4A). Intramolecular probe was also adopted
to detect kinase activity, where the conformational change
of the sensor was induced by intramolecular interaction
between FHA2 domain that binds phosphorylated amino
acid residues by a kinase of Akt [56]. A similar approach
has led to the successful detection of other kinases such as
ERK [57], and also small compounds, such as Ca”* [58],
IP3 [59], and glucose [60].

Above mentioned sensors have the modality of sens-
ing domain fused between the N-terminal and C-terminal
fragments of the luciferase. Another type of modality is
to use circular permutation, where the locations of the
original C-terminal fragment and N-terminal fragment are
reversed. A notable example is a cAMP sensor based on
circularly permutated firefly luciferase fused to the RIIB
cAMP-binding domain [61]. Circular permutation exploits
structural insights into the hinge region, which, can alter
luciferase activity when modulated by conformational
changes (Fig. 4B) [62]. A circular permutation approach
could also be applied to induce a steric hindrance of lucif-
erase activity. In this probe design, circularly permutated
RLuc fragments were connected with the linker composing
caspase cleavage sequence, which enables the probe to
recover its original structure upon cleavage of the linker
to emit luminescence [63]. Strictly not a complementation
system, modality with a target protein fused to both of the
terminal ends of the full-length luciferase was developed
as a tension sensor that switches on and off upon mechani-
cal stress on the luciferase induced by fused target proteins
(Fig. 4C) [64].

Intramolecular interactions are generally stronger than
intermolecular interactions, thus single-chain probes often

e
CRL
a: B
iy

Fig.4 Biosensors based on intramolecular luciferase complementa-
tion. A-C Intramolecular complementation-based sensor based on
different configurations of sensor domain, and N-and C-terminal frag-
ments. D Strategy to suppress background signal by engaging cata-
lytic inactive fragment

suffer from high background luminescence possibly result-
ing from a tendency to undergo spontaneous complemen-
tation. Therefore, a careful design is required to ensure
optimal distance and orientation between the N- and C-ter-
minal fragments before and after conformational changes.
One of the interesting strategies to enhance the sensitivity
of the single-chained sensor is to use catalytic inactive
fragment. It was demonstrated that the background signal
can be lowered by using the NanoLuc C-terminal fragment
named “DarkBiT”, which complements the N-terminal
LgBiT fragment but without catalytic activity (Fig. 4D)
[65]. These studies highlight a promising approach for the
development of a single-domain luciferase sensor with a
switch based on a conformational change induced by target
proteins.

Protein splicing-mediated protein circulation
Reconstituting luciferase fragments through intein-mediated
protein splicing offers an alternative strategy to luciferase

complementation assays. The concept of intein-mediated
reconstitution of split luciferase fragments emerged from
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early studies on luciferase complementation assays [5]. In
this technique, a protein ligase, named inteins, catalyzes
a spontaneous splicing reaction, forming a peptide bond
between two protein fragments fused with exteins. Thus,
the terminology for splicing-mediated complementation is
called “reconstitution”. The reconstitution probe is designed
for fusion proteins of split-inteins and split-luciferases, ena-
bling luciferase fragment reconstitution upon proximity of
the split fragments. Intramolecular reconstitution of the
firefly luciferase was also conducted with another form of
protein ligation using the SPY-catcher/SPY-tag system to
enhance the thermal stability of the luciferase [66], high-
lighting the potential of the reconstitution method to engi-
neer luciferase-based biosensors.

While initial studies focused on exploiting protein splic-
ing for efficient reconstitution of the split fragments, subse-
quent studies have leveraged the covalent, irreversible nature
of the system to develop probes with unique functionalities.
One strategy of protein splicing research involves protein
cyclization, where reconstitution occurs intramolecularly to
form a cyclic protein [67]. The cyclization of luciferase for
bioluminescent probing was first demonstrated in the detec-
tion of caspase-3 activity [68]. Firefly luciferase, engineered
with a caspase-3 cleavage sequence (DEVD), was cyclized
via protein splicing. Cleavage of the DEVD sequence by cas-
pase-3 relieves structural constraints, leading to an increase
in bioluminescence signal (Fig. SA). The strategy was also
applied to detect hepatitis A virus 3C protease activity [69],
further demonstrating the versatility of cyclic luciferase to
detect protease activity. More recently, luciferase cyclization
has been applied to the detection of CD44 ectodomain cleav-
age [70]. The CD44 ectodomain was conjugated with N- and
C-terminal fragments of NanoLuc and cyclized via protein
splicing. Cleavage of the cyclized protein by a membrane-
associated metalloprotease decreases its signal, enabling
the analysis of the role of CD44 in cancer cell migration
(Fig. 5B) [70].

Another application of the irreversible nature of protein
splicing is to detect biological events such as dissociation of
membrane compartmentalization or fusion events between
cells. This application takes advantage of the spontaneous
reconstitution of the luciferase fragments upon the existence
of the two fragments. The combination of split inteins and
split FLuc fragments enabled the detection of cell fusion
events of the myoblast, where the split half of the fragments
are expressed in each cell respectively. The cell fusion
events brought a mixture existence of the fragments in a
single compartment, enabling the detection of the biolumi-
nescence signal from the reconstituted luciferase (Fig. 5C)
[71]. Building upon this elegant concept, one study replaced
the FLuc fragments with LgBiT and SmBiT, smaller and
more sensitive fragments [72], and another system used the
HiBiT system, where the HiBiT and body of the NanoLuc
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are used instead of fusion probes consisting of split inteins
and split FLuc [73]. The approach is versatile because it
is not limited to cell fusion but can be applied to a variety
of membrane fusion processes. This opens possibilities for
future research to develop a biosensor for various types of
biological fusion events.

Expanding applications of split-luciferase
complementation assay beyond PPI
detection

Multicolor luciferase complementation system

Beetle luciferases share a conserved protein structure, ena-
bling N-terminal fragments from one species to complement
with C-terminal fragments from another. Owing to this char-
acter, multicolor emission from complemented fragments
was demonstrated with click beetle green luciferase (CBG)
and click beetle red luciferase (CBR) developed from Car-
ibbean click beetle Pyrophorus plagiophthalamus [74],
which share 99% amino acid identity despite distinct emis-
sion wavelengths of green (Em. max 540 nm) and red (Em.
max 615 nm) [17]. By fusing the same C-terminal fragment
with either CBG or CBR N-terminal fragments, a sensor
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capable of detecting both agonist- and antagonist-mediated
conformational changes within a single molecule has been
developed [75].

To further expand the palette of emission colors, a multi-
complementary C-terminal fragment (McLucl) was engi-
neered through random mutagenesis of the CBR C-terminal
fragment. McLucl can complement various types of N-ter-
minal fragments of beetle luciferases, enabling simultaneous
detection of multiple PPIs by spectral unmixing (Fig. 6A)
[16]. This approach has been successfully applied to moni-
tor Smadl-Smad4 and Smad2-Smad4 interactions during
Xenopus laevis development, demonstrating the potential for
multicolor PPI detection in vivo [16]. Additionally, McLucl
has been used for ratiometric cAMP sensor and their appli-
cation to detect changes in cAMP levels in live mice, further
validating the versatility of this technology [76].

For marine luciferase, the color tuning for multi-color detec-
tion was accomplished by using BRET to red-shift the emis-
sion wavelength of the bioluminescence signal. For example,
the NanoLuc N-terminal fragment can complement either the
native SmBiT or the fluorescent dye-adjacent SmBiT, but the
light produced by the latter will exhibit a red shift as a result
of BRET occurring between the complemented NanoLuc frag-
ment and the fluorescent dye (Fig. 6B). Ratiometric sensor
based on this method developed by utilizing a conformational
change of the sensor that allows a switch of complementation
partner of LgBiT upon antibody binding to the antigen within
the sensor [77, 78]. A similar approach was used to construct
a ratio metric sensor for Zn** ion using a conformational
change induced by the binding of zinc ion to the Zn**-binding
domains [79]. In another example, fluorescent proteins were

500 550 600 650

Emission
wavelength [nm]

Fig.6 Schematic illustration of the multicolor bioluminescent sen-
sors. A Spectral separation of bioluminescence signal from comple-
mented luciferase with different N- and C- terminal fragment pairs.
B Multicolor emission achieved through complementation of native
and fluorescent dye-conjugated fragments, using BRET to induce a
red-shift

adopted as BRET acceptors, and affinity-tuned multicolor bio-
luminescent Ca®* indicators have enabled the visualization of
local Ca** dynamics in living cells [80]. While the emission
spectra of luciferases tend to be broader compared to fluores-
cent proteins, the elegant approach of ratiometric detection
offers advantages in calibrating the detected signal. This pro-
vides a unique and powerful strategy for developing luciferase
complementation sensors with robust and reliable readouts.

Detection of nucleic acids using nucleotide-binding
proteins

Complementation of luciferase fragments can also be driven
by mere proximity. In this strategy, luciferase activity is
recovered by complementation of the split fragments being
adjacent to each other. This approach is effective especially
for detecting nucleic acids, by bringing luciferase fragments
into adjacent positions by harnessing nucleotide-binding
proteins which can be designed to bind to the desired nucleo-
tide sequences. Early studies harnessed arginine-rich motif
peptides, well-characterized RNA-binding peptides that
undergo conformational changes upon binding to specific
RNAs. These peptides were inserted into intramolecularly
split RLuc fragments [81]. By exchanging the nucleotide-
binding domain to methyl-CpG binding domains, CpG
methylated status was quantified [82]. Similarly, fusions of
MS2 coat protein (MCP) and PP7 coat protein (PCP) with
NanoLuc or FLuc fragments were used to quantify the level
of the bait RNA [83].

One of the challenges in cell biology is tracking and
quantifying RNA levels within living cells. To address this,
RNA-binding protein pumilio has been utilized as an RNA-
binding domain to detect a specific target RNA. The initial
attempt demonstrated that by combining luciferase frag-
ments with pumilio, it was possible to detect user-defined
single-stranded RNA through proximity-based interactions
in vitro [84]. More recently, to fully exploit the potential
of pumilio, the system was adapted to detect endogenous
B-actin mRNA in living cells (Fig. 7A) [85]. In this method,
a NanoLuc fragment fused to pumilio was designed to bind
to two adjacent sequences within the f-actin mRNA, which
successfully quantified the spatiotemporal dynamics of the
B-actin RNA in both living cells and cultured neurons [85].
Because the method is generalizable to detect various RNA
by modifying RNA recognition repeats of pumilio, the tech-
nique has opened avenues for applications ranging from sub-
cellular to in vivo imaging.

Steric hinderance-dependent luciferase
complementation

Another strategy to switch the reassembly of the split lucif-
erase fragments is to introduce a steric barrier to prevent the
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Fig.7 A The detection method of endogenous RNA in a living cell
using proximity-dependent complementation of luciferase. B Detec-
tion of a target binder through a switch in complementation induced
by steric hindrance

association of the fragments. This strategy was applied to
a type of sensor that involves uncaging the small NanoLuc
C-fragment (SmBIiT). In this strategy, SmBiT is positioned
within a sensing module of a sensor, where its interaction
with LgBiT is blocked in the basal state. Upon binding to
a specific analyte, the sensing module undergoes a confor-
mational change, exposing SmBiT and enabling its comple-
mentation with LgBiT, resulting in a bioluminescent signal.
A notable example of this approach is de novo designed the
“lucCage” system (Fig. 7B). In this system, the steric hinder-
ance is released when the sensor's binding domain interacts
with the target analyte [86]. The methodology successfully
detected the target protein using a single-domain antibody
[86] or antigen [87] as a binding domain within the sensing
module.

In another application, SmBiT was caged within the
C-terminal loop of titin, a protein responsible for muscle
contraction. This design allowed for the development of a
tension sensor because the SmBiT is uncaged when tension
is applied to the sensor [88]. These strategies demonstrate
the utility of the small size of the SmBiT tag to be used
for caging and provide a versatile design strategy for these
uncaging-based bioluminescence sensors.

Future perspectives

Over the past two decades, luciferase complementation tech-
niques have emerged as a powerful tool with broad applica-
tions in biology. The development of NanoLuc complemen-
tation assays, with their small protein size, brightness, and
tunable affinity, has opened new possibilities for research.
These technological advancements have led to the develop-
ment of a diverse array of luciferase-based biosensors for some
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fields in cellular biology, including cell death and GPCR sign-
aling, which could be beneficial for investigating biological
events within specific cellular contexts [89, 90]. While the
community has made significant advancements, the full poten-
tial of luciferase complementation-based biosensors is yet to
be fully realized, promising even more sophisticated designs
and applications in the future.

One of the most promising applications of split luciferase
complementation is high-throughput screening for identifying
molecules that modulate biological functions [91]. It has been
shown that the method is applicable to the scale of screening
using 1536-well plates, which meets the requirement of high
throughput screening [92]. Despite the many advantages of
luciferase-based assays, there are still some current limitations.
Steric hindrance and direct effects on luciferase activity can
sometimes hinder the detection of certain compounds [93].
Additionally, there’s still room for improvement in the robust-
ness of cell-free assay systems, such as the stability of the
fragmented luciferase in vitro. To overcome these challenges,
we need to adopt a multi-faceted approach and develop innova-
tive strategies for quality control.

Another high-potential application of luciferase comple-
mentation is in vivo imaging. While bioluminescence offers
a non-invasive approach to visualize biological processes, the
visible light emitted by both beetle and marine luciferases
is difficult to penetrate deep tissues. To address this limita-
tion, researchers have explored various strategies to red-shift
the emission wavelength, including genetic engineering and
coevolution of luciferase and its substrate [94-96], red-shifted
substrates [97, 98] and use of BRET [99, 100]. However, the
lower bioluminescence signal of complemented luciferases
compared to full-length enzymes remains a challenge that
requires further investigation. By continuing to innovate and
explore new applications, luciferase complementation tech-
niques would continue to contribute to biological research and
pharmacological applications.
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